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ABSTRACT

Precise chronologies of climate events in the tropics are rare yet essential for

understanding how tropical climate relates to global climate at millennial to longer time

scales.   An increasingly important area for understanding these interactions is the

southern Bolivian Altiplano (15-22oS) which represents the waning and southeastern end

of the South American Monsoon, a system that is, today, modulated by regional upper-air

circulation anomalies under the influence of tropical Pacific sea-surface temperature

gradients associated with El Niño/Southern Oscillation (ENSO).  Mechanisms of summer

rainfall variations on millennial and longer time scales are less well understood, despite

well-established evidence for profound changes in hydrologic budgets on the southern

Bolivian Altiplano.  

Large shifts in effective moisture on the southern Bolivian Altiplano produced

deep lakes in the Poopo, Coipasa, and Uyuni basins, basins that are currently occupied by

salt pans or very shallow lakes.  We mapped shoreline stratigraphy and sampled

carbonates for over 170 uranium-thorium (U-Th) and radiocarbon (14C) dates to refine

paleolake history of the Southern Bolivian Altiplano.  As part of this dissertation work, I

helped assemble a U-Th dating facility at the University of Arizona and obtained over 90

uranium-thorium (U-Th) dates from paleolake carbonates.   Carbonate textures were

evaluated for potential diagenetic effects, but the principal consideration in dating such

carbonates is the isotopic composition and quantity of initial Th incorporated into the

carbonate.  We establish criteria for statigraphically meaningful dates and strategies for

successful U-Th dating of paleolake carbonates.  The stable isotope, 87-strontium/86-
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strontium (87Sr/86Sr), and 234U/238U ratios of modern surface waters and of paleolake

carbonates can be used as tracers of the region’s various lake cycles and provides a test

hydrologic models of these lake cycles.

Volcanic tuffs provide important stratigraphic markers for paleolimnologic,

geomorphic, and archeological studies. Despite the widespread occurrence of late

Quaternary tuffs on the Bolivian Altiplano, few of these deposits have been previously

recognized either from natural exposures or in paleolake sediment cores.  We document

the presence of 38 distal tuffs in Quaternary lacustrine and alluvial deposits, and

determine the composition of  glass and phenocrysts by electron microprobe analyses.
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INTRODUCTION

This dissertation addresses paleoclimate changes on the Bolivian Altiplano by

examining paleolake fluctuations through comprehensive dating of lake cycles, improved

geochemical modeling of lake cycles, and identification and analyses of regional tephra

layers.  We employed diverse geochemical techniques, including the U-Th, 14C, and

40Ar/39Ar dating methods.  Major-element chemistry of the regional tephra layers provide

additional isochrons for use in future Quaternary studies.  We use stable isotope, 87Sr/86Sr,

and uranium isotopic data to further construct the history of the region’s various lake

cycles.   In this section, I provide some background on the significance of paleoclimate

records from the Bolivian Altiplano and provide information on the modern climate of

the Bolivian Altiplano.  The full text of these studies appears in Appendices A through E.

1. ALTIPLANO PALEOCLIMATE

The role of the tropics in global climate at interannual to orbital time scales (e.g.

Cane, 1998) is widely debated, and the scarcity of well-dated paleoclimate records from

low latitudes leaves  many questions unanswered about the interplay between tropical and

global climate.  Recent focus on the global impact of El Niño/Southern Oscillation

(ENSO) variability highlights the importance of the tropics in forcing rapid changes

worldwide.  Many now recognize that glacial cooling in the tropics was as great as 5-80C

(e.g. Stute et al., 1995; Thompson et al., 1995; Colinvaux et al., 2000), but it remains

unclear how such changes relate to higher latitude climate shifts.  Furthermore, the
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magnitude of hydrologic changes in the Amazon Basins during global glaciations is also

disputed, with a number of biological proxies suggesting little or no change in the

tropical forest during the Late Pleistocene (Haberle and Maslin, 1999; Colinvaux et al,

2000; Kastner and Goñi, 2003).  By contrast, pollen records (Behling, 2002), clay

mineralogy of Amazonian sediment (Harris and Mix, 1999), and some models (e.g.

Garreaud et al, 2003) suggest relative aridity over this same interval. Paleoclimate

records from the southern Bolivian Altiplano, situated at the western end of the Amazon

rainfall belt and subject to precipitation anomalies related to ENSO, serve as critical tests

of the relationships between tropical climate and variables such as local and extra-local

insolation, temperature change, and sea-surface temperature gradient changes.

Most paleoclimate studies to date (e.g. Baker et al., 2001a; Baker et al., 2001b;

Seltzer et al., 2000; Rowe et al., 2002; Fritz et al., 2004) point to local insolation changes

as the cause of past millennial-scale variability in precipitation over the Altiplano,

whereas modern interannual variability is closely tied to ENSO events (Vuille, 1999).

The main evidence for the precessional solar cycle as the primary control on Altiplano

moisture balance comes from interpretation of lake-level histories from sediment cores.

Few published records, however, extend back far enough in time to permit comparison of

multiple insolation cycles to changes in moisture balance, especially during the last

glacial period (20-80 ka).  Such long–term comparisons are essential for rigorous

evaluation of how the precipitation regime responds to changes not just of insolation but

also of seasonality, global temperature, and sea-surface temperature gradients.
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2. SOUTHERN BOLIVIAN ALTIPLANO

Four very large lake basins (Titicaca, Poopo, Coipasa, and Uyuni) occupy a vast

intermontane depression spanning 14° to 22°S (the Altiplano).  In the north, Lake

Titicaca (3806 m; 8560 km2) is a deep  (>285 m; Argollo and Mourguiart, 2000), fresh-

water lake that loses  10% of its annual water budget to overflow into the Rio

Desaguadero (Roche et al., 1992).  The Rio Desaguadero flows into the oligosaline Lake

Poopo (3685 m; 2530 km2), which is separated by the Laka topographic sill (3700 m)

from the salars of Coipasa (3656 m) and Uyuni (3653 m).  These salt pans cover 12,100

km2 (Argollo and Mourguiart, 2000) and in wet years are seasonally filled with shallow

water (<4 m), originating primarily from the Rio Lauca and Rio Grande.  Paleolakes deep

enough to cover the Laka Sill integrated the Poopo, Coipasa and Uyuni Basins, spanned

more than 3.5° latitude, and occupied an area of 33,000-60,000 km2 (Blodgett el al,

1997), comparable in size to paleolake Bonneville in western North America (Oviatt et

al., 1992).

3. MODERN CLIMATE

Precipitation on the Bolivian Altiplano, at the extreme western end of the Amazon

rainfall belt, falls primarily during the Austral summer.  Pacific moisture is effectively

excluded from the Andes by the descending limb of the Southeast Pacific Anticyclone,

contributing to the development of the hyperarid Atacama Desert to the west of the

Altiplano (Vuille, 1999).  Most precipitation on the Altiplano originates in the Atlantic

and greater than 80% of rainfall occurs between December and March (Vuille, 1999)
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(Figure 1).  Moisture traverses the Amazon Basin in the summer months when the

Intertropical Convergence Zone (ITCZ)  (Figure 2) is displaced southward and

convection is most intense in the Amazon Basin (Lenters and Cook, 1997).  This

moisture source to the north and east of the Altiplano produces a pronounced north-south

and lesser east-west precipitation gradient.  This north-south precipitation gradient is

apparent in the current hydrologic state of lake basins, with Lake Titicaca receiving

approximately 1000 mm of precipitation per year (mm/yr) and the dry southern basins

receiving less than 200 mm/yr (Argollo and Mourguiart, 2000). The convective

afternoon/evening storms that bring Altiplano precipitation are sporadic, resulting in high

spatial variability within any rain event or rainy season (Aceituno and Montecinos, 1993).

These storms are associated with the release of sensible and latent heat over the Altiplano

(Lenters and Cook, 1997) and/or the Amazon Basin (Silva Dias et al, 1983), producing a

precipitation regime that is considered monsoonal (Zhou and Lau, 1998).  Deep

convection over the Altiplano during the South American Summer Monsoon releases

large amounts of energy into the middle and upper troposphere (Zhou and Lau, 1998) and

this heat release may impact other tropical or even extra-tropical circulation patterns.

Modern interannual precipitation variability is controlled by the availability of

moisture at the eastern foot of the Andes and by the transport of this moisture onto the

Altiplano.  Early work viewed summer precipitation in the region as a spatially coherent

phenomenon that was either uniformly wet or dry.  Recent analysis of summertime

convective cloudiness and precipitation, however, indicates that modern interannual

precipitation variability appears to have two spatially separated modes of variability
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(Vuille and Keimig, 2004) (Fig. 2). Thus, wet years on the northern Altiplano are not

necessarily correlated with wet years on the southern Altiplano.

Rainfall over the northern Altiplano is limited by the transport of Amazon

moisture onto the Altiplano by easterly wind anomalies (Vuille and Keimig, 2004).  In

turn, these easterly wind anomalies are linked to ENSO variability (Garreaud and

Aceituno, 2001).  La Niña years tend to correlate with stronger easterly winds and more

rainfall on the northern Altiplano.  Conversely,  El Niño years tend to correlate with

drought (and westerly wind anomalies) on the Altiplano (Aceituno, 1988; Vuille et al,

1998; Vuille et al, 1999; Garreaud and Aceituno, 2001; Vuille and Keimig, 2004).

Rainfall amounts on the southern Altiplano appear to be forced by easterly wind

anomalies, as well as by humidity in the eastern Andean lowland (the Chaco region of

Argentina) (Vuille and Keimig, 2004).  Easterly wind anomalies in this region are linked

to the strength and intensity of the Bolivian High (Vuille and Keimig, 2004).  Changes in

the Bolivian High may have extratropical influences in addition to possible connections

to ENSO, and have been linked to Altiplano precipitation anomalies by several authors

(Aceituno and Montecinos, 1993; Vuille et al, 2000; Lenters and Cook, 1999; Vuille et al,

1998; Vuille and Keimig, 2004).
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PRESENT STUDY

Lacustrine carbonates present special challenges to U-Th dating because they

almost always require a correction for initial thorium.  Thus, considerable uncertainty in

U-Th dating of lacustrine carbonates can arise because this initial Th may have two

sources: 1) a siliciclastic fraction with a chemical composition that roughly approximates

that of the upper continental crust, and 2) a  “hydrogenous” component with an elevated

230Th/232Th ratio.  In Appendix A, we present over 90 U-Th dates, isochron plots, as well

as X-ray diffraction and trace-element analyses of the siliciclastic material incorporated

in lacustrine carbonates from the Bolivian Altiplano.  Multiple approaches suggest that

paleolake carbonates from the Bolivian Altiplano are free of initial thorium with an

elevated 230Th/232Th ratio, making these lacustrine carbonates ideal for U-Th dating

because regional soils and dust are the sole source of initial thorium.  The population of

U-Th dates from the Bolivian Altiplano is one of the largest and most precise available

for a paleolake system.  Our first study of the region, “Strategies for successful U/Th

dating of paleolake carbonates: an example from the Bolivian Altiplano”, has been

submitted to Geochemistry, Geophysics, Geosystems (Appendix A; Placzek et al., 2006a).

In the second study, we use the conceptual framework of alloformations and

geosols to describe the stratigraphy of exposed lacustrine deposits in the

Poopo/Uyuni/Coipasa Basins.  In addition to detailing the stratigraphic context of our

precise U-Th dates, we supplement this chronology with over 80 
14

C dates.  This

extensive dating of shoreline deposits firmly establishes the presence of a late-glacial age
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(18.1-14.1 ka) deep lake cycle and a newly recognized 120-98 ka deep lake cycle on the

southern Bolivian Altiplano.  We also characterize less dramatic lake cycles between 11

and 12.8 ka, between 20 and 24.5 ka, at ~47 ka, and between 80 and 95 ka.  Lake

development is out-of-phase with global temperature minima and local summer

insolation maxima, but the most recent Pleistocene deep lake coincides with semi-

permanent La Niña-like conditions in the Pacific.  This suggests an ancient link between

central Andean moisture and Pacific sea-surface temperature gradients, currently the

primary driver of interannual variability in the region.  We also note the absence of large

lakes during the cold 80-24 ka interval. This study, “ Geochronology and stratigraphy of

Late Pleistocene lake cycles on the southern Bolivian Altiplano: Implications for causes

of tropical climate change”, has been accepted for publication by the Geological Society

of America Bulletin (Appendix B; Placzek et al., 2006b).

Appendix C consists of the online supplement to “ Geochronology and

stratigraphy of Late Pleistocene lake cycles on the southern Bolivian Altiplano:

Implications for causes of tropical climate change”.  This supplement contains complete

descriptions of all sample localities described in the Geological Society of America

Bulletin manuscript, but it is also intended to function as a field guide to lacustrine

features of the southern Bolivian Altiplano.  Publication of this travel-log as an online

supplement allows this material to be made available in full color.  The color photos in

this publication allow detailed exploration of these geologically unique, but

geographically remote, features.
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Appendix D contains the chronology and major element chemistry of tephra

layers from the Bolivian Altiplano and Atacama desert (Northern Chile).  Tephra layers

provide conspicuous stratigraphic markers for paleolimnologic, geomorphic, and

archeological studies, but few of these deposits have been previously recognized either in

natural exposures or in paleolake sediment cores.  The major-element composition of the

glasses and phenocrysts from each tephra layer were determined by electron microprobe

analyses. Older, 40Ar/39Ar-dated tephra layers attest to the presence of Altiplano

paleolakes as early as 1.9 Myr.  These results provide an important framework for future

Late Quaternary stratigraphic studies on the Bolivian Altiplano, including archeological,

geomorphic, igneous and tectonic studies. This work will be submitted for publication in

Quaternary Research (Placzek et al., 2006c).

In order to better distinguish the many sedimentary exposures of lake deposits and

assess regional paleohydrology, we examined the 18O values, 87Sr/86Sr, and 234U/238U

ratios from carbonates and modern waters on the southern Bolivian Altiplano.  For each

of these three isotopic systems, we examine the isotopic ratios of modern waters,

compare the isotopic values of the various lake cycles, and examine the isotopic values of

the Tauca lake cycle in detail.  Our results show that many lake cycles have characteristic

87Sr/86Sr and 234U/238U values.  In contrast, stable isotope values of all lake cycles are

similar.  None of the three isotopic systems vary systematically with lake depth. 87Sr/86Sr,

and to a lesser extent 18O, can be used to reconstruct ancient precipitation gradients.

Uranium isotopes may indicate the relative influence of groundwater for each lake cycle.

Uranium isotopic data from modern waters remains unprocessed, but we present all other
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forms of data here with extended figure captions. The final paper on this topic is will

likely be submitted to Geochimica et Cosmochimica Acta. (Appendix E).
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Figure Captions

Figure 1.  Average monthly precipitation at Oruro (67°S 07’; 18°W 03’).  Average

includes 48 years of data collected during the time period 1952-2003 (some years

excluded due to incomplete data).  Data from the precipitation database described in

Vuille et al., (2000).

Figure 2.  The major climate features of South America.  The

Titicaca/Poopo/Coipasa/Uyuni drainage basin is outlined in bold.  The ITCZ is the

Intertropical Convergence Zone; H marks the approximate position of the Bolivian High.

The two modes of climate variability identified by Vuille and Keimig (2004) are

represented by hatched lines; these modes overlap on the southern Bolivian Altiplano.

Rainfall over the northern mode is limited by the transport of Amazon moisture onto the

Altiplano by easterly wind anomalies (Vuille and Keimig, 2004); these easterly wind

anomalies are linked to ENSO variability (Garreaud and Aceituno, 2001).  Rainfall

amounts over the southern mode appear to be forced by easterly wind anomalies, as well

as by humidity in the eastern Andean lowland (the Chaco region of Argentina) (Vuille

and Keimig, 2004).  Easterly wind anomalies in this region are linked to the strength and

intensity of the Bolivian High (Vuille and Keimig, 2004).
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Abstract

We report over 90 U-Th dates from carbonates deposited around paleolakes on the

Bolivian Altiplano, and evaluate approaches to U-Th dating of lacustrine deposits.

Petrographic and chemical data for tufas and the silicate detritus contained within them

allow: (1) assessment of possible diagenetic effects, (2) a successful strategy for selection

of carbonate samples with low initial Th contents, and (3) assessment of uncertainty due

to initial Th.  This strategy allows precise U-Th dates from lacustrine carbonates. The

principal consideration in dating such carbonates is the composition and quantity of

initial Th, and additional uncertainty occurs because this Th may have more than one

source.  Isochron plots, measured 230Th-232Th ratios, and X-ray diffraction and trace

element chemistry of siliciclastic residues all favor regional soil and dust as the sole

source of initial Th in carbonates from the Bolivian Altiplano.  We evaluate this result in

comparison with other studies of lacustrine deposits.
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 1. Introduction

The U-Th dating method has been applied to carbonate deposits for decades (e.g.,

Kaufman and Broecker, 1965; Edwards et al., 1987; Haase-Schramm et al., 2004).   With

the advent of mass spectrometric determination of U and Th concentrations and isotope

compositions, more precise dating of samples <400 Ka is available (Edwards et al.,

1987).   A broad range of studies utilizing U-Th dating of corals, speleothems, and other

clean carbonate deposits (e.g., Edwards et al., 1993; Ludwig et al., 1992; Kaufman et al.,

1998) have made major contributions to the study of past climates. Carbonate “tufa”

deposits associated with lakes have long attracted interest because they are often the only

abundant lacustrine material available for dating (e.g., Kaufman and Broecker, 1965; Lao

and Benson, 1988; Kaufman, 1993; Lin et al., 1996; Haase-Schramm et al., 2004).

The 230Th/238U activity ratio of a pure carbonate increases with sample age and is given by

the standard 230Th/238U age equation (Kaufman and Broecker, 1965):

230Th/238U=1-e- 230t + ( 234(t)/1000)( 
230/

 
230

 
234)(1 e ( 234  230)t)

Where t is time, 230Th/238U is the activity ratio of the carbonate,  is the decay constant of

the relevant isotope, and 234  is the present day deviation in parts per thousand of the

234U/238U ratio from secular equilibrium. All isotopic ratios henceforth refer to activity

ratios.
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Most terrestrial carbonates, such as organic matter- and carbonate-bearing glacial lake

deposits (e.g., Israelson et al., 1997), pedogenic carbonates (e.g., Sharp et al., 2003),

some cave formations (e.g., Beck et al., 2001) and carbonate and evaporite deposits

around lakeshores (e.g., Kaufman and Broecker, 1965; Lao and Benson, 1988; Kaufman,

1993; Luo and Ku, 1991; Lin et al., 1996; Haase-Schramm et al., 2004), contain

siliciclastic impurities that contain U and Th.   Dates from these samples must be

corrected for this contamination either by a subtraction from the measured 230Th/238U ratio

or by construction of isochron plots.

Single sample dates are often corrected for initial 230Th daughter associated with the

siliciclastic material.  For this correction scheme, 232Th is used to determine the initial Th

concentration and a correction is made using an assumed initial 230Th/232Th ratio. Thus,

the measured 230Th/238U, (230Th/238U)M, is corrected to (230Th/238U)A, the value expected

from in situ decay within the carbonate, using the equation (Kaufman, 1993):

(230Th/238U) A= (230Th/238U) M- (232Th/238U) Roe
- 230t

Where, Ro is the initial 230Th/232Th of the non-carbonate fraction.  The size of this

correction for initial 230Th daughter is a function of: 1) the amount of 232Th in a sample,

and 2) the assumed initial 230Th/232Th.  Samples with low initial Th and well-constrained
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initial 230Th/232Th ratios are most desirable.   The magnitude of the correction also

diminishes with increasing age of the sample, as the initial 230Th decays with time.

Various Th isotope ratios are employed to correct single-sample dates from carbonates,

but any assumption about the initial 230Th/232Th value in a sample can be problematic. The

simplest of these correction schemes is to assume a secular equilibrium (230Th/232Th =1)

(e.g., Bischoff et al., 1988; Sylvestre et al., 1999) or an upper continental crust value for

the detrital material (230Th/232Th =0.8; calculated after Taylor and McLennan (1995)) (e.g.

Polyak and Asmerom, 2001).  The 230Th/232Th ratio of surficial deposits depends upon

U/Th chemical fractionations in igneous processes, weathering, sedimentary deposition,

and diagenesis.  Weathering (removing U and not Th) and any kind of solid carbonate

precipitation (enriching U in carbonate with respect to Th) are most important.  The

abundance of U, therefore, can be depleted or very enriched compared to Th and thus

geologic processes produce large and endemic differences in the initial 230Th/232Th ratios

that are adopted by carbonate-detritus mixtures.

Isochron dating is an alternative to the single-sample method outlined above, and is

widely applied to carbonates with significant detrital Th, both to obtain ages and to

determine the 230Th/232Th of the non-carbonate detritus.  The principal requirements of

isochron dating are that: 1) multiple sub-samples of the same age can be obtained, 2)

these sub-samples have variable degrees of contamination, 3) a simple two end-member

mixing system exists between the carbonate and a homogeneous contaminant, and 4) the
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sample has remained a closed system since deposition (Bischoff and Fitzpatrick, 1991;

Luo and Ku, 1991).  Isochron plots are solved in 3-dimensions by plotting either: 1)

234U/238U and 230Th/238U against 232Th/238U, or 2) 234U/232Th and 230Th/232Th against

238U/232Th. The former (Osmond-type) plot has advantages in error representation and

calculation (Ludwig, 2003).  The latter (Rosholt-type) plot is more straightforwardly

intuitive in that it shows the modern 230Th/232Th of initial Th as the Y-intercept (Rosholt,

1976).  Isochrons can be constructed using either leachates from weak acid (e.g. 2M

HNO3) dissolution of carbonate, or total sample dissolution of both carbonate and

siliciclastic material using HF and strong HNO3.  In general, complete dissolution of all

components is preferred as acid treatments may preferentially leach U over Th from the

siliciclastic component (Bischoff and Fitzpatrick, 1991).

Lacustrine tufas and other forms of lacustrine carbonate present special challenges to U-

series dating.  Rises and falls of lake levels, reflecting changes in moisture balance, are

critical in constraining past climates.  Lake-level changes, however, can lead to exposure

of previously deposited carbonates for long periods, or re-immersion and potential

redeposition of carbonate.  Carbonate deposition in lakes also takes place in an open

setting rather than in a protected environment, where wind-blown dust, water-borne

sediment, and organic matter all can be added to the carbonate as it forms.  Thus,

lacustrine carbonates almost always require a correction for the initial Th carried by

siliciclastic and aqueous contaminants (e.g. Kaufman, 1993; Lin et al., 1996; Lin et al.,

1998; Haase-Schramm et al., 2004).
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An additional uncertainty in U-Th dating of lacustrine carbonates is that this initial Th

may have two sources: 1) a siliciclastic fraction with a chemical composition that roughly

approximates that of the upper continental crust, and 2) a component with “unsupported”

or “hydrogenous” Th with an elevated 230Th/232Th ratio.  Carbonate-free sand and silt

particles deposited from regional dust or sub-aerial sediments likely have 230Th/232Th

ratios that average 0.8, the value of the bulk continental crust (calculated after Taylor and

McLennan (1995)). Thorium originating from such sources is henceforth referred to as

“siliciclastic Th”.  The actual range of 230Th/232Th values for siliciclastic materials

originating from soils, dust, and alluvium is likely between 0.25 and 1.5 (Szabo and

Rosholt, 1982). In contrast, sediment in deep-marine or lake settings tends to be enriched

in 230Th relative to 232Th as a result of the decay of U in the water column (Bacon and

Anderson, 1982).  This 230Th may remain in solution or suspension for a limited time after

U decay, but is then either scavenged by siliciclastic particles or precipitated directly into

authigenic carbonate.  The saline paleolake systems of Lahontan (Nevada) (Lin et al.,

1996) and Lisan (Israel) (Haase-Schramm et al., 2004) have a documented hydrogenous

component attributed to Th dissolved in alkaline lake waters.  We use the term

“unsupported Th” to refer to any Th with a 230Th/232Th >1.5.  The geochronologic

considerations associated with hydrogenous Th, or with Th loosely sorbed by sediments,

are similar, and it is likely that both occur simultaneously.
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The difficulty of U-Th dating deposits containing initial Th with both a silicilastic and

unsupported component are numerous: 1) potential variability in any assumed initial

230Th/232Th is greater because the proportion of “silicilastic Th” and “unsupported Th”

may not be constant between samples (Lin et al., 1996), 2) even relatively moderate 232Th

concentrations can result in significant corrections when the initial 230Th/232Th is elevated

(Haase-Schramm et al., 2004), and 3) isochrons used to determine sample age and/or

ascertain the initial 230Th/232Th ratio may have significant uncertainties because of initial

230Th/232Th variation and because these isochrons involve three components, a violation of

a critical assumption of isochron dating (Lin et al., 1996).

We report over 90 dates from lacustrine carbonates deposited around paleolakes on the

Bolivian Altiplano that range in age from 120 to 10 ka.   Paleoclimatic implication of

these ages are discussed elsewhere (Placzek et al., in review); in this paper we evaluate

strategies for sampling and analysis of paleolake deposits.  Petrographic and chemical

data for carbonate tufas and the siliclastic detritus contained within them allow: 1)

assessment of possible diagenetic effects, 2) a strategy for selection of carbonate samples

with low initial Th contents, and 3) assessment of the uncertainty due to correction for

initial Th.   Siliclastic detritus with low U/Th and 230Th/232Th ratios well below unity

facilitates single-sample dating of Altiplano carbonates. Initial unsupported Th is not

present in carbonates precipitated from Altiplano paleolakes, perhaps due to the low U

concentration of paleolake waters and/or the ephemeral nature of these lakes.  In contrast,

travertines from the Obi-Rakhmat hominid site in Uzbekistan, where the surrounding
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terrain is dominated by Paleozoic limestone, have initial 230Th/232Th ratios above 1.5.

Such samples present a much more challenging scenerio for single-sample dating

compared to Bolivia, but are analogous to many paleolake carbonates.

2.  U-Th Methods

2.1 Isotopic Tracers and Calibration

Tracer isotopes of 233U and 229Th were obtained from New Brunswick Laboratories and

Oak Ridge National Laboratory, respectively.  Tracer isotope 236U available in 1997 was

insufficiently low in 234U and 238U, so 233U became our choice of tracer isotope for U.

233U-enriched reference material CRM-111 obtained around 1985 contained ten times less

234U and four times less 238U than CRM-111A purchased in 1997, so the older U reference

material was used.  Tracers were diluted into acid mixtures of HNO3 with a trace of HF.

Even for Th, very small amounts of F help retain the metal in solution.   HF concentration

was 0.005M for the U solution, and 0.00001M for the Th solution.   After mixing

combined tracer solutions for both carbonate and volcanic-rock U-Th analyses, acid

concentrations of approximately 2M HNO3 and 0.00004M HF were maintained.

Standards were obtained as ~1g U and Th metals from Ames Laboratories, Iowa State

University.  The U (depleted in 235U) was dissolved in HNO3 and maintained in a 2.6M
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HNO3 plus 0.012M HF mixture.   Thorium was dissolved in HCl plus HNO3 with a trace

of HF, and maintained in a 1.4M HCl – 1.3M HNO3 – 0.0015M HF mixture.   Diluted

standard solutions for spike calibration contain similar HCl and HNO3 concentrations, but

with HF amounts reduced by factors of 10 to 100.

Tracer compositions were measured using large ion beams on a Sector 54 TIMS, with the

Daly detection system used for the least abundant isotopes.   The CRM-111 uranium has

isotopic ratios that agree well with those certified by New Brunswick Laboratories: our

values are 233U/238U = 1776 ± 2, 233U/235U = 90,910 ± 16,500, and 233U/234U = 5533 ± 2.

Our 229Th contains detectable amounts of other Th isotopes, and measured ratios are

229Th/230Th = 23,460 ± 53 and 229Th/232Th = 12,550 ± 23.   Tracer-standard mixtures for

the purpose of calibrating tracers were prepared gravimetrically in quintuplicate, and

ratios of 233U/238U and 229Th/232Th were measured using triple Re filament assemblies,

yielding ion beams of 2 to 6.10-12 amperes on Faraday detectors.   Mass fractionation

corrections were not applied.   Uncorrected 238U/235U ratios on natural U in triple-filament

measurements in our laboratory (>40 measurements) vary unpredictably from zero to

0.05% in favor of the lighter isotope at the collectors.    In the context of other errors in

U-series dating, a maximum effect of 0.05% from mass fractionation is small.   More

importantly, because the Th is likely to fractionate to a similar extent in triple-filament

measurements, we can assume that the U and Th effects will largely cancel each other

during the tracer calibrations.  The calibrated mixed tracer solution, with 233U/229Th =

7.2346, is used for all work reported here and in related papers.
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We prepared a solution of natural uranium NBS-960 from a metal bar supplied to our

laboratory in 1985.   This material is identical to the renamed reference material CRM-

112a from New Brunswick Laboratories, and is used by other workers (e.g., Edwards et

al., 1987).  Our NBS-960 was unsuitable as a gravimetric standard due to oxidation of the

metal surface, but did yield an acceptable solution for U isotopic composition

measurements.

2.2 Chemical Procedures

Approximately 0.25 to1.00 grams of carbonate is hand picked for dissolution.  Visually

cleaner carbonate is separated from bulk samples using cleaned steel chisels and/or

diamond-coated abrasion disks.  Samples are then cleaned several times in Milli-Q (>18

Mohm) water and isopropyl alcohol in an ultrasonic bath.  The final steps of sample

preparation are conducted in a dust-free environment.

Chemical procedures largely follow Edwards et al. (1987).   HCl, HF, and HNO3 were

distilled three times, HClO4 was distilled twice, and double-distilled HBr comes from

Seastar Laboratories, Vancouver.  Savillex-brand Teflon containers of various sizes are

used for all chemistry, and miniaturized ion-exchange columns are prepared from 4:1

heat-shrink Teflon tubing.   Our Fe solution, used for co-precipitation of U and Th with

Fe (OH) 3, was prepared from a piece of the Agpalillik (Cape York) iron meteorite
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supplied by the Geological Museum in Copenhagen.  In general, samples are dissolved in

2M HNO3, spiked, and equilibrated for 1-4 hours.  After this equilibration time, the

siliclastic material is centrifuged and the supernatant is collected. Samples prepared in

this manner are referred to as 2M HNO3 leachates.  In contrast, all carbonate and

siliciclastic material was dissolved for a much smaller population of samples, and these

analyses are referred to as total sample dissolution (TSD).  These samples were first

treated with ~7M HNO3, and dropwise addition of 29M HF ensured dissolution of all

siliciclastic material without formation of CaF2.  Fluorine was driven off using HClO4

heated to ~200°C.  We discuss the effects of the two dissolution methods in section 4.3.

The averages of all analytical blanks since inception of our method in 1998 are 27

picograms (pg) U and 18 pg Th.   Often, blanks of 6 pg are measured for either element,

but there are occasional higher blank values that raise the average.  We have identified

two major sources of blank.  One is a slight memory of previous samples held in the

polyethylene frits at the base of the ion-exchange columns.  We are aware that some

workers discard the frits after each separation, but we have found this impractical due to

the possibility of resin leaking around the frits, so we clean them by passing hot HCl and

HF through.  To the extent that this cleaning is imperfect, we have small blanks resulting

from the previous sample that was eluted through the column. The second, much more

severe, source of blank that we identified in 2000 is an FEP washbottle, that added

hundreds of pg of Th.  This contamination was probably associated with metal flakes

incorporated in the manufacture of the plastic.  Normal blanks were obtained once the

42



washbottle was discarded, and before any Bolivia samples were processed.  U blanks up

to 50 pg are insignificant compared to the U in any carbonate (less than one part in

10,000).  Th blanks of 30 pg, the upper end of our range, still represent less than 1% of

the 232Th in average samples. We have not made any routine blank corrections to our

data.  Blank Th should be closer to radioactive equilibrium between 232Th and 230Th than

carbonate sample Th, so that much of the effect of the blank is removed when “natural

Th”, or some other determined initial Th, is subtracted from the analysis before age

calculation.

2.3 Mass Spectrometry

Uranium from standards and samples was measured by a triple-filament method on a

Micromass Sector 54 TIMS.   The U was loaded on the side filaments using 1M HNO3,

evaporated at ~1.7 amperes, and ionization was achieved by the center filament at ~4.2

amperes.  Ion beams during U measurement are typically 2 to 6.10-12 amperes of 238U.

Multiple Faraday cups and the Daly detector were used for U measurement.  The Daly

detector is fitted with a pulse-counting system and a pulse-height discriminator.

Calibration for peak shape, dark noise counts, multiplier response, discriminator settings,

and dead-time are routinely maintained.  Dark noise is kept below 20 counts/minute

(cpm).  Discriminator settings and dead-time correction are checked using the NBS U-

500 standard, natural U, or natural Sr, and the same isotopic ratios are obtained at
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different Daly beam intensities.  Dead time correction is stable at 19 nanoseconds per

second.

Uranium is measured by a dynamic routine of two magnet steps, in which 235U is

alternately measured in the Daly detector and a Faraday Cup, allowing two different

238U/235U ratios to continuously calibrate the gain of the Daly system compared to the

Faraday array.  This removes the major source of uncertainty in Daly-Faraday

measurements.  In this two-step procedure, 234U is measured in the Daly system and the

tracer 233U in a Faraday Cup.  We make a small fractionation correction using the

exponential law and an assumed value of 137.88 for 238U/235U.  The very minor

discrepancy between natural 238U/235U and the ratio as affected by 238U and 235U added to

samples from the tracer solution is corrected during data reduction and age calculation.

Since 1997, our average 234U/238U ratio measured on NBS-960 (equivalent to NBL-112a)

is 0.00005297, with a standard deviation of 0.00000010, based on 45 analyses.  Our

average 234U/238U value is slightly higher than the 0.00005286 quoted by Cheng et al.

(2000), but very reproducible, and we do not record significant changes if we recalibrate

the discriminator or deadtime settings.

Thorium from samples is loaded on a single Re center filament with layers of graphite

below and above the dried sample.   Thorium samples with a large 232Th component are

measured in the same way as U, with the tracer isotope 229Th used to continuously

calibrate the Faraday-Daly gain ratio.  Such Th samples are generally not useful for
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dating.   The vast majority of Th samples are measured by peak jumping using only the

Daly detector, with signals that vary from 40 counts per second (cps) for the lowest 230Th

signals to 900,000 cps for the highest 232Th beams.    Typically 40 to 120 ratios for the

three Th isotopes are obtained in this way.   Variability in the amount of Th data that can

be acquired, the stability of the beam, and the small but unknown mass fractionation of

Th, are limitations on precision and accuracy of U-Th ages.

Initially, we checked a large number of filaments for blank U and Th that persisted after

degassing (cf., Edwards et al., 1987).   We occasionally observed significant 238U and

232Th counts up to 20 cpm, but this did not seem to be a common problem with our zone-

refined Re filament material.

2.4 Error and error propagation

We represent age uncertainties that include propagated 2  envelopes on isotope ratios

and decay constants, as well as an error envelope on the assumed initial 230Th/232Th.

These are the main sources of error for our dates, and we treat them as three sources of

uncorrelated error.  Uncertainty on measured isotope ratios reflects counting errors and

variability within a mass spectrometric analysis; uncertainty between analyses is likely

larger.  Samples with high 232Th often have higher analytical error due to a relatively

small 230Th signal.  Decay constant error envelopes are after Cheng et al (2000).   In

addition, we propagate errors on tracer (spike) isotope concentrations, but we disregard
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the minor uncertainty in weighing sample or tracer aliquots for each analysis.  Weights of

sample and tracer range from 0.4 to 1.5 g, and the error from the balance is generally in

the fifth decimal place.  In addition, the U and Th are both present in the same tracer

solution, making weighing errors cancel for the purpose of age determination.  We

choose to represent our errors as symmetric in both the older and younger direction, but

the error on the assumed initial 230Th/232Th reflects the upper bounds placed on this ratio,

as the difference between the assumed and upper bounds of the initial 230Th/232Th results

in a larger correction.

2.5 Ages for Samples Dated by Other Laboratories

To confirm the integrity of our tracer calibrations and procedures in general, we dated

several samples that were analyzed and the results published by other groups.   These

included Papua New Guinea (PNG) corals in the 10 to 13 ka range from Edwards et al.

(1993), the Australian National University standard coral powder AC-2, with an age of

~125 ka, and a sub-sample from the Devil’s Hole drill core with age of ~81 ka (Ludwig et

al., 1992).   Because we are unable to recalculate published U-Th ages using different

decay constants, the published dates are compared using a set of decay constants in use

before 2000 (Rogers and Adams, 1969).
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Results are listed in Table 1, and seen in Figure 1.  Generally, our ages agree within error

with those from other groups, suggesting agreement of tracer calibrations.   There is also

excellent agreement for initial 234U/238U values.

3.  Bolivian Paleolake Carbonates

Six lake cycles are observed in shoreline carbonates from the Bolivian Altiplano (Figure

2) (Placzek et al., in review).  The five lake cycles dated by the U-Th method include: the

Ouki (120-98 ka), the Salinas (95-80 ka), the Inca Huasi (~46 ka), the Tauca (18.4-14.1

ka) and the Coipasa (13-11 ka).  Of these, the Ouki (120-98 ka) and Tauca (18.4-14.1 ka)

lake cycles are extensively dated by the U-Th method.  We chose to examine these two

lake cycles in detail because they are the region’s deepest lake cycles and are widely

exposed.  The Ouki lake cycle (120-98 ka) is also the oldest U-Th dated lake cycle,

whereas the Tauca deep lake cycle (18.4-14.1 ka) falls within the range of radiocarbon

dating.

3.1 Morphology and Petrography

Lacustrine carbonates from the Bolivian Altiplano are composed of calcite and have a

variety of morphologies and textures.  X-ray diffraction (XRD) verifies the calcitic

composition of these carbonates for all lake cycles (Table 2).  All dated samples were
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also tested for aragonite using Feigl’s solution (Feigl, 1937).  Excepting gastropod shells,

all samples tested negative for aragonite.

The outcrop-scale morphology of these carbonates is variable: inverted cones, mounds,

reefs, patchy shoreline coatings, layered boulder coating, and platy crusts are all

observed.  Some morphologies are unique to specific lake cycles, and the statigraphic

context and large-scale morphology of these tufas is discussed elsewhere (Placzek et al.,

in review). In hand sample, the textures of dated samples include: dense carbonate with a

clotted or pisolitic texture, aborescent carbonate of variable density (Figure 2a), spongy

or needle-like carbonate of various morphologies (Figures 2b and f), dense carbonate

with an exterior mammillary form (Figure 2c), carbonate-cemented Characea fossils

(Figure 2d), and platy carbonate with or without clear biologic textures (Figure 2e).

Manganese oxide coatings appear on both the interior, but mostly on the exterior of tufa

specimens. In addition to these various tufa textures, we attempt to date coarse carbonate

sand and aragonite shells in order to assess the potential of these materials for U-Th

dating.

Petrographic thin sections reveal that carbonates from the Bolivian Altiplano appear

generally free from secondary carbonate or visible alteration, but contain variable

amounts of siliclastic detritus.  Primary carbonate material varies from fine-grained

micritic material to coarse sparry calcite (Figures 3a to e).  A clotted biologic texture is

often present, and algal filaments are apparent (Figures 3a to c).  Calcite spar generally
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radiates outward and has euhedral terminations on the end of long crystals.  Intergrowth

of both micritic and sparry calcite show that both textures developed contemporaneously

(Figure 3a to c).  Carbonates show little evidence of post-depositonal alteration or

cementation and have similar microscopic textures for all lake cycles.  Furthermore, pore

spaces are free from secondary calcite (Figure 3c,d).  Veins of secondary calcite are

rarely observed and only in tufas from the Salinas lake cycle (Figure 3f); these samples

were not used for dating.

In general, we avoided sampling near the exposed exterior of a tufa head.  As a test of

weathering effects, however, we obtained a sample from the surface of a tufa head that is

visibly weathered.  This date (sample B-17o: 12,260±250) agrees with a date (B-17:

12,260±340) taken from fresh material a few cm under this weathered surface (Table 3).

For the oldest deep lake cycle, we attempted to test the effects of both weathering and

later immersion in younger lake waters.  We repeated dates (P-17: 106,040 ±1050 and P-

17duplicate: 109,090 ±1880) from fine spongy and/or needle-like carbonate in a single

stratigraphic horizon; these dates come within 100 years of overlapping at 2  (Table 3).

Such fine material is presumably more prone to alteration than dense carbonate, and is a

test of the maximum (or “worst case”) effects of diagenesis and/or weathering in typical

samples. We also dated visibly weathered carbonate from the Ouki deep lake cycle, and

this sample (T-27: 77,860±16,290) is the only U-Th date from Ouki carbonates that falls

outside of the 120-98 ka range established for this lake phase.

49



Aragonite shells generally do not yield reliable U-Th dates, as U is taken up following

deposition (Kaufman et al, 1971; Muhs and Kennedy, 1985).  The abundance of

lacustrine carbonates and the potential minimizing effects of Altiplano aridity on

secondary U uptake prompted an additional dating experiment on mollusk shells and

sand-sized carbonate sediment.  We dated these experimental materials from the same

stratigraphic horizon as the replicate Ouki lake cycle dates of ~108,000 years mentioned

above.   Biomphalaria andecola shells yielded a spuriously young age of 41,610±450

(Table 3), thus confirming that even in very dry environments, mollusks are not suitable

for U-Th dating.  The coarse carbonate sand yielded a date of 96,200 ±2770, within our

range of U-Th dates for tufas from this deep lake cycle, but slightly younger than the

associated tufas.

3.2 Character of the siliclastic detritus

We use trace element composition and X-ray diffraction (XRD) to characterize the nature

of the siliciclastic detritus in surficial carbonates. These analyses were performed on four

categories of material: soils and dust from the Bolivian Altiplano, the siliciclastic

residues of carbonates from the Ouki deep lake cycle, siliciclastic residues of carbonates

from the Tauca deep lake cycle, and siliciclastic residue from Obi-Rakhmat travertines.

These samples were treated with 1M acetic acid to dissolve carbonate with minimal

chemical alteration of the residue.  The aim of this weak acetic acid treatment was to

remove only the carbonate from the residues, but some leaching of ferruginous
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compounds from the residue is likely.  Siliciclastic detritus occurs in very small amounts

(generally less than one percent by weight) in carbonates from the Bolivian Altiplano, so

sufficient siliciclastic residue was not always available for both XRD and elemental

analyses.  X-ray diffraction analyses were performed at the University of Arizona, and

trace element analyses were performed by Inductively Coupled Plasma Mass

Spectrometry at the University of Saskatchewan.

The siliciclastic residue from carbonates on the Bolivian Altiplano is generally consistent

both mineralogically and chemically over the entire region, as well as through a time

span of more than 100 ka.  The mineral composition of the siliciclastic residue from

carbonates attributed to both the Tauca and Ouki deep lake cycles consists of plagioclase

feldspar, clays (illite, smectite, and kaolinite), quartz, potassium feldspar, amphibole, and

pyroxene (Table 2).  Plagioclase is more common in samples from the Tauca deep lake

cycle and/or samples from the southern portion of the Altiplano (Figure 4). Trace element

chemistry for the residues generally resembles the composition of the upper continental

crust.  Rare-Earth Element abundances, including those of Eu, are similar to the upper

continental crust (Figure 5).  Tauca residues contain enrichments of Ba and Sr, possibly

due to incompleate dissolution of carbonate or gypsum in our acetic acid leaching

procedure.  Both lake cycles show enrichments in Cs, probably due to Cs adsorption into

clay minerals.  There are also depletions in Zr, Ta, and Nb in most samples compared to

upper continental crust. Variability in the elemental composition of residues from

multiple samples at the same location is similar to the variability between samples from
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diverse locations and from different lake cycles1.  All residues are depleted in U with

respect to the upper continental crust. While Th concentration in the residues is variable,

ranging between 5.6 and 24 ppm, all samples are enriched in Th over U (Table 4).

Assuming secular equilibrium between U and Th, calculated 230Th/232Th ratios for the

residues range between 0.2 and 0.8 (Table 4).

The composition of Altiplano soils and dust are important because they are likely sources

of material in the siliciclastic residues of carbonates.   Indeed, our results do show that the

soils and dust are similar compositionally to the siliciclastic residues.  These soils are

composed of quartz, feldspars, clays (illite, smectite, and kaolinite), and minor amphibole

(Table 2).  The trace element chemistry of these soils is also similar to that of the

siliciclastic residues from carbonates, with enrichments in Cs and variable enrichments in

Sr (Figure 5).  Soils and dust are also enriched in Th over U, producing calculated

230Th/232Th ratios that range between 0.41 and 0.58 (Table 4).

For comparison, the siliciclastic residues from Obi-Rakhmat travertines closely resemble

residues from Altiplano carbonates.  They consist of quartz, clays (illite, smectite, and

kaolinite), plagioclase feldspar, and amphibole (Table 2).  These samples also have a

notable enrichment in Cs and depletion in Ta, relative to the upper continental crust

(Figure 5). The Th/U ratio for these residues falls between 3.7 and 3.9, producing

calculated 230Th/232Th ratios that range between 0.81 and 0.87 (Table 4).
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3.3 Initial 230Th/232Th ratios and isochron plots

Three isochron plots from the Tauca deep lake cycle and one plot from the Ouki deep

lake cycle can be used to estimate the initial 230Th/232Th of lacustrine carbonates from the

Bolivian Altiplano.  Ages and modern 230Th/232Th (230Th/232Thm) ratios of the initial Th

from these isochrons are derived from Osmond-type plots using Isoplot version 2.49

(Ludwig, 2001).  We present this data on Rosholt-type plots, where the 230Th/232Thm of

initial Th is visible as the Y-intercept (Bischoff and Fitzpatrick, 1991).  Initial 230Th/232Th

(230Th/232Thi) ratios, however, are calculated using the ages and 230Th/232Thm given by

Isoplot.  Errors on the true initial 230Th/232Th are probably similar to the errors on

230Th/232Thm of the detrital material.  The 230Th/232Thi is calculated as:

                    230Th/232Thi=
230Th/232Thm e 230t

Where, 230 is the decay constant for 230Th and t is the age of the sample.

The age for isochron B-9 is 16.3±1.7 ka and the 230Th/232Thi of this sample is 0.6 (Figure

6a).  This isochron is constructed from totally dissolved sub-samples of carbonate B-9,

and consists of multiple sub-samples with variable U concentrations.  Isochrons with

variable U and Th concentrations are preferable, and produce results with lower

uncertainties.
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Carbonate B-8 is from the same site and is found in the same context as carbonate B-9.

Totally dissolved sub-samples of this carbonate yield an isochron age of 15.3±4.6 ka and

230Th/232Thi of 0.7 (Figure 6b). The range of U concentrations for this isochron plot is,

however, low.  An additional isochron plot from this site incorporates samples from

carbonates B-8 and B-9, as well as other samples from the Tauca highstand at this

locality.  Unlike the other two isochrons from this site, this “Tauca highstand” isochron is

from 2M HNO3 leachates of carbonate samples.  Additionally, this isochron (Figure 6c)

does not consist of multiple sub-samples from the same hand sample, but rather multiple

samples in a similar stratigraphic context.  Nevertheless, it yields a similar age (16.0±2

ka) and 230Th/232Thi  (0.5) to the other Tauca isochrons.

Totally dissolved sub-samples of carbonate P-7-4 (Ouki lake cycle) yield an age of 114

±19 ka) and 230Th/232Thi of 0.3.  This isochron confirms that the 230Th/232Thi ratio of

lacustrine material was well below unity in diverse settings over >100 ka.  Variability in

U concentrations for this isochron is not large (Figure 6d), resulting in moderate errors.

Obi-Rakhmat travertines have a 230Th/232Thi  >1.5, indicative of contamination by a

component with unsupported initial 230Th.  An isochron plot of multiple, similarly aged

2M HNO3 leachates yields a 230Th/232Thi of 2.9 (Figure 6e).  These travertines have an

elevated 230Th/232Thi ratio, but the siliciclastic residues from these carbonates have a

roughly crustal composition (Figure 5), not capable by themselves of producing

230Th/232Thi > ~0.8.  This situation is indicative of unsupported initial Th incorporated into
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the carbonate, and is analogous to samples from lakes with initial unsupported (or

“hydrogenous”) Th.

The initial 230Th/232Th ratio in carbonates from Altiplano paleolakes can be fixed at less

than unity.  Isochrons indicate that this initial 230Th/232Th ratio is less than 0.8 at diverse

locations over the last 120,000 years.  Additional evidence for a low initial 230Th/232Th

ratio comes from samples of very dirty carbonate from which we measured present-day

230Th/232Th ratios that are less than unity.  Since such carbonates are a mixture of CaCO3

with a high 230Th/232Th ratio and initial Th, the initial Th component must have a low

230Th/232Th ratio. An initial 230Th/232Th value of 0.5±0.3 was used to correct samples from

the Bolivian Altiplano for detrital contamination.  This ratio is well constrained below 0.8

by isochron plots and analyses of siliciclastic residues; ratios less than 0.2 are unrealistic

in natural materials.  The very conservative ±0.3 placed on the initial 230Th/232Th of

Altiplano carbonates is generally the largest source of error in the age calculation. For

comparison, the initial 230Th/232Th ratio of 2.8±1.4 accepted for the Obi-Rakhmat

travertines results in greater uncertainty for samples with similar degrees of siliclastic

contamination.

4.  Implications of our Study for Dating of Paleolake Carbonates

In this section we discuss the implications of our study for dating of lacustrine carbonates

in general.  One principal conclusion is that dating of lacustrine carbonates (or other

55



authigenic mineral deposits of lakes) is much easier where initial Th is dominated by

well-homogenized silicate material.  Such lakes might occur where the bedrock of the

drainage basin contains low amounts of carbonate and/or where lake cycles were

relatively short lived. These factors result in low U concentrations in the water.  On the

other hand, longer-lived and/or more saline lakes may often have higher U concentration,

resulting in production of 230Th in the water column and in initial unsupported Th being

incorporated into carbonate deposits.

4.1 Dating of paleolake carbonates and closed U-Th systematics

The validity of U-Th dating on dense, well-preserved calcite is well established by

numerous studies, principally from marine corals, going back several decades.  Criteria

for testing the closed system assumption in carbonate include: 1) replicate ages that are

self-consistent and stratigraphically reliable from carbonates with a variety of textures

and from different locations, 2) petrographic evidence of pristine textures, 3)

geochemical evidence for lack of alteration, and 4) verification with an independent

dating method (e.g. radiocarbon). One strong argument for the validity of U-Th dates is

their reproducibility at numerous locations and in diverse materials.   Around

paleolakeshores, there is usually a wide variety of morphologic a petrographic types of

deposit available. On the Bolivian Altiplano this diversity includes: large tufa cones,

radiating carbonate growths, mammillary coatings and carbonate-coated Characeae

filaments.  This large range in morphologies and textures, very typical of lakeshore

56



carbonates, means that agreement between ages from different, carefully selected samples

can be used as a powerful argument against open-system behavior resulting from a wide

range of causes.  Paleolake carbonates from the Bolivian Altiplano are an example of an

arid setting where potential geochemical alteration of calcite tufas can be evaluated and

was found to be minimal.  Bolivian paleolake carbonates with low concentrations of

initial Th yield a set of U-Th dates that display strong internal consistency (Figures 7 and

8) and, for the Tauca lake cycle consistency with radiocarbon dates (Placzek et al., in

review).  The primary textures of these tufas argue against significant diagenetic

alteration. In spite of considerable diversity in external morphology and texture, older and

younger tufas are generally similar in their microscopic textures.  Additional geochemical

arguments for the pristine condition of the calcite, in the Bolivian case, comes from

coherent 87Sr/86Sr, stable isotope, and 234U/238U ratios for each lake cycle (Placzek et al.,

in prep.).

4.2 Selection of carbonate samples from lacustrine settings

A critical consideration in selection of carbonates from lacustrine settings for U-Th

dating is the concentration of initial Th in these carbonates.  The concentration of initial

Th relative to Th produced by in situ decay of U is reflected in the 230Th/232Th ratio of the

sample itself, and analysis of samples with low initial Th (high 230Th/232Th in the sample)
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is advantageous in U-Th dating of lacustrine carbonates.  In general, samples with higher

U concentration also have higher 230Th/232Th ratios.

In general, our strategy has been to develop methodologies for selecting and processing

carbonates that will yield precise single-sample U-Th ages.   We have employed U-Th

isochrons as a means of constraining initial Th, as well as to reinforce inferences of a

closed system for U-Th evolution.   The best constraints on chronology definitely come

from the single-sample ages that have low initial Th, and selecting such samples is the

direction most of our efforts have taken.

Carbonates from the Bolivian Altiplano have sample 230Th/232Th ratios that range between

<1 to over 100, and the relationship that we observe between carbonate texture and initial

Th concentration of Bolivian Altiplano carbonates may apply to lacustrine carbonates

found elsewhere.  Massive tufa encrustations generally have the lowest initial Th, and

both dense carbonates and more porous carbonates are equally likely to produce samples

that are relatively free of detritus. After dissolution and equilibration with the isotopic

tracer, any visible silicate material is centrifuged out and the supernatant is collected for

analysis. Samples with some visible sand-sized material produce dates with acceptable

230Th/232Th values, but samples that produced an acid leachate that is visibly orange or has

> ~0. 5% fine (clay-sized) detrital residues always have unacceptably high 232Th

concentration.  In general, white carbonate is better than carbonate with faint pink or

orange coloration.  Gray and yellow carbonates also often have low initial Th content.
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Visible inspection following carbonate dissolution allowed us to discard samples likely to

produce low 230Th/232Th values before additional processing.  Towards the conclusion of

our analyses, approximately 20% of our samples were discarded following dissolution.

All carbonates are hand picked prior to dissolution, but we suggest that this additional

inspection of leachates is critical to eliminating samples with very fine grained or

amorphous detritus.  Such material may not be visible in the carbonate hand sample, but

may carry substantial Th.

4.3 Selective vs. Total sample dissolution

For single sample U-Th analyses, dissolution of carbonates in 2M HNO3 minimizes

leaching of elements from siliciclastic material, but may nevertheless result in some

differential leaching of U and Th from the detrital component (Bischoff and Fitzpatrick,

1991).  When the correction for initial Th is small, this effect is minimal. Isochrons

constructed from 2M HNO3 leachates might actually more closely reconstruct the Th

ratio carried over into the 2M HNO3 leachates of single samples.  Leachate dissolutions

have greater uncertainties because of possible partial leaching effects, but further analysis

is required before one can conclude which method is analytically preferable when the

sole purpose of isochrons is to obtain the initial 230Th/232Th.  For samples with the range

of silciclastic contamination observed in Altiplano carbonates (0-5% by weight), it

appears that either dissolution method can be used to obtain single-sample ages and

initial 230Th/232Th ratios. Isochrons constructed from both TSD and 2M HNO3 leachates
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yield similar results for the Tauca lake cycle (Figure 9).  This critical observation

suggests that for these samples the 2M HNO3 leaching procedure does not in fact result in

very significant selective removal of U or Th from siliciclastic material.  Single-sample

ages are also available for the data points used to construct isochron plots, and all fall in

the Tauca age range (Figure 9).  Single sample ages for Obi-Rakhmat travertine 4A are

available for both TSD and 2M HNO3 leachates; both methods produce similar ages

(Table 3).

4.4 Initial 230Th/232Th

Geochemical determination of the initial 230Th/232Th ratio is recommended for lacustrine

carbonates, as elevated initial 230Th/232Th values are reported from many lacustrine

settings.  The composition of initial Th in Bolivian paleolake settings is uniform, and has

a low and well-constrained 230Th/232Th ratio.  Thus, the uncertainty associated with

corrections for initial 230Th is decreased, resulting in some of the most precise U-Th dates

obtained from a lacustrine setting anywhere. Carbonates from paleolakes on the Bolivian

Altiplano are well suited to U-Th dating because initial Th in these carbonates originates

almost exclusively from siliciclastic material. Elevated initial 230Th/232Th values are noted

in several global paleolake systems (Table 5), but Altiplano and Antarctic paleolakes

(Hall and Henderson, 2001) precipitated carbonates containing only siliciclastic initial

Th.  Paleolakes Lisan (Haase-Schramm et al., 2004) and Lahontan (Lin et al., 1996)
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precipitated carbonates similar to our samples from Obi-Rakhmat, with significant initial

unsupported Th.  Such lakes and caves are generally found in terrains with abundant

limestone or dolomite in the catchment area for waters, perhaps resulting in high U

concentrations in waters.  In contrast, volcanic, plutonic, and non-marine sediments

dominate the Bolivian Altiplano.  Water in Bolivian paleolakes was also relatively fresh

and paleolakes dried almost completely between cycles.  The lack of carbonates in the

watershed, and the ephemeral nature of Altiplano paleolakes must have produced lake

waters with low U concentrations, minimizing the potential for formation of hydrogenous

thorium and/or scavenging of unsupported 230Th by siliciclastic material.

5.  Conclusions

1. Paleolake carbonates from the Bolivian Altiplano yield precise U-Th ages.

Altiplano carbonates have a variety of textures and morphologies and are

generally free from alteration due to diagenesis or weathering.

2. On the Bolivian Altiplano the only initial Th inputs in paleolake carbonates are

from siliciclastic material with a composition similar to that of the upper

continental crust and consistent with regional soils and dust.

3. In contrast, travertines from a hominid site at Obi-Rakhmat, Uzbekistan have

initial Th from both silicilastic material and from 230Th that is not supported by U.

This unsupported Th is apparent in isochrons that reveal elevated initial

230Th/232Th ratios, but cannot be detected in the trace element chemistry of the
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siliciclastic residue.  This is similar to conditions that occur in many global

paleolake carbonates.

4. It is likely that unsupported Th is absent in fresh lakes with low U concentrations,

and this may encourage further dating efforts in such environments.  In contrast,

lake and cave waters formed in carbonate terrains or other watersheds with high U

concentrations may have significant inputs of 230Th that is deposited directly into

authigenic carbonate.

5. Visual inspection of samples both before and after carbonate dissolution allow

elimination of samples likely to produce low 230Th/232Th values before additional

processing.

6. Given the range of reported initial 230Th/232Th ratios for terrestrial carbonates,

isochron plots are necessary to constrain the initial 230Th/232Th ratio of samples

with initial Th.  Such plots can be obtained from HNO3-HF digestion of the entire

sample, or from leaching procedures using dilute HNO3.

Acknowledgements

We are grateful for analytical support from Clark Isachsen, Zachary Naiman, Mark

Baker, Wes Bilodeau, and David Steinke.   Discussions with Warren Beck, Gerard

Manhes, Larry Edwards and Ken Ludwig were helpful in development of methods.

Warren Beck, Larry Edwards, George Gehrels, Malcolm McCulloch and Ike Winograd

freely provided standard materials or samples already dated by other laboratories.

62



ICPMS was done at the University of Saskatchewan by Jianzhong Fan.  Others who have

provided useful discussions on specific projects are Julio Betancourt, Patrick Wrinn,

Carolina Mallol, and Susan Mentzer.   During development of methods, work was

supported by NSF EAR-9814885, -9976676 and –0003343.   Work in Bolivia was

supported by NSF EAR-0207850, and on Obi-Rakhmat samples by a L.S.B. Leakey

Foundation grant to P. Wrinn and A Krivoshapkin.

63



References

Bacon, M.P., and R.F. Anderson (1982), Distribution of thorium isotopes between

dissolved and particulate forms in the deep ocean, J Geophys Res, 87(C3), 2045-2056.

Beck, J.W., D.A. Richards, R.L. Edwards, B.W. Silverman, P.L. Smart, D.L. Donahue, S.

Hererra-Osterheld, G.S. Burr, L. Calsoyas, A.J.T. Jull, and D. Biddulph (2001),

Extremely large variations of atmospheric 14C concentration during the last glacial

period, Science, 29, 2453-2458.

Bischoff, J.L., R., Julia, and R. Mora (1988), Uranium-series dating of the Mousterian

occupation at Abric Romani, Spain, Nature, 332, 68-70.

Bischoff, J. L., and J. A. Fitzpatrick (1991), U-series dating of impure carbonates: an

isochron technique using total-sample dissolution, Geochim. Cosmochim. Acta, 55, 543-

554.

Cheng, H., R. L. Edwards, J. Hoff, C. D. Gallup, D. A. Richards, and Y. Asmerom

(2000), The half-lives of uranium-234 and thorium-230, Chem. Geol., 169, 17-33.

64



Edwards, R.L., J.H. Chen, and G.L. Wasserburg (1987), 238U-234U-230Th-232Th systematics

and the precise measurement of time over the past 500,000 years, Earth Planet. Sci.

Lett., 81, 175-192.

Edwards, R. L., J. W. Beck, G. S. Burr, D. J. Donahue, J. M. A. Chappell, A. L. Bloom,

E. R. M. Druffel, and F. W. Taylor (1993), A large drop in atmospheric 14C/12C and

reduced melting in the Younger Dryas, documented with 230Th ages of corals, Science,

260, 962-968.

Edwards, R.L., H. Chen, H.T. Cheng, M.T. Murrell, and S.J. Goldstein (1997),

Protactinium-231 dating of carbonates by thermal ionization mass spectrometry:

implications for Quaternary climate change, Science, 276, 782-786.

Feigl, F. (1937), Qualitative analysis by spot tests, Nordemann Publishing Company:

New York.

Haase-Schramm, A., S. L. Goldstein, and M. Stein (2004), U-Th dating of Lake Lisan

(late Pleistocene Dead Sea) aragonite and implications for glacial East Mediterranean

climate change, Geochim. Cosmochim. Acta, 68, 985-1005,

doi:10.1016/j.gca.2003.07.016.

65



Hall, B.L., and G.M. Henderson (2001), Use of uranium—thorium dating to determine

past 14C reservoir effects in lakes: examples from Antarctica, Earth Planet. Sci. Lett.,

193, 565-577.

Israelson, C., S. Björck, C. J. Hawkesworth, and G. Possnert (1997), Direct U-Th dating

of organic- and carbonate-rich lake sediments from southern Scandinavia, Earth Planet.

Sci. Lett., 153, 251-263.

Kaufman, A., and W. Broecker (1965), Comparison of Th230 and C14 ages for carbonate

materials from Lakes Lahontan and Bonneville, J. Geophys. Res., 70, 4039-4054.

Kaufman, A., W.S. Broecker, T.-L. Ku, and D.L. Thurber (1971), The status of U-series

methods of mollusk dating, Geochim. Cosmochim. Acta, 35, 1155-1183.

Kaufman, A. (1993), An evaluation of several methods for determining 230Th/U ages in

impure carbonates, Geochim. Cosmochim. Acta, 57, 2303-2317.

Kaufman, A., G. J. Wasserburg, D. Porcelli, M. Bar-Matthews, A. Ayalon, and L. Halicz

(1998), U-Th isotope systematics from the Soreq cave, Israel and climatic correlations,

Earth Planet. Sci. Lett., 163, 141-155.

66



Lao, Y., and L. Benson (1988), Uranium-series age estimates and paleoclimatic

significance of Pleistocene tufas from the Lahontan Basin, California and Nevada,

Quat. Res., 30, 165-176.

Lin, J.C., W.S. Broecker, R.F. Anderson, S. Hemming, J.L. Rubenstone, and G. Bonani

(1996), New 230Th/U and 14C ages from Lake Lahontan carbonates, Nevada, USA, and a

discussion of the origin of initial thorium, Geochim. Cosmochim. Acta, 60, 2817-2832.

Lin, J. C., W. S. Broecker, S. R. Hemming, I. Hajdas, R. F. Anderson, G. I. Smith, M.

Kelley, and G. Bonani (1998), A reassessment of U-Th and 14C ages for late-glacial

high-frequency hydrological events at Searles Lake, California, Quat. Res., 49, 11-23.

Ludwig, K., K. R. Simmons, B. J. Szabo, I. J. Winograd, J. M. Landwehr, A. C. Riggs,

and R. J, Hoffman (1992), Mass-spectrometric 230Th-234U-238U dating of the Devils Hole

Calcite Vein, Science, 258, 284-287.

Ludwig, K. (2001), Special Publication No. 1a, Berkeley Geochronology Center,

Berkeley, Calif.

Ludwig, K. R. (2003), Mathematical—statistical treatment of data and errors for 230Th/U

geochronology, Rev. Mineralogy and Geochemistry, 52, 631-656.

67



Luo, S., and T. L. Ku (1991), U-series isochron dating: a generalized method employing

total-sample dissolution, Geochim. Cosmochim. Acta, 55, 555-564.

Muhs, D.R., and G.L. Kennedy (1985), An evaluation of uranium-series dating of fossil

echinoids from Southern California Pleistocene marine terraces, Marine Geology, 69,

187-193.

Polyak, V.J., and Y. Asmerom (2001), Late Holocene climate and cultural changes in the

Southwestern United States, Science, 294, 148-151.

Rogers, J.J.W., J.A.S. Adams (1969), Uranium, in Handbook of Geochemistry, edited by

K.H. Wedephol, Springer-Verlag, Berlin.

Rosholt, J.N. (1976), 230Th/U dating of travertine and caliche rinds, Geol Soc Amer Abstr

Prog, 8, 1076.

Sharp, W. D., K. R. Ludwig, O. A. Chadwick, R. Amundson, and L. L. Glaser (2003),

Dating fluvial terraces by 230Th/U on pedogenic carbonate, Wind River Basin,

Wyoming, Quat. Res., 59, 139-150.

68



Sylvestre, F., M. Servant, S. Servant-Vildary, C. Causse, M. Fournier, J.P. Ybert (1999),

Lake-level chronology on the southern Bolivian Altiplano (18-23oS) during late-Glacial

time and the early Holocene, Quat. Res., 59, 281-300.

Szabo, B.J., and Rosholt, J.N. (1982), Surficial continental sediments, in Uranium Series

Disequilibrium: Applications to Environmental Problems, edited by M. Ivanovich and

R.S. Harmon, pp. 256-267. Clarendon Press, Oxford.

Taylor, S.R., and S.M. McLennan (1995), The geochemical evolution of the continental

crust. Rev. Geophys, 33, 241-265.

69



Sample Tucson age 2 sigma
234U/238UinitialPublished age 2 sigma

234U/238Uinitial Reference

HOB-EE3 10,220 230 1.509 9,860 44 1.503 Edwards et al., 1993
Huon core 18.9 10,320 170 1.519 9,642 72 1.495 Edwards et al., 1993
Huon core 34.5 10,810 170 1.499 10,955 54 1.497 Edwards et al., 1993
Huon core 38.4 11,080 180 1.483 11,045 57 1.499 Edwards et al., 1993
Huon core 38.9 12,080 200 1.507 12,084 70 1.513 Edwards et al., 1993

DH-11, 16 cm 80,150 1,296 1.785 81,200 700 1.787 Ludwig et al., 1992
80,200 600 1.790 Ludwig et al., 1992
80,500 500 1.792 Ludwig et al., 1992
80,600 2,500 1.790 Edwards et al., 1997

DH-11, 16 mean 80,150 1,300 1.781 80,568 334 1.790

AC-2 125,810 1,980 1.526 124,600 1,000 1.475 McCulloch, pers. comm.
120,850 1,930 1.553
122,220 1,900 1.476
122,950 1,890 1.503
122,440 1,910 1.514
122,470 1,960 1.488

AC-2 mean 122,763 787 1.510 124,600 1,000 1.475

Table 1: Comparison to published ages 

Huon Peninsula, PNG, corals

Devils Hole Calcite Vein

ANU Coral Standard Powder
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Table 2: X-ray diffraction results for tufas and siliclastic residues

Sample Sample descrition MapLocation Composition
S-8-2 Coipasa lake cycle tufa 5 calcite
U-5-2 Tauca lake cycle tufa 8 calcite
U-9-2 Tauca lake cycle tufa 10 calcite
S-17-4 Sajsi lake cycle tufa 5 calcite
U-27a-1 Inca Huasi lake cycle tufa 7 calcite
U-26-2 Salinas lake cycle tufa 9 calcite
P-5-3 Ouki lake cycle tufa 4 calcite
B-10 Tacua lake cycle tufa (coarse fraction) 6 plagioclase feldspar, amphibole, illite
B-10 Tacua lake cycle tufa (fine fraction) 6 plagioclase feldspar, illite, amphibole, quartz, potassium feldspar, smectite
U-9-1 Tacua lake cycle tufa (coarse fraction) 10 plagioclase feldspar, amphibole
U-9-1 Tacua lake cycle tufa (fine fraction) 10 plagioclase feldspar, smectite
U-9-2 Tacua lake cycle tufa (coarse fraction) 10 plagioclase feldspar, amphibole, illite, potassium feldspar, quartz
U-9-2 Tacua lake cycle tufa (fine fraction) 10 plagioclase feldspar, potassium feldspar, quartz, illite
P-7-3 Ouki lake cycle tufa 1 illite, smectite, quartz, plagioclase feldspar
P-8-2 Ouki lake cycle tufa (fine fraction) 1 plagioclase feldspar, quartz, illite, kaolinite
B-3 Ouki lake cycle tufa (fine fraction) 2 quartz, smectite, illite, pyroxene, plagioclase feldspar
T-20 Ouki lake cycle tufa (fine fraction) 2 smectite, quartz, illite, plagioclase feldspar, kaolinite
P-22 Pleistocene Bolivian soil (coarse fraction) 3 quartz, illite, smectite, plagioclase feldspar, kaolinite
P-22 Pleistocene Bolivian soil (fine fraction) 3 quartz, illite, smectite, plagioclase feldspar, kaolinite
T-7 Pleistocene Bolivian soil (coarse fraction) 2 quartz, plagioclase feldspar, illite
T-7 Pleistocene Bolivian soil (fine fraction) 2 smectite, illite, quartz, kaolinite
P-23 Holocene Bolivian soil (coarse fraction) 3 quartz, illite, plagioclase feldspar
P-23 Holocene Bolivian soil (fine fraction) 3 quartz, illite, plagioclase feldspar, amphibole
B-11 Bolivian dust (coarse fraction) 6 plagioclase feldspar, potassium feldspar, quartz, illite, pyroxene
B-11 Bolivian dust (fine fraction) 6 plagioclase feldspar, quartz, illite, potassium feldspar, amphibole
PW-2 Obi-Rakhmat travertine quartz, illite, smectite, kaolinite, plagioclase feldspar
PW-7B Obi-Rakhmat travertine(coarse fraction) quartz, plagioclase feldspar, amphibole, illite
PW-7B Obi-Rakhmat travertine(fine fraction) quartz, illite

71



Table 3: U/Th ages 

sample 230Th/234U age 2 sigma U conc. (ppm) 230Th/232Th 234U/238Uinitial 
230Th/238Umeasured 

230Th/238Ucorrected carbonate texture acid treatment
Coipasa lake cycle
U-9-6 12,260 160 2.05 52.1 1.76 0.18739 0.18781 dense outer rind of mounded tufa 2 M HNO3

U-27a-8 12,730 200 1.22 32.9 1.76 0.19946 0.19200 dense outer rind of mounded tufa 2 M HNO3

B-17 12,470 250 1.417 37.0 1.79 0.19390 0.19156 dense outer rind of mounded tufa 2 M HNO3

B-17o 12,540 340 1.298 21.5 1.77 0.19467 0.19063 dense outer rind of mounded tufa 2 M HNO3

RG 1-3 12,930 1,080 0.604 5.3 1.78 0.21513 0.19722 dense platey carbonate 2 M HNO3

S-10-3 12,910 1,280 0.283 4.2 1.92 0.23673 0.21197 dense platey carbonate with bioloic forms 2 M HNO3

Tauca lake cycle
U-4-1 17,190 170 1.243 96.7 1.58 0.22888 0.22787 dense stalagtite with mamillary forms 2 M HNO3

B-12 14,800 270 0.618 23.4 1.73 0.22124 0.21712 carbonate needles 2 M HNO3

U-22-5 16,320 270 9.012 61.7 1.59 0.22016 0.21862 dense aborescent tufa 2 M HNO3

U-7-1 15,680 310 0.401 22.8 1.62 0.21922 0.21508 dense aborescent tufa 2 M HNO3

B-14 14,620 340 2.413 29.4 1.63 0.20512 0.20207 coarse carbonate needles 2 M HNO3

U-27a-2 16,940 410 2.403 17.2 1.59 0.23210 0.22633 dense rind of layered tufa 2 M HNO3

B-9 16,510 490 0.337 13.4 1.60 0.23016 0.22275 dense aborescent tufa 2 M HNO3

B-9a 17,010 540 0.323 12.3 1.61 0.23857 0.23028 dense aborescent tufa TSD
U-9-2 15,940 600 0.551 9.5 1.61 0.22754 0.21723 moderatly densed aborescent tufa 2 M HNO3

U-5-2 15,790 660 0.367 9.0 1.61 0.22608 0.21520 dense aborescent tufa 2 M HNO3

B-8 15,150 660 0.48 13.8 1.64 0.21740 0.21057 carbonate needles/aborescent tufa 2 M HNO3

B-9 16,090 720 0.386 8.9 1.60 0.22283 0.21716 dense aborescent tufa 2 M HNO3

B-9 14,810 860 0.326 7.3 1.60 0.21428 0.20140 dense aborescent tufa 2 M HNO3

U-5-3 18,570 890 0.528 7.5 1.57 0.25799 0.24340 pisolitic tufa 2 M HNO3

B-6 14,070 960 0.417 9.7 1.54 0.19311 0.18438 dense rind coating boulders 2 M HNO3

U-27-6i 14,880 1,080 0.204 5.3 1.74 0.23921 0.21949 dense outer rind of layered tufa 2 M HNO3

B-8 16,630 1,150 0.488 5.3 1.60 0.24373 0.22395 carbonate needles/aborecent tufa 2 M HNO3

B-9e 12,950 1,220 0.404 7.7 1.57 0.18500 0.17429 dense aborescent tufa TSD
U-27a-5 16,340 1,220 1.177 11.6 1.63 0.23378 0.22510 dense rind of layered tufa 2 M HNO3

B-9d 16,420 1,440 0.324 5.0 1.60 0.24160 0.22071 dense aborescent tufa TSD
B-9f 17,410 1,570 0.181 4.0 1.58 0.25865 0.23089 dense aborescent tufa TSD
B-10 14,860 1,630 0.357 4.4 1.60 0.22461 0.20216 dense aborescent tufa 2 M HNO3

B-10 20,600 1,760 0.348 6.2 1.60 0.29130 0.27187 dense aborescent tufa 2 M HNO3

B-9c 18,080 1,950 0.409 7.8 1.60 0.25586 0.24196 dense aborescent tufa 2 M HNO3

B-9d2 13,740 1,990 0.41 5.2 1.60 0.20465 0.18726 dense aborescent tufa TSD
U-27a-4 17,470 2,500 0.43 2.8 1.61 0.27739 0.23519 aborescent layer of layered tufa 2 M HNO3

B-16 15,510 2,840 0.465 5.9 1.56 0.22185 0.20542 dense aborescent tufa 2 M HNO3

T-16 21,870 2,950 0.296 3.1 1.39 0.28806 0.25044 dense rind coating boulders 2 M HNO3

T-19 16,970 3,280 0.306 2.3 1.60 0.28165 0.22831 dense rind coating boulders 2 M HNO3

B-6 16,330 3,320 0.373 10.7 1.59 0.22704 0.21823 dense rind coating boulders 2 M HNO3

T-17 16,720 3,560 0.344 2.0 1.60 0.28561 0.22525 dense rind coating boulders 2 M HNO3

B-7 13,540 3,580 0.381 2.7 1.59 0.22056 0.18395 densed interior of tufa mound 2 M HNO3

B-15 17,410 3,840 0.346 2.2 1.61 0.29024 0.23494 pisolitic tufa 2 M HNO3

B-8A 18,860 4,980 0.408 1.6 1.55 0.32996 0.24397 carbonate needles/aborecent tufa TSD
B-17i 17,040 5,100 0.383 2.8 1.57 0.26494 0.22487 dense, clotted interior of mounded tufa 2 M HNO3

T-18 19,810 5,340 0.285 1.6 1.59 0.35281 0.26075 dense rind coating boulders 2 M HNO3

B-8E 20,300 6,540 0.451 1.5 1.54 0.36221 0.25911 carbonate needles/aborecent tufa TSD
B-8G 20,100 7,690 0.499 1.3 1.53 0.37861 0.25434 carbonate needles/aborecent tufa TSD
B-8D 23,016 10,890 0.44 1.1 1.51 0.44670 0.28391 carbonate needles/aborecent tufa TSD
B-8F 22,340 12,600 0.456 1.0 1.48 0.44607 0.27108 carbonate needles/aborecent tufa TSD
Inca Huasi lake cycle
U-28-1 45,980 440 1.478 83.0 1.58 0.53313 0.53103 dense carbonate 2 M HNO3
U-27a-1 47,060 660 0.56 27.1 1.60 0.55290 0.54627 dense clotted carbonate 2 M HNO3

U-27a-1duplicate 47,890 860 0.606 25.8 1.57 0.55096 0.54408 dense clotted carbonate 2 M HNO3

U-26-3 88,870 1,090 3.544 117.3 1.67 0.88200 0.99034 dense aborescent tufa 2 M HNO3

U-31-1 81,640 1,680 0.462 26.9 1.67 0.84240 0.83500 dense carbonate 2 M HNO3

U-26-2 91,540 2,110 0.463 40.7 1.69 0.91154 0.90667 dense aborescent tufa 2 M HNO3

U-22-3 87,190 5,280 0.796 38.6 1.64 0.86300 0.85798 dense aborescent tufa 2 M HNO3

U-22-1 89,150 9,880 0.451 41.5 1.66 0.88059 0.87591 dense tufa 2 M HNO3

U-22-2 96,970 2,930 0.641 72.9 1.70 0.94219 0.93953 dense aborescent tufa 2 M HNO3

P-8-2 104,410 730 2.425 107.2 1.61 0.93547 0.93379 carbonate needles from interior of a tufa cone 2 M HNO3

P-5-3 102,900 860 2.123 55.7 1.60 0.92494 0.92170 moderatly dense aborescent cone interior 2 M HNO3

P-17 106,880 1,050 0.834 69.7 1.55 0.91342 0.91096 fine carbonate needles/spongy carbonate 2 M HNO3

Pazna-9 111,550 1,760 1.091 35.5 1.63 0.98054 0.97556 moderatly dense aborescent cone interior 2 M HNO3

P-17duplicate 109,940 1,880 0.51 59.0 1.56 0.93566 0.93276 fine carbonate needles/spongy carbonate 2 M HNO3

P-5-2 101,770 2,240 1.118 15.1 1.59 0.91968 0.90765 moderatly dense aborescent cone interior 2 M HNO3

B-3 120,040 3,020 3.471 14.7 1.69 1.05473 1.04278 moderatly dense aborescent cone interior 2 M HNO3

P-11 103,620 3,030 0.599 10.3 1.56 0.92303 0.90565 carbonate needles from interior of a tufa cone 2 M HNO3

Pazna 2-4 106,540 3,160 0.459 14.5 1.58 0.94005 0.92830 dense mammilarry exterior of a tufa cone 2 M HNO3

T-9 120,310 3,500 0.904 12.4 1.66 1.04376 1.02975 large carbonate cemented Chara fossils 2 M HNO3

P-5-4 115,040 4,550 0.494 7.5 1.59 0.99115 0.96822 moderatly dense aborescent cone interior 2 M HNO3

T-3 114,750 5,450 0.76 5.4 1.58 0.99522 0.96307 moderatly dense aborescent cone interior 2 M HNO3

P-5-1 97,860 5,560 0.488 5.0 1.58 0.92179 0.88398 moderatly dense aborescent cone interior 2 M HNO3

P-5-1 duplicate 99,500 6,230 0.907 25.9 1.59 0.90487 0.89785 moderatly dense aborescent cone interior 2 M HNO3

T-13 121,270 6,500 0.854 5.2 1.64 1.05800 1.02431 carbonate-cemented coquina (shells not dated)2 M HNO3

T-23 111,920 7,820 0.525 3.8 1.57 0.99179 0.94501 moderatly dense aborescent cone interior 2 M HNO3

T-1 114,190 7,820 1.002 4.2 1.62 1.02853 0.98535 moderatly dense aborescent cone interior 2 M HNO3

P-5-5 101,840 8,390 0.457 3.7 1.56 0.94571 0.89573 dense aborescent tufa vcone interior 2 M HNO3

T-12 127,140 9,610 0.668 4.6 1.66 1.09404 1.05654 large carbonate cemented Chara fossils 2 M HNO3

T-2 102,440 10,050 0.551 3.4 1.55 0.94693 0.89303 moderatly dense aborescent cone interior 2 M HNO3

P-5-6 110,390 10,440 0.47 5.9 1.59 0.97926 0.94916 dense aborescent tufa 2 M HNO3

T-8 131,430 10,750 0.422 3.4 1.66 1.11916 1.06918 carbonate needles from small tufa cups 2 M HNO3

T-22 126,410 13,250 0.668 2.4 1.56 1.06532 0.99518 moderatly dense aborescent cone interior 2 M HNO3

T-20 95,050 14,470 0.724 2.2 1.51 0.92473 0.83478 moderatly dense aborescent cone interior 2 M HNO3

T-24 138,520 16,250 0.482 2.1 1.61 1.14465 1.06947 moderatly dense aborescent cone interior 2 M HNO3

T-27 78,620 16,290 0.803 1.8 1.44 0.82668 0.71444 weathered surface of moderatly dense cone 2 M HNO3

U-7-4G 114,730 17,070 0.758 2.0 1.48 0.99543 0.91022 carbonate needles from interior of a tufa cone TSD
U-7-4B 118,720 20,750 0.831 1.8 1.47 1.01476 0.91839 carbonate needles from interior of a tufa cone TSD
B-2 81,430 21,740 0.475 2.6 1.56 0.86340 0.78449 moderatly dense aborescent cone interior TSD
U-7-4A 119,560 23,280 0.797 2.2 1.49 1.01280 0.93466 carbonate needles from interior of a tufa cone TSD
U-7-4C 126,000 24,230 0.725 2.2 1.52 1.04844 0.97268 carbonate needles from interior of a tufa cone TSD
T-4 134,690 24,300 0.555 1.7 1.61 1.15418 1.05443 moderatly dense aborescent cone interior TSD
U-7-4D 115,940 27,880 0.926 1.5 1.45 1.01561 0.90000 carbonate needles from interior of a tufa cone TSD

P-18(Shells) 41,820 450 4.279 43.3 1.37 0.43086 0.42746 Biomphalaria andecola 2 M HNO3

P-18(Sands) 97,290 2,770 0.7098 11.9 1.53 0.87120 0.85614 coare carbonate sand with irregular biologic forms2 M HNO3

2B (Oct) 89,930 8,290 1.10 14.68 2.18 1.23975 1.13597 travertine 2 M HNO3

2B (Nov-Dec) 91,260 14,050 1.06 10.34 2.19 1.30462 1.15152 travertine 2 M HNO3

2B(2) (Feb) 85,850 8,410 1.07 13.09 2.17 1.21876 1.10004 travertine 2 M HNO3

2Ba Jan05 85,080 18,620 1.03 8.24 2.17 1.29643 1.09434 travertine 2 M HNO3

4A 96,890 1,420 1.77 133 2.29 1.2489 1.23815 travertine 2 M HNO3

4A TSD 95,590 2,760 1.94 92.6 2.25 1.2270 1.21154 travertine TSD

Salinas lake cycle

Ouki lake cycle

Experimental materials

Obi-Rakhmat travertines
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Table 4: U and Th data for siliclastic residues 

Sample Sample description Map Location Th (ppm) U(ppm) Th/U 230Th/232Thcalculated 

Upper continental crust Taylor and McLennan, 1995 10.70 2.80 10.70 0.84
B-9 Tauca lake cycle tufa 6 11.26 2.02 11.26 0.57
B10 Tauca lake cycle tufa 6 12.25 1.60 12.25 0.42
U-9-1 Tauca lake cycle tufa 10 5.64 1.19 5.64 0.67
U-9-2 Tauca lake cycle tufa 10 6.58 1.53 6.58 0.74
U-9-5 Tauca lake cycle tufa 10 6.23 1.46 6.23 0.75
B-11 Bolivian dust 6 9.97 1.75 9.97 0.56
P-23 Holocene Bolivian soil 3 10.09 1.79 10.09 0.57
P-22 Pleistocene Bolivian soil 2 10.87 1.96 10.87 0.58
T-7 Pleistocene Bolivian soil 2 12.15 1.90 12.15 0.50
B-3 Ouki lake cycle tufa 2 6.62 1.41 6.62 0.68
T-16 Ouki lake cycle tufa 2 9.20 1.74 9.20 0.60
T-20 Ouki lake cycle tufa 2 23.97 1.70 23.97 0.23
PW-2 Obi-Rakhmat travertine 11.41 3.11 11.41 0.87
PW-4B Obi-Rakhmat travertine 10.38 2.64 10.38 0.81
PW-7B Obi-Rakhmat travertine 11.14 2.94 11.14 0.84
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Table 5: Initial thorium isotope ratios in paleolakes globally

paleolake location 230Th/232Th initial referance
Searles California 1.83 Lin et al.,1998
Lisan Israel 4.2 Haase-Schramm et al., 2004
Ingelsjön Sweden 3.05 Israelson et al., 1997
Lahontan Nevada 1.6 Lin et al., 1996
Vida Antarctica 1 Hall and Henderson, 2001
Tauca/Ouki Bolivia 0.5 This study
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Figure captions

Figure 1.  Comparison of University of Arizona ages to published ages.  Means of ages in

Table 1 are computed by weighting each individual measurement with a factor of 1/ 2.

Overall error is calculated as the square root of the reciprocal of the sum of the weighting

factors, and can yield a spuriously low estimate of error.   Accordingly, on Figure 1, the

size of symbols reflects what are probably the real errors in different age ranges: ~150

years at 10 Ka, ~600 years at 80 Ka, and ~1000 years at 125 Ka.

Figure 2.  Photographs of representative tufa textures. A) moderately dense aborescent

tufa, B) spongy to needle-like carbonate, C) very dense tufa with an exterior mammillary

form, D) carbonate-cemented Characeae fossils, E) dense carbonate crust, and F)

spongy, porous carbonate with radiating needles.  The carbonates pictured B and F can

easily be crusted between the thumb and forefinger.  The dense carbonate pictured in E is

typical of the Coipasa lake cycle.  The carbonate (P-17) pictured in F yielded replicate

dates for the Ouki lake cycle.  Scale is in cm for all photographs.

Figure 3.  Photographs of tufa thin sections.  A) and B) show contemporary ingrowths of

micritic/clotted carbonate and calcite spar. Algal filaments and detrital grains are visible.

B) porous tufa from the Tauca and (C) Ouki lake cycles.  Notice the similarity between

the older (C) and younger (B) carbonates; clean pore spaces argue against alteration. D)

dense calcite, and E) a carbonate vein in dense carbonate from the Salinas lake cycle;
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such veins are only observed in carbonates from the Salinas lake cycle, and are rare.  The

width of all photographs is 2 cm.

Figure 4.  Map of the Poopo/Coipasa/Uyuni hydrographic basin and location of sample

sites.   Modern lakes are in gray and salars are dotted.

Figure 5.  Trace isotope composition of average elemental composition of Altiplano soils

and silicate residues from Altiplano carbonates and Obi-Rakhmat travertines.  Values are

plotted on a logarithmic scale relative to the upper continental crust concentrations given

in Taylor and McLennan (1995).

Figure 6.  Isochron plots for: A) carbonate B-9, B) carbonate B-8, C) Tauca highstand

tufas, D) carbonate P-7-4, and E) Obi-Rakhmat travertine PW-2.  Carbonates B-9, B-8,

and the Tauca highstand tufas are from site 5 (Figure 4). P-7-4 is from site 1 (Figure 4).

Ages and modern 230Th/232Th (230Th/232Thm) ratios of the initial Th for these isochrons are

derived from Osmond-type plots using Isoplot version 2.49 (Ludwig, 2001).  We present

this data as Rosholt-type plots, where the modern 230Th/232Th of initial Th is visible as the

Y-intercept.  Initial 230Th/232Th (230Th/232Thi) ratios are then calculated using the isochron

ages.  Errors on the initial 230Th/232Th are of the same order of magnitude as error on the

modern initial 230Th/232Th.
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Figure 7. U-Th dates for the Ouki deep lake cycle.  Stratigraphically meaningful dates

have an error of less than 10,000 years (~half the lake cycle), and generally have a

230Th/232Th greater than 5 (indicated as a horizontal line).

Figure 8.  U-Th dates for the Tauca deep lake cycle.  Stratigraphically meaningful dates

have an error of less than 1,500 years (~half the lake cycle), and generally have a

230Th/232Th less than 7 (indicated as a horizontal line).

Figure 9.  Single sample dates from sub-samples in the Tauca deep lake cycle isochrons.

Isochron ages are represented by squares.  Circles are totally dissolved samples, and

triangles are from 2M HNO3 leachates.

Notes

1Complete elemental data for all silicate residues is available from the authors.
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ABSTRACT

Large paleolakes (~33,000-60,000 km2) once occupied the high altitude

Poopo/Coipasa/Uyuni Basins in southern Bolivia (18-22°S), providing evidence of

major changes in low-latitude moisture. In these now dry or oligosaline basins,

extensive natural exposure reveals evidence for two deep-lake and several minor-

lake cycles over the past 120 ka.  Fifty-three new U-Th and 87 new 14C dates provide

a chronologic framework for changes in lake level.  Deposits from the “Ouki” deep

lake cycle are extensively exposed in the Poopo basin, but no deep lakes are

apparent in the record between 98 and 18.1 ka. The Ouki lake cycle was ~80 m deep,

and nineteen U-Th dates place this deep lake cycle between 120 and 98 ka.  Shallow

lakes were present in the terminal Uyuni Basin between 95 and 80 ka (Salinas lake

cycle), at ~46 (Inca Huasi lake cycle), and between 24 and 20.5 ka (Sajsi lake cycle).

The Tauca deep lake cycle occurred between 18.1 and 14.1 ka, resulting in the

deepest (~140 m) and largest lake in the basin over the past 120 ka.  Multiple 14C

and U-Th dates constrain the highest stand of lake Tauca along a topographically

conspicuous shoreline between 16.4 and 14.1 ka.  A probable post-Tauca lake cycle

(the Coipasa) produced a ≤ 55 m deep lake that tentatively dates between 13 and 11

ka.

We suggest that paleolakes on the Bolivian Altiplano expand in response to

increased moisture in the Amazon and enhanced transport of that moisture onto the

Altiplano by strengthened trade winds or southward displacement of the

Intertropical Convergence Zone (ITCZ).  Pole to equator sea surface temperature
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(SST) and atmospheric gradients may influence the position of the ITCZ, effecting

moisture balance over the Altiplano and at other locations in the Amazon basin.

Links between the position of the ITCZ and the ~23 ka precessional solar cycle has

been postulated. March isolation over the Altiplano is a relativly good fit to our lake

record, but no single season or latitude of solar cycling has yet to emerge as the

primary driver of climate over the entire Amazon Basin.  Temperature may

influence Altiplano lake levels indirectly, as potentially dry glacial periods in the

Amazon Basin are linked to dry conditions on the Altiplano.  Intensification of the

trade winds associated with La Niña-like conditions currently brings increased

precipitation on the Altiplano, and deep-lake development during the Tauca lake

cycle coincides with apparently intense and persistent La Niña-like conditions in the

central Pacific.  This suggests that SST gradients in the Pacific are also a major

influence on deep lake development on the Altiplano.

INTRODUCTION

The tropics are implicated in forcing global climate shifts at interannual to orbital

time scales (e.g. Cane, 1998), and the global impact of El Niño/Southern Oscillation

(ENSO) variability is one example of how the tropics can propogate rapid changes

worldwide.  The scarcity of well-dated paleoclimate records from low latitudes, however,

leaves open many questions about the interplay between tropical and global climate.
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Many now recognize that glacial cooling in the tropics was as much as 5-80C (e.g. Stute

et al., 1995; Thompson et al., 1995; Colinvaux et al., 2000), but during global glaciations

the magnitude of hydrologic changes in the Amazon Basin, an ecosystem with large

potential impacts on global biogeochemical cycles, remains disputed.  A number of

biologic proxies suggest little or no change in the tropical forest during the Late

Pleistocene (Haberle and Muslin, 1999; Colinvaux et al., 2000; Kastner and Goñi., 2003).

By contrast, pollen records (Behling, 2002), clay mineralogy of Amazonian sediment

(Harris and Mix, 1999), and some models (e.g. Garreaud et al., 2003) suggest relative

aridity over this same interval.

A long-range lake record from the southern Bolivian Altiplano can serve as a

critical test of the relationship between tropical moisture and global climate.  The

Bolivian Altiplano (14-22oS) is a large, high elevation (~3800m) plateau situated at the

western end of the Amazon rainfall belt.  The South American Summer Monsoon, which

brings copious rains to the Amazon Basin, is responsible for more than 80% of the annual

rainfall on the Altiplano (Vuille, 1999).  Over long time scales, the position of the

Altiplano at the distal end of the Amazon rainfall belt makes this location sensitive to

relatively modest changes in climate. Modern interannual variability on the northern

Altiplano is also strongly tied to ENSO, which modulates the strength of the trade winds,

generally causing El Niño years to be dry (Vuille, 1999).

Most existing paleoclimate studies (e.g. Baker et al., 2001a; Baker et al., 2001b;

Seltzer et al., 2000; Rowe et al., 2002; Fritz et al., 2004) point to local insolation changes

as the cause of rainfall variability over the Altiplano.  Altiplano lake-level records, based
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largely on proxy evidence from cores, provide crucial support for the idea that the

precessional solar cycle is the principal control on Altiplano moisture balance.  Evidence

for two deep lakes, generally referred to as the Tauca and Minchin phases, has been

studied since before the turn of the century (Minchin, 1882).  Several researchers date the

Tauca paleolake phase between 19 and 12 ka (Servant and Fontes, 1978; Rondeau, 1990;

Bills et al., 1994; Wirrmann and Mourguiart, 1995; Sylvestre et al., 1999; Argollo and

Mourguiart, 2000; Fornari et al., 2001), whereas recent evidence from a long core places

the Tauca phase between 26 and 14 ka, in-phase with a summer insolation maximum

(Baker et al, 2001a).  Radiocarbon dates for the Minchin lake phase range from 28 14C

yrs B.P. to the limit of 14C dating (Servant and Fontes, 1978; Rondeau, 1990; Baker et al,

2001a).

Here we present a U-Th and 14C chronology spanning 120 ka for lake cycles in the

Poopo/Uyuni/Coipasa Basins.  Over this time, these basins were twice occupied by some

of the largest paleolakes (up to 60,000 km2) in the Americas.  Our new chronology

dramatically increases the number of exposures studied, and we replicate many dates

using both 14C and U-Th methods.  Most critically, a firm U-Th chronology for these

basins is required as a test for possible hard-water effects on 14C dates (Sylvestre et al.,

1999), and to date older lakes at or beyond the limit of 14C (Rondeau, 1990).  For many

stages of the basin’s various lake cycles, we are able to closely constrain absolute lake

level by dating near-shore or beach deposits.

91



STUDY AREA

Four very large lake basins (Titicaca, Poopo, Coipasa, and Uyuni) occupy a vast

intermontane depression (the Altiplano) spanning 14 to 22oS (Fig. 1).  In the north, Lake

Titicaca (3806 m; 8560 km2) is a deep  (>285 m) (Argollo and Mourgiart, 2000), fresh-

water lake that loses ≤ 10% of its annual water budget to overflow into the Rio

Desaguadero (Roche et al., 1992).  The Rio Desaguadero empties into the oligosaline

Lake Poopo (3685 m; 2530 km2), which is separated by the Laka topographic sill (3700

m) from the salars of Coipasa (3656 m) and Uyuni (3653 m).  These salt pans occupy

12,100 km2 (Argollo and Mourgiart, 2000) and in wet years are seasonally filled with

shallow water (< 4 m) originating primarily from the Rio Lauca and Rio Grande.

Paleolakes deep enough to cover the Laka Sill at 3700 m integrated the Poopo, Coipasa

and Uyuni Basins, spanned more than 3.5o latitude, and occupied an area of 33,000-

60,000 km2 (Blodgett el al., 1997).  The Empexa, Laguani, and Ascotan sub-basins

extend beyond the Uyuni Basin and were integrated into the deepest lakes at various

stages (Fig. 2).

The Bolivian Altiplano lies on the western end of the Amazon rainfall belt, and

precipitation occurs primarily during the Austral summer.  Moisture traverses the

Amazon Basin in the summer months when the ITCZ is displaced southward and

convection is intense in the Amazon (Lenters and Cook, 1997).  Deep convection over

the Altiplano releases large amounts of energy into the middle and upper troposphere,

producing a monsoonal moisture regime (Zhou and Lau, 1998).  A moisture source (Fig.
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1B) to the north and east of the Altiplano produces a pronounced north-south and east-

west precipitation gradient.  High spatial variability within any rain event or rainy season

is caused by the sporadic nature of the convective afternoon/evening storms that bring

rain to the Altiplano (Aceituno and Montecinos, 1993).

The principal control on modern rainfall variability on the Altiplano is the

advection of moisture from the eastern lowlands (Vuille and Keimig, 2004) by the trade

winds.  Variation in transport of moisture by this means is linked to ENSO, and La Niña

years tend to correlate with stronger easterly (trade) winds and more rainfall on the

northern Altiplano.  Conversely, El Niño years tend to correlate with drought (and

westerly wind anomalies) over the Altiplano (Aceituno, 1988; Vuille et al., 1998; Vuille

et al., 1999; Garreaud and Aceituno, 2001; Vuille and Keimig, 2004).  Wet years on the

northern Altiplano, however, are not necessarily correlated with wet years on the

southern Altiplano (Vuille and Keimig, 2004).  On the southern Altiplano, the strength

and intensity of the Bolivian High (Vuille and Keimig, 2004), which may have extra-

tropical influences in addition to probable links to ENSO, also controls interannual

precipitation variability (Aceituno and Montecinos, 1993; Lenters and Cook, 1999; Vuille

et al., 1998; Vuille and Keimig, 2004).

STRATIGRAPHIC NOMENCLATURE

We use the conceptual framework of alloformations and geosols to describe the

stratigraphy of the Poopo/Uyuni/Coipasa Basins (cf. Morrison, 1978; Oviatt et al., 1994).

An alloformation is a “mappable stratiform body of sedimentary rock that is defined and
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identified on the basis of its bounding discontinuities” (North American Commission on

Stratigraphic Nomenclature, 1983).  The concept of alloformations is most suitable to the

reconstruction of lake cycles because it recognizes that each lake cycle may be

represented by diverse lithologic facies (Oviatt et al., 1994). We use the term “geosol”

(sensu Morrison, 1978) to describe both buried and surficial soil stratigraphic units that

formed between deep-lake cycles.

Where possible, we retain existing nomenclature for the various lake cycles, but

conflicting use of the term “Minchin” prompts us to discontinue of the use of this name.

Initially, Minchin applied to the deepest lake in the basins (e.g. Steinmann et al., 1904;

Ahlfeld and Branisa, 1960).  Sediments attributed to lake Minchin are prominent features

in the Poopo basin and were dated by 14C to ~28 ka by Servant and Fontes (1978).  More

recent work (e.g. Rondeau, 1990; Fornari et al., 2001; Baker et al., 2001a; Fritz et al.,

2004) recognizes two deep lake cycles in the Poopo/Coipasa/Uyuni basins, and generally

refer to a lake dating to ~45 ka as “Minchin”.  Thus, the term Minchin has been applied

to: 1) the highest elevation lake in the basin (e.g. Steinmann et al., 1904; Ahlfeld and

Branisa, 1960; Bills et al., 1994); 2) sediments exposed and dated at specific localities

(e.g. Servant and Fontes, 1978); and 3) a lake dating to ~45 ka (e.g. Baker et al., 2001a;

Fritz et al., 2004).  Since we find that none of these three applications of this term apply

to the same lake cycle, we favor dropping this ambiguous term.

METHODS

Field Sampling
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Over 30 exposures1 (Fig. 3) were described and sampled as a part of this study in

a comprehensive effort to obtain and replicate records of lake change from multiple

localities in all three major basins.  Particular effort was directed towards sedimentary

deposits associated with the various visible paleoshorelines.  This approach to

reconstructing lake-level history allows for direct determination of lake level, replication

of stratigraphy, and dating by two geochronologic (14C, U-Th) methods.  Constructional

tufa benches, imbricated gravel deposits, ooid-rich units, and sedimentary successions

showing lake transgression or regression provide constraints on absolute paleolake

elevation.  We sought samples from the bottoms and tops of the lacustrine deposits

exposed in dry washes cutting through visible paleoshorelines, ensuring that we

repeatedly captured the duration of lake episodes. We addressed the potential

incompleteness of any single exposure by replication of stratigraphy at multiple locations.

Tufas in the basins have easily identifiable biologic textures (Rouchy et al., 1996),

probably indicating formation within the photic zone.  Since the absolute depth of tufa

formation is not certain, tufas are used to constrain lake elevation only when they are

found in association with a constructional bench, are part of a stratigraphic sequence, or

formed in a low-light cave.
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Laboratory Methods

Radiocarbon dating

Carbonate samples intended for 14C analyses were treated with 2% H2O2 for two

hours to remove organic matter, and reacted with 100% phosphoric acid under vacuum at

50oC to produce CO2.  Samples of coarse organic material were treated with warm 2M

HCl, rinsed with deionized water, treated with warm 2% NaOH, and rinsed again with

deionized water.  The residue (or humin) was dated separately from the base soluble

humate fraction.  Both humin and humates were combusted at 900 oC in the presence of

CuO and silver foil to produce CO2.  Cryogenically purified CO2 from both organic

matter combustion and carbonate hydrolysis was converted to graphite on a pure iron

carrier using zinc to catalyze conversion.  Radiocarbon analyses of graphite were

performed at the National Science Foundation-University of Arizona Accelerator Mass

Spectrometry Laboratory.  All dates younger than 22 14C ka were calibrated using CALIB

3.4 (Stuiver and Reimer, 1993) and reported in calendar years relative to 1955 (Cal B.

P.).  One sample dated at 24,000 Cal B. P. was converted to calendar years using the

quadratic equation of Bard (1998).

U-Th dating

Most carbonates were dissolved in 2M HNO3 and spiked with mixed 233U-229Th.

Uranium and Th were co-precipitated with FeOH3, separated by anion exchange, and

measured on a Micromass Sector 54 thermal ionization mass spectrometer  in the

96



Department of Geosciences at the University of Arizona.  Details of our analytical

procedures are fully discussed in Placzek et al. (in review).  By convention, U-Th dates

are presented as absolute ages relative to the year of analysis.  Thus, a ~50 year

discrepancy exists between the U-Th and calibrated 14C time scales.

DATING CONSIDERATIONS

Radiocarbon Dating

We 14C dated 88 samples (Tables 1 and 2) from the Poopo/Coipasa/Uyuni Basins.

Two potential sources of error in 14C dating of lacustrine carbonates are: 1) contamination

by younger carbon either from secondary organic matter or atmospheric CO2, which will

cause ages to be too young, and 2) 14C reservoir effects in which lake waters are depleted

in 14C and yield ages that are too old.  Eighteen paired 14C and U-Th dates allow us to

evaluate these two effects (Fig. 4).

For older samples (>25 ka), U-Th ages are significantly (>50 ka) older than

associated 14C dates.  Hence, U-Th dates from the Ouki Alloformation range from ~120

to 98 ka (Table 3), whereas 14C dates from the Ouki Alloformation range between 45.2

and 28.2 ka (Table 2).  Large disparities between U-Th and 14C dates from “old” (>45 ka)

lacustrine tufa are well documented in tufas from the western U.S. (Lao and Benson,

1988) and East Africa (Hillaire-Marcel, 1986), where samples known to be >45 ka yield
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finite 14C ages.  Carbonates from these studies contain as much as 3% modern carbon

contamination, producing apparent 14C ages as young as 28,700 14C B. P., virtually

identical to our results, where the percent modern carbon ranges between  0.4 and 3.0%

(Table 2).

 The reason for this disparity is that as the 14C dating method approaches its limit

(~45 ka), small amounts of carbon contamination can produce large shifts in apparent

ages.  This problem is particularly acute in carbonates, even where shells retain their

original aragonite composition (Brennan and Quade, 1995).  The cause for this must be

related to the surface exchange of atmospheric CO2 with carbonate radicals, a process

observed when carbonates gradually take up CO2 after grinding (Samos, 1949).  Thus, we

view all 14C dates on carbonate older than 28,000 14C B. P. as minimum ages.

By contrast, U-Th and 14C dates from the younger (<18,000 14C B. P.) part of the

record match very well (Fig. 4).  This strong correlation suggests that (1) surface sorption

of CO2 by younger aragonite shell and tufa is minimal, and (2) that 14C reservoir effects

in Lake Tauca are small, if present at all.  Additionally, ~3% contamination, equivalent to

the most extreme cases from Ouki Alloformation carbonates, would reduce the age of

~16 ka samples by about 1500 yrs, similar to the overall uncertainty in calibrated ages for

this time.  In our view this example is a worst case scenario, since Ouki-age carbonates

are an order of magnitude older than Tauca-age carbonates, and were inundated by the

younger Tauca deep-lake cycle, allowing greater opportunity for contamination by

younger carbon.
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Radiocarbon deficiencies in excess of 10,000 years have been noted in modern

waters from the Altiplano (Geyh et al., 1999); therefore, verification of our 14C -based

chronology is required.  The agreement between paired 14C and U-Th dates from samples

dating between 18 and 11 ka argues against 14C reservoir effects over this time (Fig. 4).

We also obtained nine 14C dates from semi-aquatic snails (family Succineidae), taxon

known to provide reliable ages in locations with 14C reservoir effects (Pigati et al., 2004).

U-Th Dating

Our lake-level reconstruction relies on dates with small corrections for initial

230Th associated with siliclastic material incorporated in the carbonate.  Initial 230Th

daughter is tracked by 232Th, and a correction is made using an initial 230Th/232Th ratio

derived from isochron plots (Placzek et al., in review).  Reported age uncertainties

include propagated 2s envelopes on isotope ratios, decay constants, as well as error on

our assumed initial 230Th/232Th ratio.  Age uncertainties are principally a function of the

amount of initial Th incorporated into a carbonate.  Here we present dates with

uncertainties that are less than half the duration of the relevant lake cycle, as such dates

are precise enough to be stratigrapically meaningful.  The entire population of U-Th dates

(>90) from the Bolivian Altiplano is, however, consistent with the chronology framed by

these dates, and a detailed discussion of U-Th dating of Altiplano carbonates  is presented

elsewhere (Placzek et al., in review).
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 STRATIGRAPHY AND CHRONOLOGY

In this section we present our stratigraphic framework and chronologic evidence

for lake-level changes, building upon the earlier efforts of Servant and Fontes (1978),

Lavenu et al. (1994), Wirrmann and Mourguiart (1995), and Sylvestre et al. (1999).  We

will describe a few key localities that typify the stratigraphic succession and ages of a

much broader spectrum of sites compiled in the GSA repository1.  Lacustrine sediments

from the two deep-lake cycles and represented by the Ouki (~3740m; ~120-98 ka) and

Tauca (~3770 m; 18.1-14.1 ka) Alloformations are widely exposed.  Between the Ouki

and Tauca deep-lake cycles, the lake remained below 3700m.  Above that elevation, deep

pedogenesis (the Toledo Geosol) and minor alluviation occurred between 98 and 18.1 ka.

The weakly developed Hanco Geosol caps the Tauca Alloformation and formed over the

past ~12 ka.  Minor lake cycles include: Salinas (95-80 ka), Inca Huasi (~46 ka), Sajsi

(24-20.5 ka), and Coipasa (13-11 ka).

Ouki Alloformation

The Vinto site (Fig. 3) in the northeastern Poopo Basin contains many exposures

of the newly identified Ouki Alloformation, and is also where carbonates originally

attributed to “Lake Minchin” were described (Servant and Fontes, 1978; Wirrmann and

Mourguiart, 1995; Rouchy et al., 1996).  The deposits are mainly observed in carbonate

quarries used for stucco production at 3720-3740 m, just below the elevation of the

highest deposits of the Ouki Alloformation.  The tufas at Vinto, like other tufas of the

Ouki Alloformation, have a distinct morphology, consisting of large inverted cones of
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relatively porous carbonate up to 3.5 m high and several meters in diameter, with a dense,

mammillary exterior crust (Fig. 5A).  Material from the interior of a tufa head at Vinto

yielded a U-Th date of 104,110±730 (Fig. 6; Table 2).  Coarse calcareous sand fills areas

between the large tufa heads.  These sands include bedded or cross-bedded coquinas

containing abundant aquatic snails (Littoridina sp. and Biomphalaria andecola) and

bivalves (Pisidium sp.). Shells and tufa from this alloformation yield 14C dates between

31,930 and 40,600 14C B. P. (Table 2).  This is consistent with previous 14C

determinations from these deposits (Rondeau, 1990; Wirrmann and Mourguiart, 1995).

As discussed in the previous section on dating, we regard these 14C dates as spuriously

young.

The Ouki Alloformation is also well exposed just north of Pazña (Fig. 3) in the

northeastern Poopo Basin.  The Ouki Alloformation consists of coarse calcareous sands

with abundant aquatic snails (Littoridina (two species), and Biomphalaria andecola),

Pisidium sp., ostracodes, and small (<10 cm) bulbous nodules of needle-like tufa.  These

nodules are in growth positions near the base of the Ouki Alloformation and yield two U-

Th dates that almost overlap within error (109,100 ± 1870 and 106,040±1040) (Figure 7;

Table 3).  Littoridina sp. shells from the same stratigraphic level in this unit, however,

yield a 14C date of 34,110±570 14C B. P.; again we reject this date as slightly

contaminated.  Nearby, quarrying exposes the large inverted tufa cones typical of the

Ouki Alloformation.  Dates from these cones are: 110,770±1760 at the base,

102,810±3020 in the center of the same cone, and 104,940 ±3160 from the dense

mammilary crust that forms the exterior of the tufa heads.
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At the Pazña locality, diverse material of known “infinite” 14C age was selected

for further investigation into the contamination of organic material by younger carbon.  A

Bulimulidae (terrestrial) snail returned a date of 37,930±990 14C B. P. (Table 3), and

carbonized wood dated to 37,270±880 14C B. P.  The humate fraction (base soluble) of

this wood returned a date of 28,500±1900 14C B. P. Thus, wood in the Ouki

Alloformation (Table 2) is also likely contaminated, a situation viewed to be much more

widespread in old 14C samples than previously thought (Bird et al., 1999).

The oldest and youngest dates from the Ouki Alloformation come from lower

elevation sites but have relatively large (>3 ka) uncertainties due to the incorporation of

significant initial Th. Many of these dates overlap within error the more precise dates

from Vinto and Pazña.   Several dates are from exposures near the settlement of Toledo

on the west side of the Poopo Basin (Fig. 3; ~3715 m). At site 5 (Fig. 3; ~3700 m),

several dates are available from the same tufa head; including one precise age of

102,620±860. Lake Ouki transgression and regression are, thus, not well-constrained, as

U-Th dates from lower elevations have relatively high errors.

The U-Th dates from Vinto and Pazña provide critical constraints on the age of

the base of Ouki Alloformation near the Ouki highstand (Fig. 8), and indicate that Lake

Ouki persisted at or slightly above 3720 m from ~115 to 100 ka. Although no actual

shoreline bench of Ouki age is visible, we interpret the tufas and coquinas exposed at

these localities as nearshore deposits.  Biomphalaria andecola, in particular, prefers

shallow water depths ≤ 1 m (Malek, 1985).  From this we reconstruct a minimum

highstand elevation for the Ouki of ~3735m.  We have not observed the Ouki
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Alloformation cropping out above 3740 m, thus constraining the maximum depth of Lake

Ouki at ~80m.

The Salinas Lake Cycle (<3670m)

There is evidence from tufas for a lake stand at very low elevation between  ~95

and 80 ka.  Very large mounds (up to 7 meters high) of tufa with conical shapes (Fig. 5B)

are exposed at low elevation (≤ 15 m above the modern salar) around the Uyuni Basin,

and date by U-Th (Table 2) to 96,020±2910; 88,010±9790; and 86,320±5220 (Fig. 3; Site

11,); 80,460±1670 (Fig. 3; Site 23); and 90,210±2100 and 88,680±1090 (Fig. 3; Site 24).

The oldest of these dates overlaps within error with the youngest dates from the Ouki

Alloformation (Table 3).  Dates between 90 and 100 ka have large errors, permitting two

interpretations of the lake history during this period.  One interpretation is that the 100-80

ka tufas date the waning stages of Lake Ouki. The other view is that Lake Ouki dried and

was followed by a modest expansion between 90-80 ka.  We tentatively attribute these

tufas to the Salinas lake cycle, but recognize that this “lake cycle” may simply be the

waning phases of the Ouki lake cycle.

Toledo Geosol (>3700 m)

The Toledo Geosol is a well-developed paleosol that divides the Ouki and Tauca

Alloformations at several sites (e.g. Vinto, Pazña, and Toledo) at elevations above

~3700m.  At Toledo (Fig. 3), this geosol consists of a strikingly reddish (5YR 5/4-3/4
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dry), clayey argillic horizon with prismatic peds and visible clay skins (Fig. 5C).  A stage

II calcic horizon (sensu Gile et al., 1966) occurs beneath the argillic horizon.  At some

localities the Toledo Geosol is a simple profile (Fig. 5C), whereas at other locations it

consists of stacked paleosols separated by thin layers of alluvium.

The strong development of the Toledo Geosol attests to a prolonged period of

stability, and hence no lake transgressions above 3700 m between 95 and 17 ka.  The

strong soil development also qualitatively supports the long duration of exposure (~80

ka) indicated by the U-Th dates.  The duration of exposure (~10 ka) implied by 14C dates

from the Ouki Alloformation is highly implausible, especially given the much stronger

development of the Toledo Geosol compared to the Hanco Geosol (see below), which

formed over the last ~12 ka.

The Inca Huasi Lake Cycle (<3670m)

Three U-Th dates from tufas exposed within meters of the present Salar de Uyuni

attest to a minor lake cycle that we designate as the Inca Huasi. The dense interior portion

of a tufa in the western margin of Salar de Uyuni (Fig. 3; Site 16) U-Th dates to 45,760

±440, and a layered bioherm from an island (Fig. 3; Site 19) dates to 46,330±660, with a

replicate date of 47,120±860 (Fig. 9).  In both cases, these tufas are encased in Lake

Tauca-age tufa layers.  The dense texture of the Inca Huasi tufas separate these tufas from

younger encrustations (Fig. 9).

We conclude that this lake rose around 46 ka to perhaps 10 m depth. This lake

cycle is not observed in the exposed shoreline stratigraphy, so we cannot be more specific
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concerning lake depth.  Moreover, tufas of this age are missing from other sequences at

low elevation, perhaps because this was a short and shallow lake cycle.

The Sajsi Lake Cycle (≤3670m)

A minor pre-Tauca lake cycle is exposed in stratigraphy along the Rio Sajsi, ~ 7

meters above the modern salar on the east side of the Uyuni Basin (Fig. 3).  Here,

continuous low-elevation exposures along cut-banks allowed a detailed examination of

the Sajsi, Tauca, and Coipasa lake cycles (Fig.10).  The oldest lake deposits in these

exposures are carbonate-cemented, cross-bedded ooids that yielded a 14C date of 24,000

Cal B. P., overlain by one meter of loosely consolidated ooids that date by 14C to 23,770

+780 –790 Cal B. P. (Fig. 10; Section G).  Arborescent tufa heads (14C: 20,510 +690

–660 Cal B. P.) rest on the ooid beds, and very large (>2 m diameter) tufa heads found

nearby 14C date to 20,310 +1790 –1750 Cal B. P.  Oolitic sands occur between the tufa

heads (Fig. 11; Section H), and a reddish (5YR 5/4), very poorly sorted, sub-angular sand

overlies the ~20.5 ka tufa  (Fig. 10: Sections G, H, and I).

We view this sequence as representing a shallow (3670m or <17 m deep) lake

cycle (the “Sajsi”) over the period 24 to ~ 20 ka.  The transgression of the lake is clearly

indicated by oolitic beach deposits grading upwards into shallow water tufas mixed with

more oolitic beach sand.  The overlying poorly sorted, reddish sands are identical in

appearance to modern alluvium in Sajsi wash.  We take this as evidence that the lake

dropped below this local elevation of 3665m after 20.5 ka.
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Tauca Alloformation

Tauca Lake- Cycle Transgression

The transgression of Lake Tauca can be seen in buried stratigraphy and a

succession of surface tufas at < 3700 m.  Chronologic control on this transgression comes

principally from the Uyuni Basin.  A layered tufa (Fig. 3; Site 19) 14C dates to 17,850

+590 –520 Cal B.P., where it is cemented directly onto an older tufa belonging to the

Inca Huasi lake cycle (Fig. 9).  A succeeding layer from the same tufa yielded

overlapping dates of 16,770±410 (U-Th) and 17,190+550-490 Cal B.P. (14C).  A thin,

buried carbonate crust (14C: 17,960 +600 –540 Cal B.P.) marks the transgression of Lake

Tauca at Sajsi (Fig. 10; Section C; 3657 m).  At a slightly higher elevation of 3663 m at

Sajsi (Fig. 10; Section G), dense mammillary tufa heads (14C: 17,550 +560 –500 and

17,640 +570 –510 Cal B.P.) resting on fluvial sands mark the base of the Tauca

Alloformation.

Several sites mark continuous transgression of the Tauca lake cycle above 3670

m.  An ooid crust (Fig. 3; Site 18) at ~3670 m marks the shoreline of the transgressing

lake and 14C dates to 17,170 +570 –520 Cal B.P.  A tufa in a small cave (Fig. 3; Site 21;

3700 m) must have developed in very shallow water, as low light limited the depth of the

photic zone in this cave.  This sample U-Th dates to 16,880±160 (14C date of 17,030 +530

–490 Cal B.P.).  A pisolitic tufa (Fig. 3; site 21), which likely formed in a high energy

(beach) environment U-Th dates to 17,950±900. The very base of the Tauca

Alloformation14C dates to 16,275 +490 –460 Cal B. P. where it rests directly on older
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basin fill at Site 20 (Section A; 3725 m), and virtually identical 14C results from Vinto

(Fig. 3; 3725 m) put the base of the Tauca Alloformation at 16,370 +370 –490 Cal B.P.

(Fig. 6).

Tauca Lake-Cycle Highstand

The highstand of the Tauca lake cycle is conspicuous throughout the basin as a

series of 2-3 benches between 3765 and 3790 m (Fig. 5D).  The large range of absolute

elevation of these benches is an artifact of variable isostatic rebound (Bills et al., 1994).

These benches, which we refer to as the Tauca Shoreline Complex, span about 10 m.

The lower bench is the most prominent and more encrusted by tufa.  Tufas vary in height

from one to at least five meters, and are mounded (Fig. 5E), in marked contrast to the

conical cross-sections of tufa in the Ouki Alloformation.

We established the duration of the Lake Tauca Shoreline Complex between 16.4

and 14.1 ka using nine 14C and ten U-Th dates.  These 14C dates come from sediments

exposed in natural cuts within 20 m of the shoreline complex from various locations

around the basins. Shoreline deposits typically consist of cross-rippled, mollusk-rich

sands locally mixed with diatomite resting on reddish hillslope colluvium and grading up

into cemented beach rock.  We captured the duration of the Tauca lake cycle by dating

aquatic mollusks from the tops and bottoms of numerous Lake Tauca sequences exposed

at various higher elevations around the basin.  The 14C ages (9 dates; Table 1) range from

16,370+500-460 (Fig. 3; Site 3B; 3750 m) to 14,100 +1280-290 Cal B.P. (Fig. 3; Site 27;
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3761 m). U-Th dates are from the lower highstand bench fall between 16.3 and 13.3 ka,

the dates with the lowest uncertainty are 15,540±490 and 15,140±300 (Table 3).

An age range of 16.4 to 14.1 ka for the highstand of Lake Tauca agrees with dates

from the Tauca Alloformation at lower elevations.  For example, the middle of the Tauca

Alloformation at lower elevations 14C dates to 15,800 +480 –1060 Cal B.P. at Vinto (Fig.

3; 3725m), to 15,840 + 480 –1070 (Fig. 3 Site 20; Section A; 3725 m), to 15,440 +420

–1050 at (Fig. 3; Site 10; 3742m), and to 15,230+390-1010 Cal B.P. (Fig. 3; Site 9; 3710

m).

Tauca Lake-Cycle Regression

The regressional phase of the Tauca lake cycle is observed in several stratigraphic

sections and tufa-encrusted benches at lower elevation.  Many low elevation benches,

which probably represent short still-stands of the lake as it regressed, can be found

throughout the basin. Tufa-encrusted benches at 3735 and 3740 m yield U-Th dates of

14,440±340 (14C: 13,940 +1325 –310 Cal B. P.) and 14,340 ±270 (14C: 14,290 +1170

–430 Cal B. P.). Deposits recording the drop in lake level are also widely exposed,

usually consisting of mollusk-rich sands, often ripple cross-bedded or locally mixed with

small tufa heads and carbonate-cemented gravel.  There are too many dates from near the

top of the Tauca Alloformation at elevations of 3745-3700 m to list individually.  Eight

14C dates in this category fall between 14,640 and 14,090 (Table 3), with large calibration

errors of up to ±1350 years.  The only very low elevation (Fig. 10; Section K; 3661 m)
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sample that clearly dates (14C: 14,100 +1340 –580 Cal B.P.) the regression comes from

the top of carbonate-cemented beach gravel at Sajsi.

The U-Th and 14C dates from the regressional phase overlap within error the latter

part of the Lake Tauca highstand.  This is due partly to the large calibration errors in 14C

during this time period, but it also shows that the regressional phase of Tauca lake cycle

was short, probably less than 500 years.

The Coipasa Lake Cycle

We favor the presence of a separate, but minor, lake cycle between 13 and 11 ka,

a lake cycle referred to originally by Sylvestre et al. (1999) as the Coipasa.   Several

dates, especially the carbonate-cemented gravel at Sajsi (Fig. 10; Section K), indicate

regression of Lake Tauca to very low elevations by ~14.1 ka, and a lake fluctuation

(carbonate over beach gravel) of indeterminate depth is visible at Sajsi (Fig. 10; Section

A). The fresh, unweathered tufa crust (Fig. 5F) that is widespread below 3680 m is also

attributed to the Coipasa lake cycle.

The best exposures of this lake cycle are at Sajsi (Fig. 3; Fig. 11) in the eastern

Uyuni Basin (Fig. 10).  Above the Tauca Alloformation at low elevation  (<3660 m) is

sand and silt containing shells of Succineidae (14C: 12,720 +240 –370; 12,320 +490 -540;

12,090 +640 -390 and 12,290 +500 –520 Cal B. P.), a semi-aquatic gastropod.  This unit

underlies a carbonate crust 14C dating to 11,410 +530 –170 Cal B. P. that thickens

basinward (Fig. 10; Section A) and rests on an imbricated beach gravel above a sharp

contact.  In other places (Fig. 10; Sections B-D), the contact between the Tauca
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Alloformation and the Succineidae-rich unit is, however, gradual.  A second Succineidae-

bearing sand, less clearly lacustrine, dates by 14C to 11,040 +120 –440 Cal B.P.  In the

same section (E), mollusks in alluvium (14C: 15,390+440-1060 Cal B.P.) likely reworked

from the Tauca Alloformation overlie the Succineidae-bearing sand.

A fresh white carbonate crust is commonly found at low elevations (<3680 m)

around the Coipasa and Uyuni basin.  It coats older tufas and sediments and is distinctly

less weathered.  At lower elevations (<3660), this crust 14C dates to between 13,480 +360

–390 and 12,260 +300 –60 Cal B.P. (Table 2).  Although far less visible at higher

elevation, chronologic constraints suggest that this same crust extends to ~3700 meters

where we obtained U-Th ages of 12,260 ±250 and 12,260 ±330 (Fig. 3; Site 15); and

12,260±180 (Fig. 3, Site 25, 14C dates: 11,040 +120 –400 and 11,260 +430 -80).  

We attribute this young carbonate crust and the youngest sedimentary sequence at

Sajsi to the Coipasa lake cycle.  The Succineidae-rich unit at Sajsi from with dates

ranging between 12.7 and 12.3 ka is indicative of very shallow water at Sajsi, as this

species of snail is semi-aquatic, living on vegetation just above the water (Pigati et al.,

2004).  The extensive nature of this Succineidae-rich unit is likely indicative of formation

along the transgressing lake shore or deltaic wetland.  The tufa overlying this unit formed

in slightly deeper water, and we tentatively tie this crust (with a U-Th date of

11,970±1290) to similar looking crusts and tufa coatings at higher elevations.  We

tentatively date the end of the Coipasa lake cycle to 11,040 +120 –440 Cal B.P., the date

of the second Succineidae-bearing sand at Sajsi.
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Unlike the break between Inca Huasi and Tauca tufas, the difference between

Tauca and Coipasa layers within tufa encrustation is, however, not always clear (Fig. 9).

Thus, we observe a lake oscillation at Sajsi and tie this oscillation to higher elevation

tufas on the basis of tufa texture and chronological constrains.  We stress that our Coipasa

lake cycle chronology is very tentative, and one 14C date of 13,180 +600 –160 Cal B. P.

(Fig. 3, Site 3A) at high elevations is problematic.

Holocene Deposits

Thin alluvial sands and eolian silts rest directly upon the Tauca Alloformation

above ~3700 m and on Coipasa-age deposits at lower elevation.  Where not eroded, the

Hanco Geosol overprints these deposits.  The Hanco Geosol consists of a weakly

developed, tan (10 YR 4/4) cambic or argillic horizon underlain by a weak Stage II

carbonate horizon (sensu Gile et al., 1966).

Radiocarbon dates from non-lacustrine deposits near the Salars of Uyuni and

Coipasa provide some important constraints on Holocene lake-level history.

Archeological charcoal from a rocky shelter just meters above Salar de Coipasa (Fig. 3;

Site 7; 3660 m) yielded two 14C dates of 6,238 +60 –237 and 6,372 +70 –87 Cal B. P.

We also obtained a number of 14C dates from post-lacustrine marsh deposits across the

basin.  These include 8,404 +134 –65 (Fig. 3; Site 9) at 3718 m and 2,330 +40 –180 Cal

B. P. at 3705 m (Fig. 3; Site 8) on terrestrial snails from fluvial deposits, and 1,710 +154

–139 Cal B. P. (also 530 +91 –21 Cal B. P.) (Fig. 10; Section L).  Thick paleo-wetland
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deposits located above the Lake Tauca shoreline at Site 26 (Fig. 3) 14C date between

10,610 +130 –190 and 3,180 +170 –180 Cal B. P.

These deposits provide some constraints on lake elevation and recent climate in

the basin.  For example, no lacustrine deposits overlie the archeological strata (Fig. 3;

Site 7) found at Salar de Coipasa, so the lake must have remained below 3660 m (i.e. no

more than 8 meters deep) since ~6.4 ka.  The thick and extensive paleo-wetland deposits

(Fig. 3; Site 26) dating between 10.6 and 3.2 ka are consistent with another record of

regional wetlands expansion in the basins (Servant and Servant-Vildary, 2003), but the

climatic significance of Altiplano wetland development at a time of very low lake levels

remains unclear.

SYNTHESIS OF THE LAKE RECORD

Paleoshorelines: Climate or Basin Geometry?

Climate impacts lake levels in closed basins by altering the hydrologic balance

between runoff, precipitation, and evaporation, but basin geometry also influences lake

levels by altering the surface area to volume ratio.  In large lake systems elsewhere (e.g.

Bonneville, Lahontan and Lisan), well-developed shorelines correspond to periods when

lake level was stabilized as a result of spilling over into an arid receiving basin (Curry

and Oviatt, 1985; Benson and Paillet, 1989; Benson et al., 1990; Bartov et al., 2002).  In

the Poopo/Coipasa/Uyuni Basins, a major strandline occurs at ~3700 meters, the

elevation of the Laka sill and may correspond to the Coipasa lake cycle highstand.

Likewise, the two main benches in the Tauca Shoreline Complex are similar in elevation
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to spillways into two nearby sub-basins, Ascotan and Laguani (Fig. 2).  These sub-basins,

however, have surface areas that constitute less than one percent of the ~60,000 km2 area

of the Lake Tauca (Blodgett et al., 1997) and, by themselves, are unlikely to have

impeded the transgression of Lake Tauca long enough to create significant strandlines.

The well-developed benches associated with the Lake Tauca highstand must have been

produced by a lake already close to hydrologic steady-state, but further stabilized by the

increase in surface area provided by overflow into these small sub-basins.

Lake Tauca regressional benches at ~3740 m are minor compared to the Tauca

Shoreline Complex.  The Empexa Basin is more than twice the size of Ascotan, and

connects to the Uyuni Basin at ~3735 m, an elevation at which Lake Tauca had a surface

area of less than 30,000 km2 (Blodgett et al., 1997).  Evidently, Lake Tauca rose and fell

relatively rapidly in response to climate change, leaving very little evidence of a standstill

at the ~3735 m divide between Uyuni and Empexa.  We do note, however, that the Lake

Ouki highstand is at roughly 3735 m.

Comparison to other Records

Our study provides the first geochronologic evidence for three previously

unrecognized lake cycles in shoreline stratigraphy of the basin: the Ouki (~120 to 98 ka),

Inca Huasi (~47 ka), and Sajsi lake cycles (24-20.5 ka).  We also find that lake deposits

previously attributed to the “Minchin” probably belong to several different lake cycles, in

particular the Ouki lake cycle.  We favor dropping the term “Minchin” as we now know

it probably subsumes several lake cycles.
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Our chronology is very consistent with previous reconstructions of lake history

based on shoreline and short-core evidence over the last 18 ka (the Tauca and Coipasa

lake cycles).  Sylvestre et al. (1999) report 26 14C dates from shoreline deposits and short

sediment cores for the Tauca lake cycle, all falling between 18.5 and 14.0 ka, matching

our estimate of 18.1 to 14.1 ka for the duration of the Tauca lake cycle.  Diatom evidence

from the same study points to a Lake Tauca highstand shortly after 16.4 ka, overlapping

the 14C dates of 16,520 +500 –1700 Cal B.P. obtained by Bills et al. (1994)2.  Six U-Th

dates from Sylvestre et al. (1999) range between 18.8 and 10.9 ka for Lake Tauca,

although only one (15,070) of these dates displays low initial Th, comparable to the U-Th

dates that we report.  Nine 14C dates for the Coipasa lake cycle range between 13.4 and

12.5 ka (Sylvestre et al., 1999), partially overlapping our age estimate (13 to 11 ka) for

this lake cycle.

Ideally, shoreline deposits and long-sediment cores provide complementary

paleohydrologic information about the history of lake level changes. Sediment core

records are generally more continuous and should capture both major and minor lake

events.  However, they provide only indirect, proxy evidence of lake depth.  By contrast,

shoreline stratigraphy provides direct physical evidence of lake depth and allow for

replication of dates.

Two long cores have been studied from Uyuni Basin (Fornari et al., 2001 and

Risacher and Fritz, 2000; Baker et al., 2001a and Fritz et al., 2004).  The cores have

similar stratigraphy consisting of alternating mud and salt layers.  Mud units are

attributed to paleolakes and salt units to dry intervals when the Uyuni Basin was occupied
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by a salar.  Eleven mud (lake) and 12 salt (desiccation) units are present in both cores,

and we will refer to the mud units as L1, L2, L3, etc. from youngest to oldest, after

Risacher and Fritz (2000).  The geochronology for these cores differs dramatically,

making it difficult to compare all but the youngest layers to our results from shorelines.

Until these geochronologic differences are resolved, we will confine our discussion to the

post-30 ka chronology only.

The first two mud intervals, L1 and L2, in the Uyuni sediment cores correlate

with the Coipasa and Tauca lake cycles, respectively.  In the core studied by Fornari et al.

(2001), 14C dates from organic matter in L1 place it at 12,990 +160 –280 Cal B. P.,

similar in age to our the Coipasa lake cycle.  The same interval was not recovered from

the core studied by Baker et al. (2001a) and Fritz et al. (2004).  The base of L2

corresponds to a sharp drop in halite content in one core, which Fornari et al. (2001) 14C

dates to 16,100 +2900 –2300 Cal B. P.  This matches our estimate for start the Tauca

deep lake cycle.  In contrast, Baker et al. (2001a) defined the extent of L2 using elevated

natural gamma radiation values, an interval that 14C dates between 14,900 and 26,100 Cal

yr B. P. (Fig 12B), encompassing both the shallow Sajsi and much deeper Tauca lake

cycles. Diatom proxies for depth and salinity are unavailable over the last ~20 ka from

the core studied by Fritz et al. (2004) and Baker et al. (2001a), but such evidence from

diatoms is available from a short core in the Coipasa Basin, and shows that the lake was

very shallow between 22 and18 ka (Sylvestre, 2002).

Lake Titicaca, together with the Poopo/Coipasa/Uyuni Basins, spans more than

seven degrees of longitude (Fig. 1).  Lake Titicaca currently loses ~10% of its annual
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water budget by outflow to the Rio Desaguadero (Roche et al., 1992).  The relative

contribution of paleo-outflow from Lake Titicaca to the southern basins, however, is

disputed (Coudrain et al., 2002; Grove et al., 2003).  Whatever the relative contribution,

several proxies indicate that Lake Titicaca was overflowing from ~26 to after 15 ka

(Baker et al., 2001b) (Fig. 12C), consistent with our results.

Glacial advances and lake-level increases in the Poopo/Uyuni/Coipasa Basins are

generally synchronous.  Lake sediments from the Tauca deep-lake cycle are interbedded

with glacial outwash, and this major regional glacial advance is considered synchronous

with the growth of Lake Tauca (Clapperton et al., 1997; Clayton and Clapperton, 1997).

The extent of paleolakes on the Altiplano over the last 24 ka may be recorded by

variations in anion concentration on Mount Sajama (Fig. 12D; Thompson et al., 1998).

Ice cores from Mount Sajama are not directly dated between 10 and 24 ka, but decreases

in Cl- concentration broadly correspond to lake expansions.  Changes in accumulation

rates on Sajama, however, do not always covary with anion concentrations (Fig. 12D;

Thompson et al., 1998).

DISCUSSION

 Comparisons between our new chronology and global climate allow us to

reconsider the cause of Altiplano lake fluctuations.  Four potential causes of change have

been proposed: 1) changes in seasonality, especially local summer insolation (Baker et

al., 2001a; Baker et al., 2001b; Rowe et al., 2002; and Fritz et al., 2004); 2) changes in

global temperature (Blodgett et al., 1997 and Garreaud et al., 2003); 3) changes in aridity
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over the Amazon basin (Mourguiart and Ledru, 2003) and 4) changes in SST gradients

(Betancourt et al., 2000; Baker et al., 2001a; Baker et al., 2001b; and Garreaud et al.,

2003).

Our new chronology strongly argues against simple forcing of the South

American Summer Monsoon by changing local January insolation. In theory,  heating

over the high Altiplano might intensify the South American summer monsoon directly by

increasing the thermal contrast between the Altiplano and the Atlantic and/or less directly

by southward displacement of the convection associated the ITCZ.  We rule out local

January insolation as the primary driver of lake cycles; both deep lakes occur during

periods of low to moderate local summer insolation.  Lake Tauca reached a maximum

between 16.4 and 14.1 ka, ~5 ka after the insolation peak at ~20 ka (Fig 12E), and Lake

Ouki spans the most profound minimum (105 to 100 ka) in January insolation in the last

200 ka.  We note that March isolation, with peaks at approximately 17 ka, 40 ka, 66 ka,

88 ka, and 111 ka is, however,  a relatively good fit with our lake record (Fig. 13B). The

position of the ITCZ through time may eventually be linked to precessional cycling, but

such conclusions await additional geographically distributed records from the Amazon

basin.  The relative amplitude and timing of the Sajsi, Tauca, and Coipasa lake cycles can

not, however,  be explained by any solar insolation curve.

At other locations in the Amazon basin, (e.g Cruz et al., 2005; Wang et al., 2004)

local insolation at various seasons may drive local convection and/or the position of the

ITCZ.  Unfortunatly, no single season or latitude of precessional cycling has yet to

consistently emerge as a regional climate driver.  Two long (>100 ka) speleothem-based
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records of climate from the Amazon basin argue for precession-driven changes in solar

insolation as a principal driver of shifts in the north-south position of the ITCZ (Wang et

al., 2004; Cruz et al., 2005).  A ~23 ka cycle is pronounced in the record of Cruz et al.

(2005), and February insolation as 30°S is in phase with wet and dry cycles over  this site

(Wang et al., 2004).   In contrast,  Austral autumn insolation at 10°S is linked to wet

periods in northeast Brazil (Wang et al., 2004).  We find that the timing of the Ouki lake

cycle is consistent with the record from Botuverá Cave (30°S),  but the Tuaca lake cycle

is synchronous with increased moisture in northeast Brazil (10°S).

Pole to equator temperature gradients may also pay a significant role in the

position of the ITCZ; such gradients may be tied to northern hemisphere ice volumes

(e.g. Chiang et al., 2003), Atlantic SST gradients (e.g. Chang et al., 1997), and even

ENSO (e.g. Haug et al, 2001).  Our chronology tentatively dates the Coipasa lake cycle

between 13 and 11 ka, roughly coincident with the Younger Dryas.

All else being equal, cold temperatures should favor lake expansion by decreasing

evaporation rates, and warm global temperatures should strengthen the South American

Summer Monsoon by intensifying the thermal contrast between the Altiplano and the

Atlantic Ocean.  Deep lake cycles on the southern Altiplano, however,  occur during

periods of moderate global temperature, so neither decreased evaporation nor warming of

the Altiplano appear to dominate lake expansion. A temperature decrease of 10°C is

required to reduce evaporation rates sufficiently to produce a lake the size of Lake Tauca

(Blodgett et al., 2000).  A temperature decrease of this magnitude is inconsistent with the

timing of lakes Ouki and Tauca, leaving increased precipitation as the main alternative
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for producing deep lakes.  Global temperature changes may, however, play an indirect

role in lake expansion by modulating moisture over the Amazon basin.  Temperature may

also directly impact minor lake fluctuations, such as the Sajsi event.

Overall, aridity on the Bolivian Altiplano and the Amazon appear to be linked,

with cold glacial intervals being relatively dry (Fig. 13C).  Many studies (e.g. Harris and

Mix, 1999; Behling, 2002; Garreaud et al., 2003) suggest that the Amazon Basin was

generally dry during glacial periods.  Only the minor Inca Huasi and Sajsi lake cycles

occur between 18.4 and 80 ka, suggesting that glacial epochs were also relatively dry on

the Altiplano.  Today, the water content of air over the Gran Chaco region of Argentina

influences rainfall on the southern Altiplano (Vullie and Keimig, 2004), and under more

arid conditions, the Amazon may exert greater control over precipitation on the Altiplano.

Records from the Bolivian highlands have recently been used to argue that the Amazon

basin was both wet (Baker et al., 2001b) and dry (Mourguiart and Ledru, 2003) during

the last glacial maximum (LGM).  The presence of shallow lake Sajsi during this period

(~22 ka) argues for a LGM that was relatively dry.

We suggest that important ancient links may exist between central Andean

moisture and Pacific SST gradients, the primary driver of modern interannual variability

in the region. The timing of the Tauca deep-lake cycle coincides with evidence for

intense upwelling in the central Pacific between 18 and 13 ka (Palmer and Pearson, 2003)

(Fig. 12E).  Such upwelling is indicative of strong La Niña-like conditions that today

result in wet years on the Altiplano.  The modern relationship between ENSO and the

strength of trade winds and/or the position of the ITCZ is also evident throughout the
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Holocene in the Cariaco Basin, Northern Venezuela (Haug, et al., 2001). Climate records

of Pacific SST variations during the Ouki deep lake cycle (~120-98 ka) are not well

developed.  Thus, the possibility that the Ouki, like the Tauca deep-lake cycle, is linked

to persistent La Niña-like conditions awaits further records of SST gradients from the

Pacific.

CONCLUSIONS

This new shoreline chronology provides a ~120 ka record of moisture balance on

the Altiplano.  Over this time, the Poopo/Coipasa/Uyuni basins were twice occupied by

lakes with surface areas in excess of 30,000 km2.  The Ouki deep-lake cycle reached its

maximum elevation (3740 m) between 110 and 100 ka, but may have commenced as

early as 120 ka and ended as late as 98 ka.  Much smaller lakes were present in the Uyuni

Basin between ~95 and 80 ka (Salinas lake cycle), around 46 ka (Inca Huasi lake cycle),

and between 24 and 20.5 ka (the Sajsi lake cycle).  Lake Sajsi receded to less than 5

meters depth before the Tauca deep lake cycle transgressed at 18.1 ka.  Lake Tauca

reached its highstand (~60,000 km2) between 16.4 and 14.1 ka.  We tentatively date the

Coipasa lake cycle between 13 and 11 ka.

The timing of the Altiplano’s older deep lake cycle at 120-98 ka, instead of the

28-50 ka indicated by contaminated “Minchin” 14C dates, calls for a fundamental shift in

explanations of climate change in the region. Shoreline evidence no longer favors the
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presence of a very large lake during the 20-80 ka cold period, and both deep lake cycles

on the Altiplano are out of phase with local summer isolation.

Lake cycles on the Bolivian Altiplano are influenced by both moisture content in

the Amazon basin and enhance transport of that moisture onto the Altiplano by

favourable a favourable position of the ITCZ and/or by La-Niña like Pacific SST

gradients.  Glacial epochs (including the LGM) were relatively dry on the Altiplano, with

only the minor Inca Huasi and Sajsi lake cycles between 80 and 18.1 ka.  Climate

conditions in the Amazon basin over this interval remain disputed, but this new record

implies that the distal end of the Amazon moisture source was dry throughout this time.

Expansion of Lake Tauca coincides with La Niña-like conditions in the Pacific,

suggesting ancient links between central Andean moisture and Pacific SST gradients, the

primary driver of modern interannual precipitation variability on the Bolivian Altiplano.
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Table 1: radiocarbon data and ages
AAnumber (Lab ID) 14C age cal yrs BP1  error + error - Altitude (m) Uncertainty (m)2 site # Material3

Holocene
54462 (S-21-3) 529±34 530 90 20 3,667 5 14L black mat
54440 (S-21-2) 1,833±48 1,710 150 140 3,667 5 14L Succineidae
54415 (C-21-2A) 2,286±37 2,330 40 180 3,705 10 8A Terrestrial snail
49075 (ColK-8) 3,028±46 3,180 170 180 3,785 10 26 black mat
54456 (C-11-6B) 5,444±47 6,240 60 240 3,660 5 7 charcoal
54457 (C-11-6A) 5,591±45 6,370 70 90 3,660 5 7 charcoal
54430 (P-3-4) 7,641±59 8,400 130 70 3,712 10 9A Terrestrial snail
49074 (ColK-4) 9,413±52 10,610 130 190 3,785 10 26 black mat
Coipasa Lake Cycle
54421 (S-2-1) 9,564±61 11,040 120 440 3,660 5 14F Succineidae
54451 (U-9-6)* 9,913±83 11,260 430 80 3,703 20 25 tufa
60473 (U-9-6duplicate) 9,987±60 11,300 610 100 3,703 20 25 tufa
54464 (U-27a-6) 9,938±56 11,260 300 60 3,657 5 19 tufa
60468 (S-6-3) 10,036±55 11,410 530 170 3,660 5 14C tufa 
58648 (S-7-2) 10,295±55 12,090 640 390 3,658 5 14B Succineidae
58651 (S-3-3) 10,336±54 12,290 500 520 3,662 5 14E Succineidae
58650 (S-4-1) 10,394±58 12,320 492 541 3,661 5 14D Succineidae
54429 (S-6-3a) 10,672±62 12,720 240 370 3,660 5 14C Succineidae
58658 (U-31-4) 10,623±55 12,800 140 470 3,655 5 23 tufa
54447 (U-10) 11,031±62 13,000 170 340 3,662 10 30 tufa
49061 (B-17)* 11,088±54 13,100 80 430 3,695 5 15 tufa
58656 (U-31-3) 11,582±65 13,480 360 290 3,655 5 23 tufa
Tauca Lake Cycle
Regression
54431 (P-11-2) 11,312±61 13,180 600 160 3,725 10 3A Littoridina
49060 (B-14)* 11,944±61 13,940 1,330 310 3,735 5 15 tufa
60472 (C-3-10) 12,088±81 14,090 1,270 420 3,712 10 6 Littoridina
58654 (S-20-1) 12,140±220 14,100 1,340 580 3,666 5 14K gravel
49070 (P-25) 12,147±67 14,110 1,270 410 3,719 10 4A Littoridina
54425 (C-22-1) 12,190±67 14,120 1,280 290 3,705 10 8B Littoridina
54411 (C-24-1) 12,266±66 14,240 1,200 380 3,659 10 12 Littoridina
49078 (P-3-9) 12,292±62 14,270 1,180 420 3,738 10 9B Littoridina
49059 (B-12)* 12,321±61 14,290 1,170 430 3,740 5 15 tufa
49066 (P-24) 12,328±59 14,290 1,170 430 3,717 10 4A Littoridina
49065 (P-3-2) 12,446±60 14,350 1,170 210 3,710 10 9A Littoridina
Highstand
49079 (U-8-1) 12,193±58 14,100 1,280 290 3,761 10 27 Littoridina
49072 (U-2-1) 12,311±59 14,280 1,170 420 3,763 10 15 Littoridina
49071 (P-4-4) 12,397±63 14,330 1,170 210 3,745 10 10A Littoridina
54434 (C-2-3) 12,448±85 14,350 1,180 220 3,770 10 13 Littoridina
49067 (U-5u) 12,596±60 14,640 940 440 3,772 10 22 Littoridina
49069 (Chita-9) 12,598±60 14,640 560 440 3,715 10 20B Littoridina
54419 (S-19-2) 12,482±68 14,970 560 830 3,665 5 14K Littoridina
54433 (P-7-6) 12,484±66 14,980 550 840 3,720 10 1B Littoridina
54417 (S-2-3) 12,574±77 15,170 410 990 3,661 5 14F Littoridina
54441 (P-3-1) 12,625±68 15,230 390 1010 3,710 10 9A carbonate sediments
49063 (Chita-4) 12,684±68 15,300 390 1020 3,725 10 20A Littoridina
49064 (Chita-10) 12,685±60 15,300 390 1020 3,715 10 20B Littoridina
49068 (U-12-2) 12,733±72 15,350 410 1040 3,713 10 20C Littoridina
49081 (U-13-2) 12,760±62 15,380 400 1040 3,727 10 14M Littoridina
54416 (C-21-2B) 12,770±100 15,390 440 1060 3,705 10 8B Littoridina
54412 (S-19-0) 12,774±99 15,390 440 1060 3,665 5 14K Littoridina
49076 (P-4-1) 12,820±65 15,440 420 1050 3,738 10 10B Littoridina
54420 (RG2-2) 12,846±70 15,460 430 1490 3,667 10 28 Littoridina
58653 (S-14-2) 12,917±67 15,520 450 1050 3,666 5 14J Littoridina
54463 (U-27a-5)* 12,925±93 15,530 480 1080 3,657 5 19 tufa
54446 (U-7-1)* 12,942±70 15,550 470 1060 3,770 10 29 tufa
54422 (P-8-1) 13,168±74 15,800 480 1070 3,725 10 1A Littoridina
58652 (S-7-1) 13,176±66 15,810 475 1060 3,658 5 14B Littoridina
54432 (Chita ash) 13,199±84 15,840 490 1070 3,725 10 20A Littoridina
49080 (U-8-4) 13,329±68 15,990 480 950 3,763 10 27 Littoridina
54418 (Chig1-1) 13,494±73 16,180 490 460 3,760 20 31 Littoridina
54442 (C-2-2) 13,529±72 16,220 490 460 3,770 10 13 carbonate sediments
49062 (Chita-2) 13,577±66 16,280 490 460 3,723 10 20A Characeae
54427 (P-7-7) 13,660±100 16,370 520 490 3,720 10 1C Littoridina
54438 (P-12-1) 13,661±73 16,370 500 460 3,750 10 3B Littoridina
Transgression
54444 (U-4-1)* 14,231±76 17,030 530 490 3,700 20 17 tufa
54448 (U-29-1) 14,350±110 17,170 570 520 3,670 10 18 ooids
60471 (U-27a-3) 14,375±73 17,190 540 490 3,659 5 19 tufa
58660 (S-17-5) 14,684±73 17,550 560 500 3,665 5 14G tufa
60470 (S-17-6) 14,767±73 17,640 570 510 3,666 5 14G tufa
54460 (U-27a-2)* 14,941±80 17,850 590 520 3,657 5 19 tufa
60469 (S-6-1) 15,044±88 17,960 600 540 3,659 5 14C tufa
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58649  (S-3-1) 18,800±1,100 22,290 2,530 2600 3,662 5 14E tufa
Sajsi Lake Cycle
58657 (S-17-7) 17,080±720 20,310 1,790 1750 3,662 5 14 tufa
58659 (S-17-4) 17,255±93 20,510 690 660 3,663 5 14G tufa
54436 (S-17-2) 20,090±130 23,770 780 790 3,661 5 14G ooids
54437 (S-17-1) 20,830±140 24000 4 3,660 5 14G ooids

1Calibrated in CALIB 4.3 using the probablities method. Southern hemisphere correction of 24 years was used.

2Uncertainty in sample site elevations varies according to the method of elevation determination.  

3All tufas are calcite and all shells are aragonite. 

4Calibrated using the quadratic equation of Bard (1998).

*Paired U-Th dates are available in table 2.
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Table 2: 14C data and ages for pre-Tauca lake cycles
AAnumber 14C age % modern C  site # Material Lake Cycle U/Th sample # U/Th date
54414 28,170+-290 3.00 8A Littoridina Ouki
54461 28,500+-1,900 2.88 4B  wood (humates)* Ouki Pazna-9 110,770±1,760
54426 30,950+-630 2.12 8B Littoridina Ouki
54424 31,490+-500 1.98 8B Littoridina Ouki
54413 31,930+-450 1.88 1B Littoridina Ouki P-8-2 104,110±730
49077 34,110±570 1.43 4A Littoridina Ouki P-17 106,040±1,040
54450 34,300+-650 1.40 2 tufa Ouki B-3 119,720±3,020
54445 36,930+-830 1.01 1B Littoridina Ouki P-8-2 104,110±730
54458 37,270+-880 0.97 4B wood (humin)* Ouki Pazna-9 110,770±1,760
54439 37,930+-990 0.89 4B Bulimulidae Ouki Pazna-9 110,770±1,760
54459 40,300+-1,200 0.66 19 tufa Inca Huasi U-28-1 45,760±440
54435 40,600+-1,200 0.64 1A tufa Ouki P-8-2 104,110±730
54449 45,200+-2,300 0.36 5 tufa Ouki P-5-3 102,620±860

 *different fractions from the same wood sample 
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Table 3: U-Th ages and data
Sample 230Th/234U age 2 s 230Th/232Th 234U/238Uinitial Altitude Site #

(years) (years) (activity) (activity) (m)1

Coipasa lake cycle
U-9-6* 12,150 160 51.7 1.76000 3,700±25 25
B-17* 12,260 250 36.4 1.79000 3,695±5 15
B-17 duplicate 12,260 330 21.0 1.77000 3,695±5 15
U-27a-8 12,530 200 32.4 1.76000 3,669±5 19
S-10-3 11,970 1,290 4.0 1.92000 3,653±5 14
RG 1-3 12,540 1,080 5.2 1.78000 3,667±10 28
U-27a-6i 13,310 1,090 4.8 1.74000 3,657±5 19
Tauca lake cycle
Regression
B-14* 14,440 340 29.4 1.63000 3,735±5 15
B-12* 14,340 270 22.8 1.73000 3,740±5 15
Highstand
B-6 13,320 960 9.2 1.53000 3,768±5 15
B-8 14,560 660 13.4 1.64000 3,763±5 15
B-8 duplicate 15,970 1,160 5.1 1.60000 3,763±5 15
U-7-1* 15,140 300 22.1 1.62000 3,770±10 29
U-5-2 14,720 660 8.4 1.61000 3,769±10 21
U-9-2 15,490 600 9.3 1.61000 3,760±10 25
U-22-5 16,290 270 61.7 1.59000 3,665±10 11
U-27a-5* 16,170 1,220 11.5 1.63000 3,657±5 19
B-92 15,540 490 12.6 1.60000 3,765±5 15
B-9a 15,390 540 11.3 1.61000 3,765±5 15
B-9ab 14,030 860 6.9 1.60000 3,765±5 15
B-9ac 15,590 720 8.6 1.60000 3,765±5 15
B-9e 12,230 1,220 11.5 1.63000 3,765±5 15
B-9d 15,660 1,440 4.8 1.59000 3,765±5 15
Transgression
U-27a-2* 16,770 410 17.2 1.59000 3,657±5 19
U-4-1* 16,880 170 95.1 1.58000 3,700±20 17
U-5-3 17,950 900 7.5 1.57000 3,695±10 21
Inca Huasi lake cycle
U-28-1 45,760 440 82.6 1.58000 3,661±5 16
U-27a-1 46,330 660 26.8 1.60000 3,657±5 19
U-27a-1 duplicate 47,160 860 25.5 1.57000 3,657±5 19

U-31-1 80,460 1,670 26.7 1.66000 3,657±5 23
U-22-3 86,320 5,220 38.4 1.64000 3,660±10 11
U-26-3 88,680 1,090 117.1 1.67000 3,667±5 24
U-22-1 88,010 9,790 41.2 1.65000 3,658±5 11
U-26-2 90,210 2,100 40.3 1.68000 3,665±5 24
U-22-2 96,020 2,910 72.4 1.69000 3,660±5 11

P-5-1 96,740 5,560 4.9 1.57000 3,698±5 5
P-5-1 duplicate 98,710 6,190 25.8 1.59000 3,698±5 5
P-5-2 101,280 2,240 15.1 1.58000 3,700±5 5
P-5-5 100,200 8,370 3.7 1.56000 3,704±5 5
P-5-3 102,620 860 55.6 1.60000 3,702±5 5
P-11 102,810 3,020 10.2 1.56000 3,715±5 4B
P-8-2 104,110 730 107.2 1.61000 3,728±5 1B
Pazna 2-4 104,940 3,160 14.4 1.57000 3,715±5 4B
P-17 106,040 1,040 69.4 1.54000 3,718±5 4A
P-17 duplicate 109,100 1,870 58.7 1.56000 3,718±5 4A
Pazna-9 110,770 1,760 35.3 1.63000 3,714±5 4B

Salinas lake cycle

Ouki lake cycle
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T-23 110,470 7,810 3.8 1.57000 3,710±10 2
T-1 113,290 7,820 4.2 1.62000 3,708±10 2
T-3 114,180 5,440 5.4 1.58000 3,709±10 2
P-5-4 113,720 4,540 7.5 1.58000 3,702±5 5
B-3 119,720 3,020 14.7 1.68000 3,711±10 2
T-9 119,390 3,490 12.3 1.66000 3,714±10 2
T-13 120,290 6,590 5.2 1.64000 3,715±10 2
T-12 125,990 9,580 4.5 1.66000 3,717±10 2

1Uncertainty in sample site elevations varies according to the method of elevation determination.  

2Repeat analyses of sample B-9 is described in Placzek et al., in review.  

*Paired 14C dates are available in table 1.
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Figure Captions

Figure 1.  a) Map of the Titicaca/Poopo/Coipasa/Uyuni hydrographic basin.   Modern

lakes are in gray and salars are dotted.  The dashed line represents the approximate

maximum extent of paleo-Lake Tauca at ~3780 m. b) The major climate features of

South America.  The Titicaca/Poopo/Coipasa/Uyuni drainage basin is hatched.  The

ITCZ is the Intertropical Convergence Zone.

Figure 2.  Schematic cross section of the Titicaca/Poopo/Coipasa/Uyuni hydrographic

basin.  The elevation of the spillways into the Empexa, Laguani, and Ascotan Basins are

known only within ±15 meters.  Vertical exaggeration is ~830X.

Figure 3.  Location of sample sites in the Poopo/Coipasa/Uyuni Basins.  Sites named in

the text are in black, other sites are in gray.  Other symbols given in Figure 1.

Figure 4.  U-Th and 14C dates.  The younger dates (<50 ka) are paired samples from the

same tufas, and older dates come from the same stratigraphic horizon (Table 2).  Samples

with U-Th ages >95 ka yield 14C ages from 28 to 45 ka.  We interpret these as infinite 14C

ages contaminated with variable small amounts of younger carbon. The inset graph

details the period 10-20 ka; note agreement for 14C and U-Th ages for the 10-20 ka

results.  By convention, 14C dates are relative to 1955, but U-Th dates are relative to the
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year of analysis.  In this figure, U-Th dates younger than 20 ka are converted to years

before 1955 (Cal B.P.).  Arrows indicate the potential effects of contamination by 14C-

enriched (modern) and 14C-deficient (ancient) water on 14C dates.

Figure 5.  Examples of deposits and lacustrine features from the study area: a) inverted

tufa cones from the Ouki Alloformation; b) layered tufa head from the Salar de Uyuni

(Fig. 3; Site 11) with U-Th dates; c) the strong vertical prismatic structure (under ~13 cm

long pen) of the argillic horizon associated with the Toledo Geosol at Toledo (Fig. 3); d)

the Tauca shoreline complex, typically composed of up to three benches, southern Uyuni

Basin.  Benches are indicated by lines orthogonal to the shoreline, labeled B1, B2, and

B3; e) tufa located just below the Tauca Shoreline Complex at ~3760 m in the eastern

Poopo Basin; and f) tufa crust from the Coipasa lake cycle at Sajsi.

Figure 6. The stratigraphy exposed at Vinto in the northeast Poopo Basin (Fig. 3).

Sections are separated from each other by no more than 500 m, within an area quarried

for carbonate.

Figure 7.  The stratigraphy exposed at Pazña in the northeast Poopo Basin (Fig. 3).  The

Ouki Alloformation, Toledo Geosol (capping an alluvial gravel), Tauca Alloformation,

and Hanco Geosol are visible.
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Figure 8.  Reconstructed lake-level history between 140 and 40 ka.  Error bars are not

shown when smaller than the point representing the date.

Figure 9. A layered carbonate from an island near the center of the Uyuni Basin (Fig. 3;

Site 19), with 14C (Cal B.P.) and U-Th dates.  Pen is 13.5 cm long and the top is up.  The

many layers of Tauca tufa are often steeply inclined or mounded.  Note the contrast

between the clear disconformity between the Inca Huasi and Tauca layer and the

ambiguous separation between the Tauca and Coipasa tufa layers.

Figure 10. The stratigraphy exposed at Sajsi (Fig. 3).  Stratigraphic columns are keyed by

letter to aerial view.  Elevation for the base of each section is given. Radiocarbon dates

are shown in thousands of calendar years (ka); one U-Th date is also given.  The oldest

lake deposits in this section belong to the Sajsi lake cycle.  The transgression of lake Sajsi

is represented by oolitic sands. Shallow water tufas with occasional ooids represent the

deepest (<18 meters deep) phase of lake Sajsi, and the return of fluvial sand mark a dry

period after 20.5 ka.  The transgression of lake Tauca is represented by a thin carbonate

crust in the eastern most sections.  The large delta formed when Lake Tauca was deep,

and carbonate cemented gravel dates the transgression of lake Tauca.  The carbonate

crust attributed to the Coipasa lake cycle lies just above Succineidae-bearing sands

(shallow water).  Salarward, a beach gravel underlies the Coipasa tufa crust.
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Figure 11.  Proposed lake-level curve for the Sajsi, Tauca, and Coipasa lake cycles with

14C (a) and U-Th (b) dates.

Figure 12.  Comparison of paleohydrologic and climate proxies over the last 30 ka: a)

reconstructed lake-level curve (this study); b) natural gamma radiation (counts per

second) from an Uyuni core (Baker et al., 2001a); c) percent benthic diatoms (black) and

weight percent carbonate (gray) from core 1PC in Lake Titicaca (Baker et al., 2001b); d)

chlorine concentration (black) and accumulation rate (gray) of ice on Mount Sajama

(Thompson et al., 1998); e) reconstructed lake-level curve (this study) and insolation

curves proposed (Baker et al., 2001a; Wang et al., 2004; Cruz et al., 2005) as drivers of a

southward shift in the ITCZ; f) change in pCO2 in the Western Equatorial Pacific inferred

from boron isotope analyses of planktonic foraminifera, in which increased pCO2is

associated with stronger upwelling and La Niña-like conditions (Palmer and Pearson,

2003).

Figure 13. Comparison of regional paleoclimate proxies from South America: a)

reconstructed lake history from shoreline deposits.  Surface area is calculated using

elevational data from Blodgett et al. (1997).  b) March insolation at 18°S (black) (Laskar,

1990) and estimated temperature change at Vostok (gray) (Petit et al., 1999); c) iron

oxide composition (goethite/(goethite + hematite)) of sediments derived from the

Amazon  (Harris and Mix, 1999).  La Niña-like conditions (Palmer and Pearson, 2003)

are noted between 18 and 13 ka.
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Footnote 1: GSA repository item ----contains complete site and locality descriptions for

every radiometric date and a color copy of Fig. 5.

Footnote 2: An extensive discussion of the potential causes of the discrepancy between

the two 14C of Bills et al., (1994) and the chronology of Sylvestre et al. (1999) is found in

Sylvestre et al. (1999).  We find, however,  that the dates of Bills et al. (1994) are

consistent with our chronology and that of Sylveste et al. (1999) when calibrated using

CALIB 3.4.  The original calibrated age of these dates (14C age of 13,790±70) is 16.8 ka

using the calibration of Bard et al., (1990).  Our calibrated age for these dates, using

CALIB 3.4 is 16,520 +500 –1700 Cal B.P.
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Abstract

Air-fall tuffs provide vital isochrons for paleolimnologic studies by providing

stratigraphic links between widely dispersed exposures.  Despite their widespread

occurrence on the Bolivian Altiplano, tuffs are virtually unstudied from natural exposures

or from sedimentary cores extracted from the region’s extensive salars (salt pans).  In this

paper we lay the foundation for a tephrostratigraphic framework for this large region by

chemically characterizing, and in some cases dating, thirty-eight Late Pliocene through

Holocene tuffs in lacustrine and alluvial deposits from the southern Bolivian Altiplano

and adjacent Atacama Desert. These tuffs are all calc-akaline rhyolites, consistent with

their setting in the Central Andean Volcanic Zone. 40Ar/39Ar dates from tuffs exposed at

Escara in the southern Coipasa Basin date to ~1.85 myr; the associated lake beds  are the

oldest dated lake beds in the region. One of the Escara tuffs is regional in extent, and is

also found in the Atacama Desert. Organic material in  paleolake or paleowetland

deposits provide constraints on the age of associated Late Pleistocene and Holocene tuffs.

The Chita tuff was deposited at 15,300 cal yr B.P., just after the highstand of the region’s

largest paleolake.  Two regional Holocene tuffs, the Sajsi tuff and the Holocene B tuff,

are found in the area; the Sajsi tuff was deposited just before 1,710 cal yr.
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Introduction

Tuffs are widely used in Quaternary studies and provide physical links between

widely dispersed deposits, tying key events in diverse types of Quaternary records (e.g.

Borchart et al., 1972; Sarna-Wojcicki, 1972; Rodbell et al., 2002). In volcanically active

regions, tephrochronolgy can greatly assist stratigraphic correlations, and lakes are ideal

settings for the deposition and preservation of volcanic tuffs (e.g. Davis, 1978; Davis,

1985; Oviatt and Nash, 1989). In many cases, these tuffs may be the only direct

stratigraphic links between shoreline deposits and sediment cores.  Recent explosive

volcanic activity in the central Andes produced numerous widespread tuffs. The aim of

this paper is to chemically characterize and date tuffs from Late Pliocene through

Holocene sediments on the southern Bolivian Altiplano and northern Atacama desert,

thus establishing a regional tephrochronologic framework spanning the last ~2 myr.

The lacustrine history of the southern Bolivian Altiplano has been the focus of

intensive study for several decades (e.g. Servant and Fontes, 1978; Rondeau, 1990;

Sylvestre et al., 1999; Fornari et al., 2001; Baker et al. 2001), providing a critical

comparison between low- and high- latitude climate change in the Quaternary.   Studies

reveal the presence of several deep-lake cycles on the southern Bolivian Altiplano during

the Quaternary.  Two enormous paleolakes (~33,000-60,000 km2) and several smaller

lakes once occupied the Poopo/Coipasa/Uyuni Basins.  The youngest of these large lakes

developed during the Tauca lake cycle, and the older large lake cycle is termed the the

“Ouki” (Placzek et al., in revision).For the Tauca lake cycle, evidence for the timing of a

highstand at ~16,400 to 14,100 cal yrs B.P. comes from shoreline deposits (e.g. Bills et
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al., 1994; Sylvestre et al., 1999; and Placzek et al., in revision), but is in disagreement

with recently published proxy records from a core in the Uyuni basin (Baker et al.,

2001b, and Fritz et al., 2004), which suggest an earlier highstand (as early as 26,000 cal

yrs B.P.).  The oldest Pleistocene deep-lake cycle is dated by several workers to ~45,000

and called the “Minchin” (e.g. Servant and Fontes, 1978; Rondeau, 1990; Baker et al,

2001a; Fritz et al., 2004; Lowenstein et al., 2005), whereas, U-Th dates from carbonate

“tufas” place this lake cycle well beyond (> 80,000) the limit of 14C dating and refer to it

as the “Ouki” deep-lake phase (Placzek et al., in revision).

Early research in the region suggested  the presence of at least one much older

lake, termed Lake Escara, on the southern Altiplano (Servant and Fontes, 1978; Lavenu

et al., 1984; Fornari et al., 2001).  One of the oldest radiometric dates from lacustrine

deposits on the southern Altiplano comes from a tuff in a long sediment core from Salar

de Uyuni.  Its 
40

Ar/
39

Ar age of 191,000 yrs is tentatively attributed to “Lake Escara”

(Fornari et al., 2001), but a U-Th salt isochron age of ~59,000 has been assigned to the

same unit in a more recent sedimentary core (Fritz et al., 2004; Lowenstein et al., 2005).

Evidence from both of these cores suggest that this sedimentary interval (the fifth

lacustrine unit; see Fornari et al., 2001), as well as lakes represented by several older

sediment intervals, likely formed in a lake that was less expansive than two more recent

deep-lake cycles.  Changes in the hydrologic link between Lake Titicaca and the southern

Bolivian Altiplano over the last ~200 ka are proposed to explain the apparent absence of

older, deep paleolakes in sediment core records from the southern (Uyuni) basin (Fritz et

al., 2004; Lowenstein et al., 2005). We revisited the lacustrine deposits naturally exposed
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at the Escara type locality to obtain datable tuffs and clarify the history of older lake

deposits in the region.

Study Area

The Southern Bolivian Altiplano (18-22°S) and Northern Atacama (20-24°S) are

situated in the Central Volcanic Zone of the Andes (deSilva and Francis, 1991), which

spans 14 to 28°S and encompasses more than 40 recently (last ~2 myr) active volcanoes

(Fig. 1).  This large (200,000 km2), internally drained plateau lies at an elevation of

~3800 meters, and is bounded on the east by the Cordillera Oriental and on the west by

the Cordillera Occidental.  Volcanism is largely restricted to the Cordillera Occidental

(deSilva and Francis, 1991).  The southern Altiplano and northern Atacama also hosts the

northern extent of the Altiplano-Puna volcanic complex, a major silicic tectomagmatic

province located between 21° and 24°S; this volcanic complex produced one of the most

voluminous outpourings of late Miocene to Pleistocene ignimbrites on earth (deSilva and

Francis, 1991; Chmielowski et al., 1999)

Four large lake basins (Titicaca, Poopo, Coipasa, and Uyuni) occupy the

Altiplano.  In the northern basin is Lake Titicaca (3806 m; 8560 km2), a deep  (>285 m)

fresh-water lake that overflows southward along the Río Desaguadero into oligosaline

Lake Poopo (3685 m; 2530 km2) (Argollo and Mourguiart, 2000).  Lake Poopo is

separated topographically from the salars of Coipasa (3656 m,) and Uyuni (3653 m) by

the Laka Sill (3700 m) (Argollo and Mourguiart, 2000). Southern Altiplano basins will

henceforth refer to the Poopo, Coipasa, and Uyuni watersheds.
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Methods

Field methods

Thirty-eight tuffs were collected from late Pliocene to Recent sediments,

principally in natural exposures along dry washes (Table 1).  White to gray tuffs are

readily visible in fluvial and alluvial silts, clays, and sands.  In contrast, subtle differences

in weathering and sediment texture differentiate the white silts and diatomites of

lacustrine beds from tuffs; as such our field collection likely underrepresents the

occurrence of tuffs in lacustrine sediments.

Chronology

Sanidine was separated from tuffs and dated using both the bulk separate and

single-crystal laser fusion methods. Single-crystal analyses can be hampered by small Ar

signal sizes, resulting in decreased analytical quality.  In cases where xenocrytic

contamination is suspected, the single-crystal age is always preferred over the bulk

analysis.  Furthermore, single-crystal analyses allows detection of potential xenocrystic

contamination.

The New Mexico Geochronology Research Laboratory at the New Mexico

Institute of Mining and Technology performed 40Ar/39Ar analyses.  Bulk separates were

analyzed with a CO2 laser equipped with a top-hat lens using the incremental heating age
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spectrum method, and single crystals were analyzed with the laser fusion method. The

New Mexico Geochronology Research Laboratory includes a Mass Analyzer Products

215-50 mass spectrometer with a fully-automated all-metal argon extraction.  Samples

were packaged and irradiated in machined Al discs for one hour in D-3 position at the

Nuclear Science Center, College Station, Texas.  Sanidine from the Fish Canyon Tuff

(FC-1; assigned age of 27.84 myr) (Deino and Potts, 1990) was used as a neutron flux

monitor.  Integrated ages and errors for single-grain analyses are calculated by

recombining isotopic measurements and errors for all of the steps (Deino and Potts,

1992).  Weighted-mean ages for both analytical methods incorporate uncertainties in

interfering reaction corrections (J factors) and errors are reported as 2 .  J-factors were

determined to a precision of ±0.1% by CO2 laser-fusion of four single crystals from radial

positions around the irradiation tray and are as follows: (40Ar-39Ar)K= 0.00020 ± 0.0003;

(36Ar-37Ar)Ca= 0.00028 ± 0.000005; (39Ar-37Ar)Ca= 0.0007 ± 0.00002.  Decay constants

and isotopic abundances are after Steiger and Jäger (1977).

Tuff identification and correlation

Tuffs were first treated with 2M HCl to remove any carbonate, briefly rinsed in

2% HF, and washed in distilled water.  Glass and phenocrysts were separated into size

fractions of >120 um, 60-120 um, and <60 um.  In general, the 60-120 um aliquot was

selected for electron microprobe analyses.
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Electron microprobe analyses were performed on both glass shards and

phenocrysts. All analyses were made on a CAMECA SX50 electron microprobe with a

wavelength dispersive spectrometry system in the University of Arizona Department of

Planetary Sciences Lunar and Planetary Laboratory.  We used an accelerating voltage of

15 kV.  Instrument calibration standards include: simple silicate minerals and synthetic

oxides. Calibrations were performed daily. Sodium and K volatilization during electron

microprobe analyses of glass is widely recognized and is a function of the intensity,

diameter, and duration of the incident electron beam (e. g. Nielsen and Sigurdsson, 1981;

Hunt and Hill, 1993; Delano et al., 1994) .  To minimize volatilization, a current of 8

nanoamps and a beam diameter of 10 μm for was used for alkalis.  For other elements, a

20 nanoamp current and 2 μm beam diameter was used. Due to loss of volatiles and/or

poor beam focus, oxide totals rarely sum to 100%, and all results with analytical totals

less than 95% are excluded.  In principal, normalization of oxide composition to 100% is

undesirable, as it may mask poor analyses, resulting in an increased chance of false

correlation of tuffs (Hunt and Hill, 1993).

We used the  similarity coefficient (SC) (Borchart et al. 1972; Sarna-Wojciki,

1976; Davis, 1985) as a quantitative basis for correlating tuffs.  The SC of any given pair

of geochemical analyses is expressed as a dimensionless number from 0 to 1.0, where 1.0

is an identical match for both the mean and standard deviation of the elements measured.

Here we calculate a SC from the elements Na, K, Si, Mg, Al, Ca, Mn, Fe, and Ti.  The

SC weights the significance of each element by the degree to which the mean value

exceeds the detection limit and inversely by their standard deviation.  No correction is
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made for Na and K volatilization or probable diagenetic loss (e.g. Cerling et al., 1985) of

alkali elements.  Computation of the SC, however, generally gives little weight to these

elements, as their standard deviations are comparatively high. The SC is calculated as: 

SC(A,B) =

Ri *gi
n=1

n= i

gi
n=1

n= i

where: SC(A,B)=the similarity coefficient for samples A and B; i = the element number;

n = the number of elements; Ri = XiA/XiB if XiB > XiA , Ri = XiB/XiA if XiA > XiB; XiA =

concentration of element i in sample A; XiB = concentration of element i in sample B.

The gi term, which ranges between 0 and 1, weights the elemental data, and gi = 1- ((( iA/

XiA)2 + ( iB/ XiB)2)/E)1/2. Where, iA = the standard deviation of element i in sample A,

iB = the standard deviation of element i in sample B, and E = 1 – (detection limit/

(average of XiA, XiB) (Borchardt et al., 1972).  The microprobe detection limit of each

element varies with the concentration of an element in an individual sample, and

individual detection limits are computed for each glass shard at 3  confidence intervals.

We averaged the detection limit for all analyses of each sample, and for each element the

largest detection limit of the two samples (A, B) was used to compute E.
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No threshold value for correlation has been agreed upon for the SC, but the closer

this value is to 1.0, the greater the likelihood that a pair of tuffs is from the same unit.

Previous studies use minimum SC values between 0.93 and 0.95 as indicative of co-

genesis (e.g Borchart et al. 1972; Sarna-Wojciki, 1976; Davis, 1985; Begét et al., 1992;

Rodbell et al., 2002).  Here, we adopt 0.95 as a minimum SC, as we find that some ash

pairs known to have different ages have SC values between 0.93 and 0.95.

Results and Discussion

  All tuffs examined here are calc-alkalic rhyolites with relatively high

K contents (Table 2).  Silica content of these tuffs shows little variation, ranging between

71.3% and 76.5%.  Composition of other major oxides, particularly Fe, Ca, Ti, and Al

are, therefore, critical to identification and correlation of southern Altiplano and northern

Atacama  tuffs.

Pliocene to early Pleistocene tuffs

Escara tuffs

Thick (>7.5 m) lacustrine beds are exposed along the Rio Lauca near the village

of Escara (Fig. 2).  These beds are composed of white, planar-bedded silt, fine sand,

diatomite, minor carbonate, and at least five air-fall tuffs (Fig.3).  Fine, localized ripple

cross-bedding is present in the lower and middle portions of the exposed section.

Fragments of Characae are also observed in some thin, sandy units.  The basal lacustrine

unit is not exposed at this locality, and the tuff that caps this exposure contains large,

centimeter-scale ripples and commonly has contorted bedding.  Sandy, trough-cross-
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bedded alluvium, a deep red paleosol, and young lake sediments crop out above the

Escara lake beds. The ash layers observed at Escara have variable textures and major

element compositions (Table 2).  The two tuffs near the base of the exposed section

(Escara tuff A and B) are coarse and vitric, and Escara B contains abundant sanidine. The

Escara C tuff is very fine grained and is chemically very similar to the Escara B tuff

(Table 3; SC=.97).  The Escara D tuff layer is graded with abundant visible lapilli and

biotite at the basal contact.  The Escara E tuff can be subdivided into three zones (I, II,

and III).  Zones I and III are fine-grained and glass rich. Zone II is phyric rich.  The major

element composition of zone II glass is also almost identical to that of the Escara D tuff

(SC=.97).

Sanidine is plentiful, coarse, and euhedral in Escara B tuff, allowing 40Ar/39Ar

analyses both as a bulk separate and by the single-crystal laser fusion method.  The bulk

separate for Escara B yielded a flat age spectrum (Table 4, Fig. 4), and all of the heating

steps were used to calculate a weighted mean age of 1.92±0.04 myr with a MSWD of

2.38.1  Additionally, nine sanidine crystals from the Escara B tuff were analyzed as single

crystals. Eight crystals range in age from 1.81 to 1.98 myr (Table 5), yielding a weighted

mean age of 1.87±0.05 myr for these crystals (Fig. 5a). The remaining crystal, however,

was excluded from age computation, and yielded an age of 8.83±0.05 myr.  Despite this

xenocrystic contamination, the mean single crystal age and the bulk spectrum age agree

within error; we accept the single-crystal age of 1.87±0.05 myr as the best age for this

tuff.
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Sanidine in Escara E (zone III) is sparse and consists of both euhedral and well-

rounded grains.  Five single grains of sanidine were selected from among the most

euhedral, unfrosted crystals. These crystals range in age from 1.72 to 1.84 myr, and a

weighted mean age of 1.80±0.05 myr is calculated from these analyses (Table 5; Fig. 5b).

We assign an age of ~1.85 myr to the entire lake cycle exposed at Escara, and

attribute this thick exposure of fine-grained lacustrine sediment to offshore deposition in

an ancient paleolake. The ages assigned to Escara B (1.87±0.05) and Escara E

(1.80±0.05) overlap within error.  The duration of more recent lake cycles on the

Bolivian Altiplano range between .002 and .03 myr, so it is not implausable that the

duration of this Pliocene  lake cycle is of the same order as the chronologic uncertainties.

The depth of this paleolake is also poorly constrained.  The exposed paleolake Escara

sediments, however, extend for at least a kilometer, and are among some of the thickest

naturally exposed lake deposits in the region. We, therefore, infer that paleolake Escara

was likely a sizable and relatively long-lived lake cycle.

The geochemical composition of the five tuffs exposed at Escara allows use of

these tuffs as marker beds in future studies of the Escara formation. The Escara B and C

ash beds, with a similarity coefficient of 0.97, are likely two phases of the same eruptive

event.  Similarly, ash layer D and E (zone II) likely come from the same volcanic centers.

The various zones of the Escara E ash bed show considerable geochemical variability

(S.C 0.69-0.84), but Escara E appears to be a single tuff layer.  We, therefore, attribute

these geochemical differences to different phases of the same eruptive event.
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Coipasa tuffs

Geochemical data is available for a sequence of four tuffs located in the

northeastern Coipasa basin (C-17; Fig. 2) that are also likely >1 myr in age.  These tuffs

are associated with laminated, red fluvial sands that are slightly indurated. Coipasa 17

tuffs A and C are fine and vitric, but tuffs B and D are phyric with abundant visible

biotite and feldspar.  All four tuffs are geochemically unique and do not correlate with

each other nor the with Escara tuffs or Atacama tuffs.

Atacama tuffs

The eight tuffs collected in the Atacama come from alluvial rather than lacustrine

contexts.  The generally pre-Holocene age for six of them is evident from a variety of

field characteristics (Table 1).  For example, tuffs AD04-2, AD04-32, and Quebrada de

Mantos Blancos are all capped by densely cemented pedogenic gypcrete, in the case of

AD04-32 at least two meters thick.  The Blanco Encalado Tuff occurs in an alluvial

terrace, 6-7m below the terrace top.  A mature red argillic or cambic horizon and

petrocalcic horizon (Stage III-IV sensu Gile et al., 1966) cap the tuff, probably indicative

of ages of on the order of 106 years.

Several 40Ar/39Ar dates and one correlation with our dated Bolivian Altiplano tuffs

confirm the antiquity of these Atacama tuffs.  The major element chemistry of the

Blanco Encalado Tuff is similar (SC = 0.97) to Escara A Tuff dated at 1.85 myr.  Tuffs

AD-1 and the Quebrada de Mantos Blancos  yielded  40Ar/39Ar ages of 0.732±0.05 and

2.69±0.02 myr, respectively.  All these ages now provide firm constraints on rates of soil
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development and landscape development in the hyperarid and coastal fog zones of the

Atacama, focus topics for future publications.

Late Pleistocene tuffs

At least one tuff, the Chita Tuff, is associated with the dramatic rise and fall of

paleolake Tauca (18,100-14,100 cal yrs). This tuff is found in the eastern Uyuni basin

(Fig. 2) as part of a stratigraphic sequence located at 3725 m elevation, ~50 m below the

highstand (maximum depth 140 m) of paleolake Tauca.  This tuff crops out near the top

of several meters of fine, white silts and diatomites that 14C date to the late stages of the

Tauca lake cycle (Fig. 6).  Although this tuff is visibly vitric and 5 to 10 cm thick, in the

field it is difficult to distinguish from fine, white lacustrine sediments. The Chita Tuff has

a unique major element  composition (Table 2) and does not correlate with any other tuffs

sampled thus far in the region (Table 3).  Aquatic gastropod shells are interbedded with

the upper portion of this tuff layer, and these shells radiocarbon date to 15,300 +390 -

1020 cal yr B.P. (14C age: 12,690±70 B.P.)

The Chita Tuff was deposited at ~15,300 cal yr B.P, when paleolake Tauca was

regressing.  Although aquatic gastropods can be subject to radiocarbon reservoir effects,

such effects are minimal for paleolake Tauca (Placzek et al., in revision), and we consider

this date to be a reliable age for the tuff. The deposition of this tuff coincides with the

transition from deep to moderate water depths at this location.  The fine diatomites and

silts below the Chita Tuff were deposited in the deep lake phase of  paleolake Tauca, an

interval centered on ~16.4 ka (Bills et al., 1994; Sylvestre et al. 1999; Placzek et al., in
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press).  The abundant gastropods are characteristic of shallow lake margin deposition, so

the gastropods associated with the Chita Tuff confirm both chronologically and

contextually that this tuff was deposited during the regression of paleolake Tauca.  The

sands and gravel that cap this section above the tuff mark the regression of paleolake

Tauca below this elevation.  Thus, the Chita Tuff could eventually serve as a critical tie

point for the upper Tauca alloformation, linking sediments exposed on the landscape and

in the various cores.

Tuff C-26-1 is exposed at the surface at an elevation of ~3750 m on the southeast

side of Salar de Coipasa (Fig. 2).  The age of this tuff is not well constrained, and it could

be either late Pleistocene or Holocene in age.  Sediments and tufas attributable to

paleolake Tauca cover this area, so this tuff layer was most likely deposited after

paleolake Tauca regressed below 3750 m after 14,100 cal yr B. P..

Holocene tuffs

Three Holocene tuffs are found on the southern Bolivian Altiplano, and are

designated the Sajsi tuff, the Holocene B tuff, and the Holocene C tuff.  These three tuffs

are geochemically unique, with diagnostic differences in FeO content (Fig. 7).  Two of

these tuffs are found at several locations on the southern Bolivian Altiplano, and the SC

values for the various exposures of each tuff range between 0.95 and 0.99 (Table 3).

The Sajsi Tuff is exposed at three localities and constrained by 14C dating to

shortly before 1,710 cal yr B.P. The Sajsi Tuff  crops out near the settlement of Sajsi

(Fig. 2; S-21-1), within extensive wetland deposits .  These wetland deposits can be as
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thick as half a meter and are located immediately upstream of a constriction in the Rio

Sajsi. Semi-aquatic gastropods (family Succineidae)  found near the top of exposed

wetland deposits yield a 14C age of 1,710 +150 -140 cal yr B.P. (14C: 1,830±50 B.P.), and

coarse vascular plant matter from a black mat radiocarbon dates to 530 cal yr B.P (14C:

530±30 B.P.).  The black mat dated to 530 cal yr B. P. drapes unconformably over

bedrock and is overlain by diatomite, so it is likely that this black mat represents the

youngest wetland deposits.

We constrain the Sajsi tuff to slightly older than 1,710 cal yr.  The 14C age of the

black mat is younger than that of the associated gastropods, a situation that we attribute to

the duration of the wetland, not to 14C reservoir effects.  Vascular plant material is

generally preferred for radiocarbon dating in aquatic settings, but the Succineidae snails

dated here are a gastropod family known to form in 14C equilibrium with the atmosphere

(Pigati et al., 2004).

The undated Holocene B tuff is observed at five localities (SC values >0.95) in

the Uyuni basin (Fig. 2) within post-lake alluvium.  At the U-22 exposure, two discrete

layers of tuff are visible, separated by ~30 cm of alluvium. Although it is possible that

both are variants of the Holocene B tuff, U-22-1 is not geochemically identical to U-22-2

(SC=0.92) or to the other occurrences of the Holocene B tuff (Table 3).

A third Holocene tuff, Holocene C, is exposed at one locality (Poopo 10) in the

Poopo basin (Fig. 2).  This tuff consists of two separate layers with nearly identical

(SC=0.96) major element chemistry.  Poopo 10-1 is the older and thicker (~10 cm) ash
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bed, and is separated from the thin (~4 cm) Poopo 10-2 tuff bed by 1.1 m of bedded

alluvial silt.

Conclusions

Tuffs from the southern Bolivian Altiplano and Atacama provide important

stratigraphic markers in lacustrine and alluvial deposits spanning the last ~3 myr.  In this

paper, we lay the foundation for a tephrostratigraphic framework in this region by

characterizing 38 Late Pliocene through Holocene distal tuffs. These tuffs are all calc-

akaline rhyolites, consistent with their setting in the Central Andean Volcanic Zone.  The

Escara tuffs yield 40Ar/39Ar ages of ~1.85 myr; and at least one of these Escara tuffs is a

regional unit, found in the Atacama Desert.  Characterization of the sediments exposed at

Escara, now known to be much older than previously proposed, demonstrates that the

Escara lake beds at the type locality are much older than the sediments in cores from

Salar de Uyuni.  The Chita Tuff dates to 15,300 cal yr and was deposited just after the

highstand of the region’s largest paleolake; it will provide a key link to core stratigraphy,

if identified.  Post-lake alluvium contains two regional Holocene tuffs, the Sajsi tuff and

the Holocene B tuff.  The Sajsi tuff was deposited just before 1,710 cal yr.  Two of three

Holocene tuffs are exposed at several localities in basin.

Establishment of a regional tephrochronology is an ongoing process on the

Bolivian Altiplano, and many natural exposures still need to be explored.  In this region,

with characterization of tuffs in cores, near-shore lacustrine deposits can be correlated
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with core stratigraphy, and some of the age discrepancies between core and near-shore

deposits resolved.
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Table 1: Location and phenocryst composition of southern Altiplano and Atacama tuffs
sample location (°S,°W)    age indicators/site description        phenocrysts

S-3-4 19°S49.435, 67°W09.267 14C dated, associated with Holocene wetland  potassium feldspar
Chita-8 20°S05.796, 66°W57.807 slight soil development in overlying alluvium plagioclase and potassium feldspars 
S-21-1 19°S49.435, 67°W09.267 Holocene alluvium plagioclase feldspar
C-23-1 19°S24.549, 67°W19.129 Holocene alluvium plagioclase feldspar
U-18-1 19°S43.681, 67°W11.006 young fluvial sediments plagioclase feldspar
U-18-2 19°S43.555, 67°W11.491 young fluvial sediments quartz, plagioclase and potassium feldspars, biotite
Cruzani Cocha under young lagoon sediments, over beach deposits quartz, plagioclase and potassium feldspars, biotite
U-13-3 19°S45.542, 67°W09.072 Holocene alluvium quartz, plagioclase feldspar, biotite
U-20-1 19°S48.891, 67°W08.672 Holocene alluvium  potassium feldspars, biotite
U-22-2 20°S04.629, 66°W59.112 Holocene alluvium quartz, plagioclase and potassium feldspars, biotite
U-22-1 20°S04.629, 66°W59.112 Holocene alluvium quartz, plagioclase feldspar, biotite
P-10-1 18°S19.313, 67°W34.961 Holocene alluvium  plagioclase and potassium feldspars, biotite, FeO/TiO2

P-10-2 18°S19.313, 67°W34.961 Holocene alluvium quartz, plagioclase feldspar, biotite, FeO
Chita ash 20°S04.680, 66°W58.209 Lake Tauca sediments quartz, plagioclase and potassium feldspars
C-26-1 19°S38.875, 67°W52.820 surface exposure lower in elevation than Lake Tauca quartz, plagioclase and potassium feldspars
Escara A 18°S46.807, 68°W10.717 ~1.85 Ma; see text and Fig. 3 none
Escara B 18°S46.807, 68°W10.717 ~1.85 Ma; see text and Fig. 3 quartz, biotite
Escara C 18°S46.807, 68°W10.717 ~1.85 Ma; see text and Fig. 3 plagioclase fledspar
Escara D 18°S46.807, 68°W10.717 ~1.85 Ma; see text and Fig. 3 quartz, plagioclase and potassium feldspars
Escara E (Zone I) 18°S46.807, 68°W10.717 ~1.85 Ma; see text and Fig. 3  plagioclase feldspar, biotite, FeO/TiO2

Escara E (Zone II) 18°S46.807, 68°W10.717 ~1.85 Ma; see text and Fig. 3 quartz, plagioclase and potassium feldspars, biotite
Escara E (Zone III) 18°S46.807, 68°W10.717 ~1.85 Ma; see text and Fig. 3 quartz, plagioclase feldspar, biotite
C-17 A 19°S05.766, 67°W37.100  partially indurated/strong soil development none
C-17 B 19°S05.766, 67°W37.100  partially indurated/strong soil development  quartz,plagioclase and potassium feldspars, biotite, FeO/TiO2

C-17 C 19°S05.766, 67°W37.100  partially indurated/strong soil development plagioclase feldspar
C-17 D 19°S05.766, 67°W37.100  partially indurated/strong soil development  quartz,plagioclase and potassium feldspars, biotite, FeO/TiO2

Blanco Encalado plagioclase feldspar
El Hotel-5 zircon, plagioclase feldspar, quartz
Purila-2 quartz, plagioclase and potassium feldspars
AD04-2 24°S06.046, 70°W13.605 under 30 cm of gypcrete plagioclase feldspar, quartz, pyroxene
AD04-32 24°S06.046, 70°W13.605 under a thick gypcrete plagioclase and potassium feldspars, zircon
AD04-44 24°S17.207, 68°W28.370 in older stream terrace quartz, plagioclase feldspar
SP4-2 quartz, plagioclase feldspar
202B quartz, plagioclase feldspar, biotite
AD-1 zircon, plagioclase feldspar, biotite
Q. Mantos Blancos 23°S27.621, 70°W07.029 quartz, plagioclase and potassium feldspars, biotite
El Buitre 23°S12.336, 69°W40.963  plagioclase and potassium feldspars, biotite, pyroxene
Q. Mates quartz, plagioclase feldspar, biotite
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Table 2: Glass composition of southern Altiplano and Atacama tuffs
sample     Na2O        F      K2O     SiO2      MgO    Al2O3     ZrO2      CaO       Cl      MnO      FeO     TiO2      BaO Total n
S-3-4 3.47 0.06 4.48 73.36 0.07 13.30 0.01 0.64 0.67 0.10 0.08 0.07 0.10 96.41 21

0.14 0.05 0.23 1.96 0.01 0.42 0.01 0.03 0.05 0.04 0.01 0.02 0.06 2.52
Chita-8 3.24 0.05 4.50 73.52 0.08 13.52 0.00 0.69 0.67 0.11 0.08 0.06 0.11 96.62 21

0.38 0.05 0.39 1.13 0.01 0.28 0.00 0.12 0.05 0.04 0.01 0.02 0.07 1.48
S-21-1 3.40 0.04 4.37 74.32 0.08 13.67 0.00 0.66 0.70 0.10 0.09 0.07 0.11 97.62 18

0.11 0.04 0.10 0.79 0.01 0.10 0.00 0.02 0.05 0.03 0.01 0.02 0.08 0.83
C-23-1 3.48 0.04 4.40 74.22 0.08 13.73 0.00 0.63 0.65 0.10 0.09 0.07 0.10 97.60 22

0.18 0.04 0.11 0.97 0.01 0.31 0.01 0.03 0.06 0.04 0.01 0.02 0.07 1.31
Sajsi Ash(average) 3.40 0.05 4.44 73.84 0.08 13.55 0.00 0.65 0.67 0.10 0.08 0.07 0.10 97.05 60

0.25 0.04 0.24 1.35 0.01 0.35 0.01 0.07 0.05 0.04 0.01 0.02 0.07 1.73
U-18-1 3.73 0.05 4.59 74.59 0.08 13.94 0.01 0.64 0.09 0.07 0.70 0.10 0.11 98.70 31

0.23 0.06 0.27 1.36 0.03 0.37 0.01 0.07 0.02 0.02 0.41 0.04 0.07 1.52
U-18-2 3.73 0.03 4.46 75.29 0.07 13.83 0.02 0.64 0.09 0.06 0.62 0.10 0.10 99.05 16

0.14 0.04 0.09 0.51 0.01 0.20 0.02 0.04 0.01 0.01 0.03 0.04 0.07 0.74
Cruzani Cocha 3.59 0.03 4.50 72.45 0.08 13.80 0.01 0.66 0.09 0.07 0.62 0.09 0.13 96.14 18

0.44 0.03 0.22 0.81 0.01 0.38 0.02 0.13 0.01 0.02 0.07 0.03 0.06 1.42
U-13-3 3.48 0.04 4.55 73.60 0.08 13.68 0.01 0.66 0.08 0.07 0.66 0.09 0.13 97.13 22

0.27 0.04 0.14 0.81 0.01 0.29 0.01 0.05 0.01 0.02 0.04 0.04 0.08 1.07
U-20-1 3.77 0.05 4.55 74.64 0.08 13.69 0.01 0.65 0.08 0.07 0.65 0.10 0.11 98.44 22

0.16 0.05 0.12 1.14 0.01 0.28 0.01 0.05 0.02 0.02 0.07 0.03 0.07 1.57
U-22-2 3.80 0.04 4.45 75.40 0.07 13.85 0.01 0.64 0.09 0.07 0.64 0.10 0.11 99.28 13

0.29 0.05 0.11 1.79 0.01 0.41 0.02 0.02 0.01 0.02 0.06 0.03 0.07 2.27
U-22-1 3.92 0.05 4.59 74.92 0.09 14.42 0.01 0.74 0.08 0.08 0.72 0.10 0.13 99.86 15

0.15 0.06 0.10 0.97 0.01 0.24 0.01 0.04 0.01 0.01 0.04 0.03 0.07 1.32
Holocene B*(average) 3.68 0.04 4.53 74.28 0.08 13.80 0.01 0.65 0.09 0.07 0.66 0.10 0.12 98.10 122

0.28 0.05 0.19 1.46 0.02 0.34 0.01 0.07 0.02 0.02 0.21 0.03 0.07 1.79
P-10-1 3.14 0.05 4.49 74.34 0.05 12.94 0.01 0.72 0.07 0.04 0.54 0.07 0.04 96.50 16

0.25 0.05 0.15 0.76 0.01 0.22 0.01 0.04 0.01 0.01 0.03 0.04 0.04 0.88
P-10-2 3.26 0.10 4.42 75.20 0.05 13.00 0.01 0.68 0.06 0.05 0.53 0.09 0.02 97.47 22

0.11 0.26 0.16 0.37 0.01 0.07 0.01 0.02 0.01 0.02 0.04 0.02 0.04 0.62
Holocene C(average) 3.20 0.08 4.45 74.81 0.05 12.97 0.01 0.70 0.07 0.04 0.54 0.08 0.03 97.04 38

0.19 0.20 0.16 0.72 0.01 0.16 0.01 0.04 0.01 0.02 0.04 0.03 0.04 0.88
Chita ash 2.40 0.03 5.31 74.78 0.19 12.97 0.01 0.73 0.61 0.11 0.08 0.04 0.24 97.50 17

0.40 0.04 0.47 1.29 0.44 0.53 0.01 0.19 0.17 0.03 0.04 0.02 0.85 2.09
C-26-1 2.66 0.03 5.50 76.19 0.05 12.54 0.01 0.45 0.58 0.14 0.08 0.05 0.09 98.37 14

0.51 0.03 0.78 1.41 0.03 0.75 0.01 0.25 0.20 0.10 0.04 0.03 0.13 2.04
Escara A 3.93 0.05 4.66 73.52 0.12 13.71 0.01 0.45 0.14 0.07 0.99 0.21 0.06 97.91 24

0.14 0.05 0.16 0.50 0.01 0.19 0.02 0.03 0.01 0.02 0.04 0.04 0.05 0.59
Escara B 3.73 0.08 4.39 76.45 0.04 12.90 0.01 0.33 0.07 0.10 0.51 0.09 0.02 98.73 21

0.15 0.07 0.12 0.35 0.01 0.09 0.01 0.01 0.01 0.02 0.03 0.03 0.03 0.47
Escara C 3.47 0.08 4.43 75.77 0.04 12.62 0.01 0.33 0.06 0.09 0.52 0.09 0.02 97.53 19

0.16 0.06 0.13 0.81 0.01 0.45 0.01 0.03 0.01 0.01 0.03 0.03 0.03 1.04
Escara D 3.07 0.06 4.56 75.14 0.04 12.43 0.00 0.37 0.55 0.10 0.09 0.07 0.02 96.51 19

0.25 0.06 0.29 0.84 0.01 0.21 0.01 0.02 0.03 0.02 0.02 0.01 0.04 1.16
Escara E (Zone I) 3.39 0.02 4.73 74.84 0.11 13.57 0.01 0.60 0.11 0.06 0.85 0.16 0.10 98.55 14

0.21 0.03 0.15 0.86 0.02 0.43 0.02 0.09 0.01 0.02 0.09 0.04 0.09 1.05
Escara E (Zone II) 3.24 0.05 4.59 76.20 0.04 12.54 0.01 0.39 0.57 0.10 0.08 0.07 0.02 97.91 22

0.20 0.04 0.39 0.76 0.01 0.15 0.01 0.02 0.04 0.04 0.01 0.02 0.04 0.88
Escara E (Zone III) 3.42 0.03 4.51 75.20 0.05 12.45 0.01 0.42 0.09 0.06 0.60 0.11 0.01 96.96 19

0.19 0.04 0.13 0.92 0.02 0.48 0.01 0.16 0.02 0.02 0.09 0.05 0.02 0.71
C-17 A 3.42 0.07 5.38 71.30 0.20 14.40 0.02 0.73 1.44 0.32 0.19 0.06 0.04 97.58 24

0.24 0.05 0.18 0.98 0.05 0.38 0.02 0.11 0.12 0.04 0.01 0.01 0.05 0.58
C-17 B 2.46 0.06 5.08 73.51 0.12 13.37 0.01 0.76 0.10 0.04 0.72 0.11 0.04 96.38 22

0.33 0.06 0.47 0.86 0.01 0.34 0.01 0.13 0.02 0.02 0.06 0.02 0.04 0.89
C-17 C 3.58 0.08 5.38 71.67 0.13 13.89 0.02 0.61 0.18 0.05 1.18 0.28 0.01 97.05 22

0.19 0.06 0.20 0.45 0.01 0.19 0.02 0.03 0.01 0.02 0.07 0.04 0.03 0.64
C-17 D 2.68 0.09 4.90 73.97 0.10 13.50 0.01 0.79 0.10 0.04 0.64 0.11 0.05 96.99 12

0.10 0.07 0.19 0.99 0.01 0.20 0.01 0.02 0.01 0.02 0.05 0.02 0.04 1.02
Blanco Encalado 3.79 0.03 4.64 72.85 0.12 13.98 0.02 0.47 0.13 0.07 0.96 0.21 0.08 97.35 22

0.46 0.05 0.20 0.36 0.01 0.10 0.02 0.02 0.01 0.02 0.03 0.04 0.07 0.52
El Hotel-5 2.42 0.03 5.02 74.19 0.13 12.41 0.00 0.96 1.02 0.14 0.09 0.03 0.03 96.47 19

0.06 0.05 0.05 0.45 0.01 0.11 0.01 0.03 0.06 0.03 0.01 0.02 0.04 0.54
Purila-2 2.73 0.03 4.82 74.81 0.07 12.73 0.01 0.73 0.59 0.10 0.06 0.04 0.04 96.76 19

0.07 0.04 0.12 0.64 0.01 0.15 0.01 0.10 0.05 0.04 0.01 0.02 0.05 0.79
AD04-2 3.25 0.06 3.52 69.71 0.65 14.67 0.01 2.33 2.45 0.57 0.11 0.06 0.04 97.44 23

0.27 0.05 0.25 1.27 0.11 0.50 0.02 0.31 0.33 0.08 0.19 0.03 0.05 1.20
AD04-32 3.41 0.06 4.20 74.48 0.04 12.71 0.01 0.34 0.08 0.07 0.57 0.10 0.03 96.11 20

0.32 0.07 0.25 0.57 0.01 0.18 0.01 0.08 0.02 0.03 0.07 0.03 0.04 0.82
AD04-44 2.82 0.06 4.35 75.99 0.15 12.37 0.02 0.62 0.91 0.35 0.05 0.03 0.05 97.75 15

0.72 0.06 0.89 2.22 0.28 1.22 0.02 0.49 0.37 0.09 0.04 0.02 0.07 0.94
SP4-2 2.54 0.04 4.45 74.88 0.14 12.47 0.01 1.13 0.93 0.14 0.09 0.05 0.06 96.93 16

0.14 0.05 0.19 0.38 0.02 0.12 0.01 0.12 0.11 0.04 0.01 0.02 0.05 0.55
202B 3.33 0.03 4.28 77.92 0.12 12.82 0.01 0.75 0.07 0.03 0.70 0.14 0.11 100.32 16

0.27 0.04 0.14 1.11 0.04 0.63 0.02 0.21 0.01 0.02 0.07 0.06 0.08 1.01
AD-1 2.56 0.05 4.55 74.94 0.15 12.55 0.01 0.95 0.09 0.03 0.86 0.16 0.09 96.99 13

0.12 0.07 1.11 0.65 0.02 0.15 0.01 0.06 0.01 0.02 0.06 0.04 0.04 0.97
Q. Mantos Blancos 3.10 0.06 4.78 73.88 0.06 12.98 0.00 0.87 0.13 0.03 0.59 0.09 0.01 96.59 17

0.12 0.06 0.14 0.50 0.01 0.17 0.01 0.03 0.01 0.02 0.06 0.03 0.03 0.66
El Buitre 3.21 0.02 4.40 74.84 0.12 12.80 0.01 0.84 0.13 0.15 0.76 0.03 0.08 97.39 11

0.10 0.05 0.15 0.70 0.01 0.18 0.01 0.02 0.01 0.05 0.04 0.01 0.08 0.91
Q. Mates 2.97 0.04 4.72 74.95 0.08 12.78 0.01 0.98 0.09 0.03 0.63 0.09 0.08 97.44 15

0.10 0.05 0.17 0.34 0.02 0.11 0.01 0.08 0.01 0.02 0.05 0.03 0.07 0.57
*average does not include U-22-1
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Table 4:Bulk separate 40Ar/39Ar analytical data for Escara B tuff

ID Power
40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca

40Ar 39Ar Age ±1s

(Watts) (x10-3) (x10-3 mol) (%) (%) (Ma) (Ma)
A 4 163.8 0.0863 528.2 3.223 5.9 4.7 1.0 1.69 0.15
B 6 15.69 0.0747 23.17 7.790 6.8 56.4 3.5 1.93 0.01
C 8 13.62 0.0634 16.26 22.928 8.0 64.8 10.7 1.92 0.00
D 10 12.18 0.0415 11.50 38.993 12.3 72.1 23.0 1.92 0.00
E 12 13.52 0.0277 15.88 50.768 18.4 65.3 39.1 1.93 0.00
F 16 17.84 0.0203 30.50 75.570 25.1 49.5 63.0 1.93 0.01
G 20 33.00 0.0199 82.49 56.530 25.7 26.1 80.8 1.88 0.01
H 25 56.58 0.0181 161.8 38.961 28.2 15.5 93.1 1.91 0.02
I 30 82.93 0.0182 251.5 21.760 28.1 10.4 100.0 1.88 0.04

Integrated age1 1.91 0.04 (2s)

Plateau age2 1.92 0.04 (2s)
1Integrated age is calculated by recombining isotopic measurement of all steps, error is calculated by recombining errors of all measurments for all steps.
2Plateau age is inverse-variance-weighted mean; all steps are used; error is inverse-variance-weighted mean error (Taylor, 1982) times root MSWD; MSWD=2.38.
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Table 5:Single crystal 40Ar/39Ar analytical data for Escara B and F (Zone II)
ID

40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca
40Ar Age ±1s

(x10-3) (x10-3 mol) (%) (Ma) (Ma)
Escara B

2 9.050 0.0200 3.810 2.133 25.5 87.5 1.72 0.03
5 8.719 -0.0490 2.570 0.632 91.2 1.73 0.04
4 9.377 -0.0390 3.340 0.835 89.4 1.82 0.03
1 13.41 0.0373 16.82 1.270 13.7 62.9 1.83 0.03
3 8.961 -0.0178 1.540 1.619 94.9 1.84 0.03

mean age1 MSWD=5.91 1.8 0.05 (2s)

Escara E
4 8.661 0.0130 1.320 0.806 39.2 95.5 1.81 0.03
8 8.542 0.0070 0.5300 0.720 72.9 98.2 1.83 0.03
10 8.714 0.0104 0.8200 0.889 49.1 97.2 1.85 0.03
9 8.738 0.0470 0.8800 0.442 10.9 97.1 1.85 0.05
5 8.623 -0.0010 0.1900 0.857 99.3 1.87 0.03
3 8.537 -0.0320 -0.2700 0.702 100.9 1.88 0.03
2 8.504 -0.0400 -0.6400 0.690 102.2 1.90 0.03
7 8.908 -0.0220 -0.5200 0.772 101.7 1.98 0.03
6* 41.27 0.0020 2.500 0.877 255.1 98.2 8.83 0.05

mean age1 MSWD=3.02 1.87 0.05 (2s)
*excluded from mean age calculations. 
1mean age is weighted mean age of Taylor (1982); error is weighted error of the mean, multiplied by the root of the MSWD;
error also incorporates uncertainty in J factors and irradiation correction uncertainties.
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Placzek et al. Fig.6
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Figure captions

Figure 1.  The central Andes.  Geographic features discussed in the text are shown.

Recent/potentially active volcanic centers (as identified by deSilva and Francis (1991))

are represented by triangles.  The approximate extent (after Lindsay et al., 2001) of the

Altiplano-Puna Volcanic complex is outlined in gray.

Figure 2.  Map of the Poopo/Coipasa/Uyuni hydrographic basin and location of sample

sites.  Most sample localities are represented by circles; Sajsi tuff localities are triangles

and Holocene B tuff localities are squares. Modern lakes are in gray and salars are dotted.

Figure 3. The stratigraphy exposed at Escara in the northern Coipasa Basin (Fig. 2).

Figure 4. Age spectrum for the bulk separate of Escara B.

Figure 5. Age probability distribution diagram for single-crystal analyses of a) Escara B,

and b) Escara E, Zone III.

Figure 6. The stratigraphy exposed at Chita, the Chita Tuff type locality, in the eastern

Uyuni Basin (Fig. 2). Symbols legend is as in Figure 3.  Approximate lake elevation at

the time of sediment deposition is shown.
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Figure 7. FeO and TiO2 for Holocene tuffs.  Sajsi tuffs are squares, Holocene B tuffs are

triangles, and Holocene C tuffs are circles.

Footnotes

1 For young samples, the calculated apparent age can be sensitive to the composition of

trapped argon, so isochron analyses are performed. Evaluation of this sample with the

inverse isochron technique yields a well-behaved isochron with an atmospheric 40Ar/36Ar

intercept of 294.5±0.4 and an isochron age of 1.92±0.02 myr (MSWD=1.9).
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Table 1: Stable isotope data from Altiplano waters
River location (°S,°W) d180 ‰ (VSMOW) d2H ‰ (VSMOW) d- ‰ f

Río Jacha Jahuira 16o48'S;68o55'W -4.0 -65.5 -33.5 0.89
Río Desaguadero 1 18o13'S;67o09'W 6.4 -30.5 -81.7 0.76
Río Desaguadero 2 18o01'S;67o09'W 0.5 -47.0 -51.0 0.84
Río Desaguadero 3 18o02'S;67o09'W -0.2 -49.1 -47.5 0.85

Río Lauca 18o49'S;68o09'W -8.8 -91.1 -20.7 0.92
Rio Barras 18o20'S;67o35'W -9.4 -94.8 -19.6 0.94

seep 19o19'S;68o22'W -8.5 -92.0 -24.0 0.93
unnamed river 19o39'S;67o53'W -5.4 -78.6 -35.4 0.90
Río Quillacas 19o15'S;67o01'W 3.0 -48.8 -72.8 0.80

Río Sajsi 19o50'S;67o09'W -111.5
Empexa spring 20o32'S;68o26'W -10.2 -90.3 -8.7 0.95
Río Kolcha "K" 20o44'S;67o40'W -7.6 -86.1 -25.3 0.91
Río Puca Mayu 20o34'S;66o53'W 0.2 -18.0 -19.6
Río Grande(a) 20o57'S;67o02'W -1.4 -53.1 -41.9 0.87
Río Grande(b) 20o57'S;67o02'W -4.1 -63.5 -30.7 0.90
Spring in Uyuni 20o18'S;67o22'W -3.3 -36.0 -9.6

Sajsi well 19o50'S;67o27'W -11.5 -102.7 -10.7 0.96
Pazña hot springs 18o35'S;66o56'W -8.7 -89.6 -20.1 0.93

spring 19o19'S;68o22'W -8.9 -96.7 -25.5 0.92
Salar de Uyuni water 20o07'S;68o14'W 4.1 -4.0 -36.8

Coipasa water 19o32'S;67o55'W 2.0 -30.0 -46.0
Poopo water 18o30'S;67o15'W 22.5 36.4 -143.6

Laguna Blanca 22°47'S;67°49'W 9.4 18.0 -57.2
Laguna Colorado 22°S10';67°48'W -12.6 -95.2 5.6
Laguna Challviri 22°31'S;67°39'W -6.1 -69.2 -20.4
Laguna Hediona 21°34'S;68°02'W 6.7
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Table 2: Stable isotope data from Altiplano carbonates
AAnumber (Lab ID) location (°S,°W) d180 ‰  d13C ‰ sample

14C age elevation

(VSMOW) (PDB) material (14C years) (m)

Coipasa Lake Cycle
54451 (U-9-6) 20°S36';67°W35' 1.1 2.9 tufa 9,913±83 3,703
60473 (U-9-6duplicate) 20°S36';67°W35' 0.1 2.3 tufa 9,987±60 3,703
(U-9-6) 20°S36';67°W35' -1.2 3.3 tufa 3,703
54464 (U-27a-6) 20°S09';67°W49' 1.6 3.6 tufa 9,938±56 3,657
60468 (S-6-3) 19°S50';67°W09' -1.2 0.9 tufa 10,036±55 3,660
58658 (U-31-4) 20°S14';67°W38' 2.1 2.7 tufa 10,623±55 3,655
54447 (U-10) 20°S49';67°W09' 1.8 3.4 tufa 11,031±62 3,662
(U-10) 20°S49';67°W09' -0.3 3.3 tufa 3,662
49061 (B-17)* 19°S51';67°W33' 0.0 2.2 tufa 11,088±54 3,695
(B-17) 19°S51';67°W33' 0.3 3.0 tufa 3,695
(S-8-2) 19°S50';67°W14' -0.5 3.1 tufa 3,660
(S-10-3) 19°S50';67°W14' 0.0 2.8 tufa 3,660
(U-23a-3) 20°S57';67°W02' 0.5 4.2 tufa 3,655
(U-23a-4) 20°S57';67°W02' 0.1 3.3 tufa 3,655
(U-27a-6) 20°S09';67°W49' 0.3 3.0 tufa 3,659
58656 (U-31-3) 20°S14';67°W38' 1.7 2.3 tufa 11,582±65 3,655
(U-31-3) 20°S14';67°W38' 0.4 3.0 tufa 3,655
(U-31-4) 20°S14';67°W38' 1.4 2.8 tufa 3,655
Tauca Lake Cycle
54431 (P-11-2) 18°S20';67°W34' -2.1 2.2 Littoridina 11,312±61 3,725
49060 (B-14) 19°S51;67°W33' -0.1 4.1 tufa 11,944±61 3,735
(B-14) 19°S51;67°W33' -0.7 4.4 tufa 3,735
60472 (C-3-10) 18°S47';68°W11' -0.8 2.5 Littoridina 12,088±81 3,712
58654 (S-20-1) 19°S50';67°W14' -2.8 2.7 cemented gravel 12,140±220 3,666
49070 (P-25) 18°S34';66°W56' -3.2 -0.5 Littoridina 12,147±67 3,719
54425 (C-22-1) 19°S20';67°W11' -0.1 2.2 Littoridina 12,190±67 3,705
54411 (C-24-1) 19°S32';66°W02' -1.7 2.7 Littoridina 12,266±66 3,659
49078 (P-3-9) 19°S22';67°W12' -2.2 1.6 Littoridina 12,292±62 3,738
49059 (B-12) 19°S51;67°W33' 0.1 3.9 tufa 12,321±61 3,740
(B-12) 19°S51;67°W33' -0.1 4.6 tufa 3,740
49066 (P-24) 18°S35';66°W56' -1.6 0.9 Littoridina 12,328±59 3,717
49065 (P-3-2) 19°S21';67°W13' 1.6 3.5 Littoridina 12,446±60 3,710
49079 (U-8-1) 20°S51';68°W00' -0.6 3.3 Littoridina 12,193±58 3,761
49072 (U-2-1) 19°S51';67°W33' -3.3 1.2 Littoridina 12,311±59 3,763
49071 (P-4-4) 19°S22';67°W13' -1.3 0.5 Littoridina 12,397±63 3,745
54434 (C-2-3) 19°S39';68°W06' -0.6 1.1 Littoridina 12,448±85 3,770
49067 (U-5u) 20°S07';68°W14' -1.2 0.9 Littoridina 12,596±60 3,772
49069 (Chita-9) 20°S06'66°W58' -2.8 2.2 Littoridina 12,598±60 3,715
54419 (S-19-2) 19°S50';67°W14' 1.3 1.4 Littoridina 12,482±68 3,665
54433 (P-7-6) 18°S01';67°W02' -1.4 1.6 Littoridina 12,484±66 3,720
54417 (S-2-3) 19°S50';67°W14' 2.0 3.4 Littoridina 12,574±77 3,661
54441 (P-3-1) 19°S21';67°W13' -2.1 4.2 carbonate sediments 12,625±68 3,710
49063 (Chita-4) 20°S05';66°W58' 0.2 1.5 Littoridina 12,684±68 3,725
49064 (Chita-10) 20°S06';66°W58' 2.2 4.1 Littoridina 12,685±60 3,715
49068 (U-12-2) 20°06';66°W57' -0.1 4.1 Littoridina 12,733±72 3,713
49081 (U-13-2) 19°S46';67°W09' 0.1 0.7 Littoridina 12,760±62 3,727
54416 (C-21-2B) 19°S20';67°W11' -0.4 3.6 Littoridina 12,770±100 3,705
54412 (S-19-0) 19°S50';67°W14' 0.8 1.4 Littoridina 12,774±99 3,665
49076 (P-4-1) 19°S22';67°W14' -0.9 1.8 Littoridina 12,820±65 3,738
54420 (RG2-2) 20°S47';67°W06' 1.2 0.0 Littoridina 12,846±70 3,667
58653 (S-14-2) 19°S50';67°W14' -0.6 -0.2 Littoridina 12,917±67 3,666
54463 (U-27a-5) 20°S09';67°W49' 1.6 3.9 tufa 12,925±93 3,657
54446 (U-7-1) 20°S43';67°W59' -0.4 4.5 tufa 12,942±70 3,770
54422 (P-8-1) 18°S00';67°W03' -3.1 4.0 Littoridina 13,168±74 3,725
58652 (S-7-1) 19°S50';67°W14' 0.0 -0.8 Littoridina 13,176±66 3,658
54432 (Chita ash) 20°S05';66°W58' 0.9 1.4 Littoridina 13,199±84 3,725
49080 (U-8-4) 20°S51';68°W00' 0.2 1.5 Littoridina 13,329±68 3,763
54418 (Chig1-1) 21°S02';68°W15' 1.0 3.0 Littoridina 13,494±73 3,760
54442 (C-2-2) 19°S39';68°W06' -2.0 4.8 carbonate sediments 13,529±72 3,770
49062 (Chita-2) 20°S05';66°W58' -0.8 0.9 Characeae 13,577±66 3,723
54427 (P-7-7) 18°S01';67°W02' -4.4 1.7 Littoridina 13,660±100 3,720
54438 (P-12-1) 18°S19';67°W34' -1.0 1.6 Littoridina 13,661±73 3,750
54444 (U-4-1) 20°S06;68°W13' 3.4 5.4 tufa 14,231±76 3,700
54448 (U-29-1) 20°S07';67°W02' 1.3 4.5 ooids 14,350±110 3,670
60471 (U-27a-3) 20°S09';67°W49' 0.4 3.4 tufa 14,375±73 3,659
58660 (S-17-5) 19°S50';67°W14' -1.2 4.9 tufa 14,684±73 3,665
60470 (S-17-6) 19°S50';67°W14' -0.5 4.2 tufa 14,767±73 3,666
54460 (U-27a-2) 20°S09';67°W49' 0.7 6.1 tufa 14,941±80 3,657
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60469 (S-6-1) 19°S50';67°W14' -1.5 1.4 tufa 15,044±88 3,659
58649  (S-3-1) 19°S50';67°W14' 0.6 2.8 tufa 18,800±1,100 3,662
(B-8) 19°S51';67°W33' -1.1 4.4 tufa 3,770
(CL-2) 20°S30';68°W20' 0.2 4.3 tufa 3,770
(RG2-1) 20°S47';67°W06' -1.1 4.3 tufa 3,662
(RG2-3) 20°S47';67°W06' 0.6 3.6 tufa 3,662
(U-5-1) 20°S06';68°W13' -1.6 4.0 tufa 3,770
(U-5-1b) 20°S06';68°W13' -2.0 4.1 tufa 3,770
(U-5-2) 20°S06';68°W13' -1.9 4.1 tufa 3,770
(U-5-2b) 20°S06';68°W13' -2.4 3.9 tufa 3,770
(U-9-1) 20°S36';67°W35' -2.4 6.1 tufa 3,767
(U-9-2) 20°S36';67°W35' -0.5 4.7 tufa 3,767
(U-9-2b) 20°S36';67°W35' -0.9 4.6 tufa 3,767
(U-9-3) 20°S36';67°W35' -1.8 4.5 tufa 3,767
(U-9-4) 20°S36';67°W35' -1.4 4.3 tufa 3,767
(U-9-5) 20°S36';67°W35' -1.0 4.5 tufa 3,767
(U-23a-1) 20°S57';67°W02' -0.5 4.4 tufa 3,655
(U-23a-2) 20°S57';67°W02' -0.9 4.4 tufa 3,655
(U-31-2) 20°S14';67°W38' -0.5 3.6 tufa 3,655
(C-1-2) 19°S38';68°W07' -2.2 4.7 tufa 3,780
(C-1-3) 19°S38';68°W07' -1.5 5.0 tufa 3,765
(C-1-4) 19°S38';68°W07' -0.8 4.1 tufa 3,717
(C-1-1) 19°S38';68°W07' -2.5 5.3 tufa 3,770
(U-7-1) 20°S43';67°W59' -1.5 4.1 tufa 3,770
(U-11-2) 20°S43';67°W03 -1.9 4.1 tufa 3,770
(P-3-11) 19°S21';67°W13' -2.3 4.4 tufa 3,770
(P-3) 19°S13';67°W27' -2.9 4.7 tufa 3,770

Sajsi Lake Cycle
58657 (S-17-7) 19°S50';67°W14' -1.1 3.1 tufa 17,080±720 3,662
58659 (S-17-4) 19°S50';67°W14' -3.1 3.0 tufa 17,255±93 3,663
54436 (S-17-2) 19°S50';67°W14' -3.5 3.1 ooids 20,090±130 3,661
54437 (S-17-1) 19°S50';67°W14' -3.8 3.3 ooids 20,830±140 3,660
Inca Huasi Lake Cycle
(U-28-1) -0.5 4.1 tufa
(U-27a-1) 20°S09';67°W49' 1.2 4.7 tufa 3,659
Salinas Lake Cycle
(U-22-1) 19°S41';67°W40' -1.3 4.1 tufa 3,655
(U-22-2) 19°S41';67°W40' -0.5 4.8 tufa 3,655
(U-22-3) 19°S41';67°W40' -2.2 4.0 tufa 3,655
(U-22-4) 19°S41';67°W40' -0.5 4.1 tufa 3,655
(U-22-5) 19°S41';67°W40' 0.4 3.3 tufa 3,655
(U-26-1) 20°S48';67°W39' -0.6 4.1 tufa
(U-26-2) 20°S48';67°W39' -0.4 4.4 tufa
(U-26-3) 20°S48';67°W39' -0.2 4.6 tufa
(U-31-1) 20°S14';67°W38' -0.9 4.4 tufa 3,655
Ouki Lake Cycle
54414 (C-19-1) 19°S19';67°W09' -1.6 2.1 Littoridina 3,708
54426 (C-21-1) 19°S20';67°W10' 0.6 2.5 Littoridina 3,705
54424 (C-22-2) 19°S20';67°W10' 0.2 1.7 Littoridina 3,705
54413 (P-7-1) 18°S00';67°W03' -2.0 3.7 Littoridina 3,725
54450 (B-3) 18°S17';67°W32' -1.6 4.1 tufa 3,710
54445 (P-7-2) 18°S00';67°W03' -1.1 4.8 Littoridina 3,725
54435 (P-8-2) 18°S01';67°W02' 0.4 6.0 tufa 3,720
54449 (P-5-3) 18°S43';66°W52' -0.5 5.3 tufa 3,700
(P-5-3) 18°S43';66°W52' -1.2 5.3 tufa 3,700
(P-5-3) 18°S43';66°W52' -0.9 5.3 tufa 3,700
(P-11) 18°S35';66°W56' -2.2 4.1 tufa 3,714
(P-17) 18°S34';66°W56' -3.3 5.0 tufa 3,717
(T-3) 18°S17';67°W32' -1.2 4.0 tufa 3,710
(T-9) 18°S17';67°W32' -1.7 3.6 tufa 3,710
(T-13) 18°S17';67°W32' -2.2 3.7 tufa 3,710
(T-24) 18°S17';67°W32' -2.5 3.2 tufa 3,710
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Table 3: Isotopic composition of lake cycles and estimated composition of surface water
lake cycle  d18O standard  d13C standard  d18O of lake water  d13C of CO2 gas

‰ (PDB) deviation ‰ (PDB) deviation ‰ (VSMOW) ‰ (PDB)
Coipasa 2.9 0.7 0.5 1.0 -1.7 to 1.8 -0.7 
Tauca (Shells) 1.8 1.3 -0.6 1.6 -3.4 to 1.3 -1.8
Tauca(tufas) 4.2 1.0 -0.9 1.3 -0.5 to 3.5 -2.1
Sajsi 3.1 0.1 -2.9 1.2 -0.8 to 1.4 -4.1 to -4.0
Inca Huasi 4.4 0.4 0.4 1.2 0.2 to 3.0 -0.8 to -0.7
Salinas 4.2 0.4 -0.7 0.7 0.0 to 2.9 -1.9 to -1.8
Ouki 4.2 1.2 -1.6 1.0 -0.8 to 3.7 -2.8 to -2.7
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Table 4: Strontium isotopic data from Altiplano waters
River (catchment #)

87Sr/86Sr (±1 SE) Sr ppm (± 1 SE) location (°S,°W) referance

Río Ramis 0.70870±1 0.675 15o15'S;69o52'W Grove et al., 2003
Río Huancané 0.71028±1 0.709 15o13'S;69o48'W Grove et al., 2003
Río Suches 0.71200±.05 0.135 15o37'S;69o08'W Grove et al., 2003

Río Huaycho* 0.70973±1 0.301 15o37'S;69o12'W Grove et al., 2003
Río Coata 0.70718±1 1.051 15o27'S;70o06'W Grove et al., 2003
Río Iipa* 0.70746±1 0.777 15o40'S;70o05'W Grove et al., 2003
Río Ilave 0.70721±1 0.301 16o05'S;69o39'W Grove et al., 2003
Río Keka 0.72196±1 0.029 16o01'S;68o42'W Grove et al., 2003

Río Jacha Jahuira 0.70948±1 0.946 16o48'S;68o55'W Grove et al., 2003
Río Mauri 0.70735±1 0.199 17o17'S;68o38'W Grove et al., 2003
well water 0.70968±1 0.199 17o29'S;68o24'W Grove et al., 2003
well water 0.70907±0.5 0.097 17o29'S;68o04'W Grove et al., 2003

Río Caranguila 0.70976±1 0.769 17o31'S;68o30'W Grove et al., 2003
Río Lauca 0.70715±1 0.684±.005 18o45'S; 68o12'W This study
Río Lauca 0.70779±5 0.233 18o49'S;68o09'W Grove et al., 2003
Río Poopo 0.72412±1 1.113 18o23'S;66o59'W Grove et al., 2003
Rio Barras 0.72412±2 0.380±.003 18o20'S;67o35'W This study

seep 0.70679±2 1.193±.008 19o19'S;68o22'W This study
unnamed river 0.70963±1 13.79±.18 19o39'S;67o53'W This study
Río Sevaruyo 0.71637±2 0.097 19o23'S;66o52'W Grove et al., 2003
Río Quillacas 0.71591±1 .321±.002 19o15'S;67o01'W This study

Río Sajsi 0.70946±1 2.40±.06 19o50'S;67o09'W This study
Río Salado 0.71081±1 2.46 20o03'S;66o55'W Grove et al., 2003

Empexa spring 0.70548±1 1.96±.02 20o32'S;68o26'W This study
Río Kolcha "K" 0.70678±7 1.23±.02 20o44'S;67o40'W This study
Río Puca Mayu 0.71176±2 13.8±.6 20o34'S;66o53'W This study

Río Grande 0.70952±1 2.76±.02 20o57'S;67o02'W This study
Río Grande 0.70971±1 1.63 20o57'S;67o02'W Grove et al., 2003

Salar de Uyuni water 0.70894±1 30.7±.5 20o07'S;68o14'W This study
Uyuni salt 0.70885±.01 2637±.93 20o18'S;67o22'W This study

Spring in the Salar 0.70874±1 4.5±.1 20o18'S;67o22'W This study
Coipasa water 0.70915±1 49.8±1.5 19o32'S;67o55'W This study
 Coipasa salt 0.70827±1 67.8±.7 19o32'S;67o55'W This study

Sajsi well 0.70792±1 10.5±.1 19o50'S;67o27'W This study
Río Desaguadero 1 0.70885±1 1.90±.01 18o13'S;67o09'W This study
Río Desaguadero 2 0.70916±1 1.40±.02 18o01'S;67o09'W This study

spring 0.70620±1 2.58±.02 19o19'S;68o22'W This study
Poopo water 0.70938±1 9.45±.05 18o30'S;67o15'W This study

Pazña hot springs 0.72553±3 2.87±0.5 18o35'S;66o56'W This study
*wet season data
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Table 5: Strontium isotopic data from Altiplano carbonates
sample 87Sr/86Sr Sr ppm sample location (°S,°W)  age

(±1 SE) (± 1SE) material Cal years
Coipasa Lake Cycle
S-8-2 0.70856±1 1978±2 tufa 19o50'S;67o09'W

S-6-3 0.70867±1 tufa 19o50'S;67o09'W 11,410 +530 -170
S-10-3 0.70856±1 tufa 19o50'S;67o09'W

U-31-4 0.70852±1 tufa 20o14'S;67o38'W 12,800 +140 -470
U-31-3 0.70848±2 tufa 20o14'S;67o38'W 13,480 +360 -290
U-23a-3 0.70852±1 tufa 20o57'S;67o02'W

U-23a-4 0.70850±1 tufa 20o57'S;67o02'W

C-14-1 0.70853±1 tufa 19o07'S;67o47'W

U-32-3 0.70854±1 tufa 20o14'S;67o37'W

U-9-6 0.70855±1 1578±0.5 tufa 20o36'S;67o37'W 12,210 ±180
B-17 0.70854±1 1572±1 tufa 19o51'S;67o33'W 12,410±230
U-27b-6 0.70855±1 2050±2 tufa 20o09'S;67o49'W 11,260 +430 -80
U-27b-8 0.70853±1 tufa 20o09'S;67o49'W

U-27a-2 0.70853±1 tufa 20o49'S;67o16'W

U-27a-3ex 0.70857±1 tufa 20o49'S;67o16'W

U-27a-6 0.70851±1 tufa 20o49'S;67o16'W

U-10 0.70850±1 2300±0.5 tufa 20o49'S;67o09'W 13,000 +170 -340
Average 0.70854±4 1990±320
Tauca transgression 
U-29a-1 0.70887±1 1130±1 ooids 20o07'S;67o02'W 17,170 +570 -520
U-27b-2 0.70881±1 1859±2 tufa 20o09'S;67o49'W 17,850 +590 -520
S-17-4 0.70884±2 tufa 19o50'S;67o09'W

S-6-1 0.70887±1 tufa 19o50'S;67o09'W 17,960 +600 -540
Average 0.70885±3
Tauca Lake Cycle 
S-17-5 0.70884±2 tufa 19o50'S;67o09'W 17,550 +560 -500
S-17-6 0.70883±1 tufa 19o50'S;67o09'W 17,640 +570 -510
RG2-1 0.70889±1 shells 20o47'S;67o06'W
CL-2 0.70877±1 tufa 20°30'S;68°20'W
U-23a-2 0.70885±1 tufa 19o41'S;67o39'W

U-31-2 0.70881±1 tufa 20o14'S;67o38'W

U-26-5 0.70882±1 tufa 20o48'S;67o39'W

U-23a-1 0.70885±1 tufa 20o57'S;67o02'W

C-1-1 0.70880±1 1139±0.5 tufa 19o37'S;68o06'W

C-1-2 0.70880±6 1035±0.5 tufa 19o37'S;68o06'W

C-1-3 0.70880±1 1268±0.5 tufa 19o37'S;68o06'W

C-1-4 0.70885±1 1205±0.5 tufa 19o37'S 68o06'W

U-5-1 0.70881±1 1045±0.5 tufa 20o36'S;67o35'W

U-5-2 0.70877±1 1120±0.5 tufa 20o36'S;67o35'W 15,750±650
U-5-3 0.70885±1 995±0.5 tufa 20o36'S;67o35'W

U-9-2 0.70879±1 1161±0.5 tufa 20o36'S;67o37'W 15,880±620
U-7-1 0.70881±1 1215±0.5 tufa 20o43'S;67o59'W 15,650±270
U-7-2 0.70884±1 1363±0.5 tufa 20o43'S;67o59'W

U-11-2 0.70883±1 1060±0.5 tufa 20o49'S;67o08'W

P-3 0.70888±1 890±0.5 tufa 18o34'S; 66o57'W

P-3-11 0.70884±2 883±1 tufa 19o21'S; 67o13'W

B-8 0.70881±1 1154±0.5 tufa 19o51'S;67o33'W 15,090±660
U-27b-3ex 0.70879±1 tufa 20o09'S;67o49'W 14,990±160
U-27b-5 0.70875±3 tufa 20o09'S;67o49'W 15,530 +480 -1080
U-27b-4 0.70881±2 tufa 20o09'S;67o49'W

U-27a-3in 0.70883±1 tufa 20o09'S;67o49'W

P-6-1 0.70880±1 tufa 17o59'S;67o03'W

C-8-1 0.70876±2 tufa 19o19'S;68o22'W
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C-8-2 0.70878±2 tufa 19o19'S;68o22'W

E-2-1 0.70877±1 tufa 20o14'S;68o28'W
Average 0.70882±4 1150±215
Tauca regression 
B-12 0.70878±1 1067±.05 tufa 19o51'S;67o33'W 14,750±270
B-14 0.70880±1 1099±.05 tufa 19o51'S;67o33'W 14,570±320
S-20-1 0.70878±1 cemented gravel 19o50'S;67o09'W 14,110 +1270 -420
Average .70880±1
Sajsi 
S-17-7 0.70883±1 tufa 19o50'S;67o09'W 23,010 +1790 -1750
S-17-3 0.70888±1 tufa 19o50'S;67o09'W 20,510 +690  -660
S-17-1 0.70884±1 688±1 ooids 19o50'S;67o09'W 24,000
S-17-2 0.70876±1 ooids 19o50'S;67o09'W 23,770 +780 -790
Average 0.70883±5
Inca Huasi 
U-28-1 0.70882±1 tufa 19o57'S;68o15'W 45,990±440
U-27a-1 0.70887±1 2191±3 tufa 20o09'S;67o49'W 47,060±660
Average 0.70884±3
Salinas 
U-23b-1b 0.70882±1 tufa 19o41'S;67o39'W

U-23b-2 0.70882±1 tufa 19o41'S;67o39'W

U-22-1 0.70872±1 tufa 19o41'S;67o39'W 89,150±9880
U-22-2 0.70884±1 tufa 19o41'S;67o39'W

U-22-3 0.70887±1 tufa 19o41'S;67o39'W 87,190±5280
U-22-4 0.70888±1 tufa 19o41'S;67o39'W

U-22-5 0.70901±2 tufa 19o41'S;67o39'W

U-26-1 0.70872±1 tufa 20o48'S;67o39'W

U-26-2 0.70885±1 tufa 20o48'S;67o39'W 91,540±2110
U-26-3 0.70883±1 2041±3 tufa 20o48'S;67o39'W 88,870±1090
U-26-4 0.70876±1 tufa 20o48'S;67o39'W

U-31-1 0.70885±1 2637±4 tufa 20o14'S;67o38'W 81,640±1680
Average 0.70883±7 2340±420
Ouki 
T-3 0.70926±1 1958±0.5 tufa 18o17'S;67o32'W 114,750±5450
T-9 0.70943±1 1851±0.5 tufa 18o17'S;67o32'W 120,310±3500
P-11 0.70928±1 1839±1 tufa 18o35'S;66o56'W 103,620±3030
P-17 0.70926±1 1657±0.5 tufa 18o35'S;66o56'W 106,890±1050
P-5-3 0.70929±1 1874±1 tufa 18o43'S;66o52'W 102,900±860
T-13 0.70944±1 1888±1 tufa 18o17'S;67o32'W 121,270±6500
P-7-2 0.70928±1 2184±3 tufa 18o00'S;67o03'W

C-19-1 0.70944±3 shells 19o19'S;67o09'W

C-22-1 0.70918±1 shells 19o20'S;67o11'W

C-21-1 0.70932±1 1368±4 shells 19o20'S;67o11'W

Average 0.70931±9 1830±240 1

 1Average concentration values only include data from tufas.
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Table 6: Uranium isotopic data from Altiplano carbonates
lake cycle

234U/238Uinitial Standard deviation n

Coipasa 1.80 0.06 7
Tauca 1.60 0.31 19
Inca Huasi 1.58 0.02 3
Salinas 1.67 0.02 6
Ouki 1.60 0.04 19
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Table 7: Strontium model inputs
Catchment # river

87Sr/86Sr f C L fractional area
1 Río Ramis 0.70870 1 0.67 15.0 0.0222
2 Río Huancané 0.71028 1 0.71 15.0 0.0223
3a Río Suches 0.71200 1 0.13 15.0 0.0124
3b Río Suches 0.71200 1 0.13 15.75 0.0053
4 Río Huaycho 0.70973 1 0.30 15.5 0.0053
5 Río Coata 0.70718 1 1.05 15.5 0.0082
6 Río Iipa 0.70746 1 0.78 15.8 0.0067
7a Río Ilave 0.70721 1 0.30 16.25 0.0449
7b Río Ilave 0.70721 1 0.30 16.75 0.0310
8 Río Keka 0.72196 1 0.03 16.0 0.0089
9 Río Keka values 0.72196 1 0.03 16.5 0.0247
10 Río Iipa values 0.70721 1 0.03 16.5 0.0044
11 Río Jacha Jahuira 0.70948 1 0.95 17.0 0.0335
12 Río Jacha Jahuira values 0.70948 1 0.20 17.0 0.0206
13a Río Mauri 0.70735 1 0.20 17.25 0.0311
13b Río Mauri 0.70735 1 0.20 17.75 0.0326
14a well water 0.70968 1 0.20 17.5 0.0470
14b well water 0.70968 1 0.20 18.25 0.0389
15a excluded 17.25 0.0158
15b excluded 17.8 0.0389
16 Río Caranguila 0.70976 1 0.77 17.75 0.0389
17a Río Lauca 0.70715 1 0.68 18.25 0.0016
17b Río Lauca 0.70715 1 0.68 18.75 0.0533
18 Río Poopo 0.72412 1 1.11 18.75 0.0448
19 Rio Barras 0.71264 1 0.38 19.0 0.0291
20 seep 0.70679 1 1.19 19.5 0.0467
21 unnamed river 0.70963 1 1.50 19.75 0.0393
22 Río Sevaruyo 0.71637 1 0.10 19.25 0.0167
23 Río Quillacas 0.71591 0.8 0.32 19.5 0.0074
24 Río Sajsi 0.70946 0.8 2.40 19.75 0.0201
25a Empexa spring 0.70548 1 1.28 20.1 0.0192
25b Empexa spring 0.70548 1 1.28 20.75 0.0165
26a Río Puca Mayu 0.71176 1 2.58 20.25 0.0284
26b Río Puca Mayu 0.71176 1 2.58 21.0 0.0268
27a Río Grande 0.70592 0.88 2.46 21.0 0.0721
27b Río Grande 0.70592 0.88 2.46 21.75 0.0889
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Table 8: Strontium model values and catchment rock type
Catchment # 

87Sr/86Sr Rock type
1 0.70870 Pliocene through Quaternary volcanics with minor Jurassic thorugh Tertiary sediments
2 0.71028 Cretaceous through Devonian sediments
3a 0.71200 Cretaceous through Devonian sediments
3b 0.71200 Cretaceous through Devonian sediments
4 0.70973 Cretaceous through Devonian sediments
5 0.70718 Pliocene through Quaternary volcanics with minor Jurassic thorugh Tertiary sediments
6 0.70746 Pliocene through Quaternary volcanics with minor Jurassic thorugh Tertiary sediments
7a 0.70721 Pliocene through Quaternary volcanics with minor Jurassic thorugh Tertiary sediments
7b 0.70721 Pliocene through Quaternary volcanics with minor Jurassic thorugh Tertiary sediments
8 0.72196 Devonian sediments and Neogene plutons and sediments 
9 0.72196 Devonian plutons and Neogene sediments
10 0.70721 Neogene plutons and sediments
11 0.70948 Paleogene to Neogene sediments with minor Proterozoic crystaline rock
12 0.70948 Paleogene to Neogene sediments and volcanics
13a 0.70735 Neogene volcanics and plutons
13b 0.70735 Neogene volcanics and plutons
14a 0.70968 Paleogene to Neogene sediments
14b 0.70968 Paleogene to Neogene sediments
15a Silurian sediments and Neogene tuffs
15b Silurian sediments and Neogene tuffs
16 0.70976 Silurian sediments and Neogene tuffs
17a 0.70715 Neogene through Quaternary volcanics and tuffs
17b 0.70715 Neogene through Quaternary volcanics and tuffs
18 0.72412 Neogene through Quaternary volcanics and tuffs
19 0.71264 Silurian sediments and Neogene tuffs
20 0.70679 Paleogene to Neogene sediments and Cretacous sediments
21 0.70963 Neogene through Quaternary volcanics and tuffs
22 0.71637 Neogene tuffs and Cretacous volcanics
23 0.71591 Neogene tuff
24 0.70946 Neogene tuff and Cretacous sediments
25a 0.70548 Cretacous sediments; Paleogene through Neogene sediments, plutonics and volcanics
25b 0.70548 Neogene tuffs, volcanics, and sediments
26a 0.71176 Silurian sediments; Paleogene to Neogene sediments and tuffs
26b 0.71176 Silurian sediments; Paleogene to Neogene sediments and tuffs
27a 0.70592 Neogene tuffs and volcanics; Paleogene to Neogene sediments, with minor Ordivician and Silurian sediments
27b 0.70592 Neogene tuffs and volcanics; Paleogene to Neogene sediments, with minor Ordivician and Silurian sediments
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Table 9: Strontium model results
lake cycle mm/yr at 14°S m

modern preciptiation 710 -77
Coipasa 1000 -1.5
Tauca 1000 -80
Ouki 1000 -120
Coipasa 1500 -2.0
Tauca 1500 -120
Ouki 1500 -180
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Placzek et al. Fig. 2
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Placzek et al. Fig. 3

234



Placzek et al. Fig. 4
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Placzek et al. Fig. 5
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Placzek et al. Fig. 6
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Placzek et al. Fig. 7
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Placzek et al. Fig. 8
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Placzek et al. Fig. 9
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Placzek et al. Fig. 10a
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Placzek et al. Fig. 10b
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Placzek et al. Fig. 10c
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Placzek et al. Fig. 11
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Placzek et al. Fig. 12
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Placzek et al. Fig. 13
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Placzek et al. Fig. 14
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Figure captions

Figure 1.  Map of the Titicaca/Poopo/Coipasa/Uyuni hydrographic basin.   Modern lakes

are in gray and salars are dotted.  The dashed line represents the approximate maximum

extent of paleo-Lake Tauca at ~3780 m

Figure 2.  Modern precipitation data for the Bolivian Altiplano.  Data are from stations

located at ~68oS; this data set is described in Vuille et al. (2000a) and Vuille et al.

(2000b).  Notice the pronounce N-S precipitation gradient.

Figure 3.  Stable isotope values for modern waters on the Southern Bolivian Altiplano.

River waters and seeps are represented by circles; squares are lakes, and a triangle

denotes a spring from the center of Salar de Uyuni.  The bold line is the global meteoric

water line of Rozanski et al. (1993).  A line defined as y=4.1849x-53.125 is a good

(r2=.96) fit for surface waters represented by circles.  Lakes are not corrected for

evaporation, but have clearly undergone variable degrees of evaporative enrichment.  The

fraction of initial precipitation remaining in modern surface waters (f; Table 1) is

computed from the equation o= *lnf. An enrichment factor ( ) of 10 is used here and

approximates enrichment at 10°C.  For each surface water, o is estimated by rotation of

the line y=4.1849x-53.125 to the meteoric water line.

Figure 4. The stable isotope values for paleolake carbonates and shells on the Bolivian

Altiplano.
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Figure 5.  Average stable isotope values for paleolake carbonates and shells on the

Bolivian Altiplano.  Error bars are the standard deviation

Figure 6. Stable isotope values of dated carbonates.  Gray line is the proposed lake curve

of Placzek et al. (2006).  Isotopic ratios show little relationship to lake age (or sample

elevation; not shown).  For the Tauca lake cycle, however, a weak relationship between

decreasing 13C values and time since lake transgression is proposed. Uncertainty in 14C

calibration over this time range is 500-1600 years. Sajsi and Tauca carbonates are

represented by circles; Coipasa lake cycle tufas are triangles.

Figure 7.  a) 13C and b) 18O ratios of carbonates associated with the Tauca highstand.

An approximately 3.5‰ relative enrichment in 18O is observed in the southern portion

of the basin; variability in 18O at any site is, however, ~2 ‰.  No relationship between

13C values and latitude is apparent.

Figure 8.  Calculated 13
C (VPDB) of CO2 gas precipitated in equilibrium with the

average values of calcite for each lake cycle.  Over the possible temperature range for the

Altiplano lake cycles, the slope of these lines is very slightly positive.  The d13C (VPDB)

of CO2 gas in the atmosphere during the time of lake formation likely varied between

~6.5 and 7.5 ‰ (VPDB) (Leuenberger et al., 1992); this range is indicated by the gray

bar.  Dissolved inorganic carbon likely accounts for 
13

C values above this range.
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Figure 9. 87Sr/86Sr ratios for carbonates associated with the Lake Tauca highstand.  The

agreement between ratios throughout the basin argues that the lake was well mixed with

respect to strontium.  The thick gray line represents the approximate maximum extent of

paleo-Lake Tauca at ~3780 m.

Figure 10. a) 87Sr/86Sr ratios of dated carbonates. b) 87Sr/86Sr ratios of carbonates

attributed to the various lake cycles.  c) strontium concentration data.

Figure 11.  The stratigraphy exposed in the Karakota wash.

Figure 12.  a) catchments of the Bolivian Altiplano; numbers correspond to Table 2. b)

87Sr/86Sr ratios assigned to catchments on the Bolivian Altiplano.

Figure 13.  Strontium and uranium isotopic data for paleolake carbonates.

Groundwater inputs into Altiplano paleolakes are a major influence on the

87Sr/86Sr ratio of paleolake carbonates, and the initial 234U/238U ratio of lake carbonates

provides additional constraints on groundwater inputs to Altiplano lake cycles.  In

general, the lake cycles with the highest 234U/238U ratios have the lowest 87Sr/86Sr ratios

(Fig. 7).  The Salinas and Coipasa lake cycles have the highest 234U/238U and lowest

87Sr/86Sr ratios, suggestive of high groundwater input.  These two lake cycles occurred

immediately after deep lake cycles, when regional aquifers were likely full at the onset of
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these lake cycles.  Conversely, the minor Inca Huasi lake cycle has the lowest 234U/238U,

and was minor and more than 30 ka elapsed between the Inca Huasi and a preceding lake

cycle.

Figure 14.  Results of strontium hydrologic budget models.  Lake Tauca results are in

black; Lake Ouki results are in gray.

The Titicaca/Poopo/Coipasa/Uyuni drainage basin consists of roughly 27 major

river catchments (Fig. 5), each with 87Sr/86Sr ratios and concentrations reflecting their

geology (Table 2).  The 87Sr/86Sr ratios of modern waters on the Bolivian Altiplano ranges

from 0.70548 to 0.72553.  In general, the sediments of the Cordillera Oriental, located in

the eastern portion of the Altiplano drainage basin, are older than those of the Cordillera

Occidental.  Drainage basin originating on the eastern side of the basins drain Cretacous-

Devonian continental rocks.  Whereas, young volcanic rocks are more prevalent on the

western side of the basins, resulting in higher 87Sr/86Sr ratios in waters originating in the

eastern portions of the Altiplano (Table 2; Fig. 5).

In the absence of discharge data, Strontium budget models can be constructed

using the area of a river’s catchment.  Such models are ideal for paleolakes, where the

discharge of paleorivers must be assumed.  The principal assumption of this type of

model is that a river’s discharge is proportional to the area of that river’s catchment.  For

our model, we divided the Titicaca/Poopo/Coipasa/Uyuni drainage basin into 27 major

catchments (Fig. 3).  Each of the 27 catchments was assigned an 87Sr/86Sr ratio (Table 2);

for 23 of these catchments, the 87Sr/86Sr ratios of local waters are known.  For four
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catchments, an 87Sr/86Sr ratio was inferred based on catchment geology.  Modern rivers

have Sr concentrations ranging from .03 to 13.8 ppm, and the higher concentrations are in

the dry southern portion of the Altiplano (Table 2).  This order of magnitude difference in

Sr concentration reflects not only differences in catchment geology, but is also influenced

by the relative aridity of modern watersheds.  Since the entire region must have been less

arid during regional paleolake expansion, we have assigned each catchment a Sr

concentration weighting factor that mutes the concentration differences observed in

modern watersheds (Table 2).  Each catchment is also assigned a latitude, used to

calculate the model precipitation gradient.  Large catchments are divided into two

sections.  We ignore possible east-west precipitation gradients in this model, and solve

for the precipitation gradient of paleolakes using the following equations:

87Sr/86Sr carbonate=  (FSr)(1-27)

Where,

FSr =(fractional area*precipitation*C*87Sr/86Sr) /( FSr) (1-27)

And, precipitation= (m*L)-(14*m)+b

Where, C is the Sr concentration of strontium (C is adjusted by f for several catchments,

see Table 1), L is the latitude of the catchment, m is the north-south precipitation

gradient, and b is the assumed precipitation at 14°S.
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