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ABSTRACT: Drill cores of sediments from the Rio Desaguadero valley, Bolivia, provide new infor-
mation about the climate of tropical South America over the past 50 000 years. The modern Rio
Desaguadero is fed by Lake Titicaca overflow (and by local tributaries) in the wetter northern
Altiplano and discharges into Lake Poopo in the more arid central Altiplano. During the late Quatern-
ary the Rio Desaguadero valley was the site of several generations of palaeolakes and wetlands that
formed during periods of increased precipitation and local runoff, augmented by increased overflow
from Lake Titicaca. Sediments recovered by drilling in eight localities along the 390-km long valley of
the Rio Desaguadero yield a regional history of lacustrine sedimentation and effective precipitation.
Lacustrine strata in the drill cores record 12 distinct wet periods in the past 50 000 years. Four of these
wet periods resulted in the formation of major palaeolakes in the Rio Desaguadero valley: during
the last glacial maximum from before 20 000 to 16 000 cal. yr BP, during the late glacial from
about 14 000 to 12 000 cal. yr BP, in the early Holocene from about 10 000 to 7900 cal. yr BP, and
in the late Holocene from 4500 cal. yr BP to present. The period that appears to have been
most arid was between 7900 and 4500 cal. yr BP. The Altiplano wet periods were generally
synchronous with North Atlantic cold events (respectively, the last glacial maximum, the Younger
Dryas, the 8200 cal. yr BP event, and the Neoglacial) implying a relationship between past
precipitation variability in tropical South America and North Atlantic sea-surface temperature.
Copyright � 2005 John Wiley & Sons, Ltd.
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Introduction

The tropics of South America play a fundamental role in Earth’s
climate, host the world’s largest river, and have higher total ter-
restrial primary productivity and biological diversity than any
other continental region of similar area. How this region’s cli-
mate, freshwater runoff, and biological communities will
respond to future large-scale deforestation and anthropogenic
atmospheric change is a matter of research and concern (e.g.
Myers, 1991; Zeng et al., 1996), and helps motivate our study.
One common approach to assessing future climate changes is
to deduce the nature and causes of past atmospheric variability,
especially during times of different climatic mean states. Until
recently, there were few such palaeoclimatic studies in tropical
South America and even the basic character of climate change

for the past 50 000 years was poorly known. In the past few
years there has been a spate of relevant publications, yet no
clear consensus has emerged on several important problems:
whether it was arid (e.g. Heine, 2000; Mourguiart and Ledru,
2003) or wet (e.g. Colinvaux and DeOliveria, 2001; Baker
et al., 2001a, 2001b) during the Last Glacial Maximum in the
South American tropics; whether it was arid (e.g. Argollo and
Mourguiart, 2000; Cross et al., 2000) or wet (Betancourt et al.,
2000; Rech et al., 2002) during the early and middle Holocene;
whether apparent differences between coeval climatic records
in different locations are the result of misinterpretation of these
records or real regional variation of climate (e.g. Vuille and
Kemig, 2004); whether there was a significant climatic event
in South America synchronous with the Younger Dryas chron-
ozone (e.g. Baker et al., 2001a) or not, and, if yes, whether it
was characterised predominantly by cold (e.g. Clapperton,
1997; Clayton and Clapperton, 1997), dry (e.g. Maslin and
Burns, 2000), or wet conditions (e.g. Baker et al., 2001b) or
something more complex (Rodbell and Seltzer, 2000); whether
there were other millennial climatic events in tropical South
America (e.g. Abbott et al., 1997) and, if so, whether these also
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correlate with North Atlantic variability (e.g. Baker et al.,
2001a, 2001b); and whether Pacific Ocean sea-surface tem-
perature (SST) variability dominates the forcing of precipitation
variability in the tropical Andes (e.g. Garreaud et al., 2003;
Bradley et al., 2003) or Atlantic SST variability also is a factor
during some periods (e.g. Baker et al., 2001b; Hastenrath et al.,
2004; Vezy and Cook, 2005).

This paper presents sedimentological and stratigraphic ana-
lyses of drill cores from the central Altiplano of Bolivia and dis-
cusses their significance in the context of these important
palaeoclimate questions. The discussion is limited to the 14C-
dated portion of the cores, approximately the past 50 000 years.
These cores, by virtue of their key locations between Lake
Titicaca to the north and the Salar de Uyuni to the south, and
because of the manner in which they record wet intervals (as
lacustrine/wetland sedimentary sequences) and dry intervals
(as fluvial sequences), provide new information that helps to
resolve some of the palaeoclimatic controversies concerning
tropical South America.

Geomorphic and climatic setting

The Bolivian (and Peruvian) Altiplano is situated between the
fold and thrust belt of the eastern Cordillera and the active vol-
canic arc of the western Cordillera. It covers 200 000 km2,
extends from 14 � to 22 � S latitude and 66 � to 71 � W longi-
tude, and has an average elevation of about 4000 m (Wirrman
and de Oliveira Almeida, 1987). Regional geophysical data
(Bills et al., 1994), the flat-lying nature of Quaternary strata
in Lake Titicaca (Seltzer et al., 1998), and the flat-lying nature
of Desaguadero valley strata, all suggest that tectonics probably
did not have a major influence on Holocene and late Pleisto-
cene sedimentation in this area (Baucom and Rigsby, 1999).
However, information from Lake Titicaca and Salar de Uyuni
drill cores (Baker et al., 2001a, 2001b; Fritz et al., 2004) and
from high lake-stands around Lake Titicaca at approximately
40 000 cal. yr BP (Farabaugh and Rigsby, 2005) suggest that
either tectonic or hydrologic thresholds may have changed
basin configurations during the last 50 000 years.

The modern Rio Desaguadero, which lies near the centre of
the Altiplano, is a transitional river system (Baucom and
Rigsby, 1999) that drains from Lake Titicaca, in the relatively
wet northern Altiplano, to the drier central Altiplano (Fig. 1).
Interannual changes in the level of Lake Titicaca have a dra-
matic influence on the discharge of the Rio Desaguadero.
The latter is also augmented by more local runoff, especially
that of the Rio Mauri. At present, the Rio Desaguadero flows
390 km south from Lake Titicaca (elevation 3810 m a.s.l.) to
Lake Poopo (a shallow, saline lake; 3685 m a.s.l.). During the
past, in times significantly wetter than present, Lake Poopo
drained into the salars (salt flats) of Coipasa (3657 m a.s.l.)
and Uyuni (3653 m a.s.l.).

Geomorphic and sedimentary features, including lake ter-
races, carbonate bioherms and lacustrine sediments around
Lake Poopo and the salars (e.g. Servant and Fontes, 1978; Bills
et al., 1994; Servant et al., 1995; Sylvestre et al., 1999), show
that the Altiplano was the site of several generations of late
Pleistocene palaeolakes. Sediments from these palaeolakes
have also been recovered and dated in drill cores from the Salar
de Uyuni (Baker et al., 2001a; Fornari et al., 2001; Fritz et al.,
2004). There is a long history of nomenclature of the various
lacustrine periods on the Altiplano and there is disagreement
about the terminology and dates of these periods. Our choice
here is to retain the nomenclature of lacustrine stages accord-

ing to their relative ages, from youngest to older: Coipasa,
Tauca and Minchin (there are also many yet-older lacustrine
periods). We have previously argued (Baker et al., 2001a; Fritz
et al., 2004) for the following choices of the ages of each
palaeolake period. The youngest palaeolake, sometimes desig-
nated palaeolake ‘Coipasa’ (Sylvestre et al., 1999), has been
radiocarbon dated to between 13 400 and 11 500 cal. yr BP
(Servant et al., 1995; Baker et al., 2001a). The much larger
palaeolake ‘Tauca’, obtained a maximum depth of 140 m
above the modern salar surface (Bills et al., 1994) and was con-
tinuously present from 26 000 to 15 000 cal. yr BP (Baker et al.,
2001a; Fritz et al., 2004). Although palaeolake ‘Tauca’ per-
sisted throughout the period, it is clear from diatom and
stable-isotopic compositions of drill core samples (Fritz et al.,
2004) that the palaeolake was relatively shallow during the
LGM and that the maximum depth of this lake, determined
from palaeo-shoreline elevations (Bills et al., 1994), was
attained near the end of this period. The existence of an older
palaeolake ‘Minchin’ was originally postulated on the basis of
two radiocarbon dates on shells from outcropping sediments
(Servant and Fontes, 1978). Palaeolake Minchin is now known
to have been continuously present between about 46 000 and
36 000 cal. yr BP based on radiocarbon and uranium/thorium
dates (Baker et al., 2001a; Fritz et al., 2004).

Formation of these palaeolakes is attributed to increased
effective moisture, resulting from increased precipitation or
decreased evaporation, or both. Previous modelling studies
(Kessler, 1984; Hastenrath and Kutzbach, 1985; Blodgett
et al., 1997) have shown that reasonable palaeotemperature
decreases in the Late Pleistocene (perhaps 5 �C to 7 �C lower
than present) were by themselves insufficient to account for
the observed expansion of palaeolake Tauca, for example,
which also necessitated perhaps 30% higher-than-modern pre-
cipitation. The glacial mass balance work of Kull et al. (2001)

Figure 1 Map showing the location of the Altiplano and of the eight
core sites used in this study. See Fig. 2 for site names and elevations
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concluded that there was a 6 �C decrease in temperature and
45% increase in moisture in the region during the LGM. During
the entire periods of existence of all three of the named palaeo-
lakes and even during the intervening drier phases when lakes
did not occupy the salar, from before 50 000 cal. yr BP (dates
obtained on drill core samples from Lake Titicaca; Fritz et al.,
pers. comm.) to after 11 500 cal. yr BP, Lake Titicaca was deep,
fresh, and overflowing (Baker et al., 2001b). Strontium isotopic
evidence along with hydrologic modelling indicates that over-
flow from Lake Titicaca into the Rio Desaguadero contributed
between 65% and 95% of the total volume of water to palaeo-
lake Tauca (Cross et al., 2001; Grove et al., 2003). Although
largely undocumented, it is reasonable to expect that these
palaeolakes will also be recorded in the subsurface sediments
of the Rio Desaguadero valley lying between the Lake Titicaca
overflow source and the Salar de Uyuni depocenter. The high-
est palaeolake stands extended well up into the Desaguadero
valley where they are recorded as lacustrine sediments in the
subsurface. Shorter-lived or less-wet periods of increased effec-
tive moisture may not have formed deep lakes in the salars
and in the Desaguadero valley, but still may be recorded
by changes in sedimentary facies and composition. In this
paper we present the sedimentary record of the Desaguadero
valley determined from drill cores that we recovered in
this region and we discuss the further constraints that
these strata provide on the elucidation of the climate prehistory
of the Altiplano.

Methods

We drilled, cored, logged, and analysed the sediments recov-
ered in eight drill cores from a longitudinal transect along the
Rio Desaguadero valley between Lake Titicaca and Lake
Poopo (Figs 1 and 2; Table 1). Each of these drill cores was
approximately 50 m long; core recovery averaged 85%. The
core locations were spaced in elevation between about 3680
to 3800 m above sea level so that the cores would contain
records of the full extent of the deepest central Altiplano
palaeolakes. Differential GPS was used to locate wellheads
and to determine their elevations with an accuracy of
� 10 cm or less.

Lithofacies and depositional environments were determined
on all recovered units, using visual core descriptions and stan-
dard sedimentologic facies analysis techniques (Miall, 1978,
1996; Leopold et al., 1992); unrecovered lithologies were
inferred with the aid of down-hole logs recording natural
gamma radiation. Emphasis was placed on the identification
of vertical facies changes as indicated by variations in grain
size, sedimentary structures, biogenic components and the
abundance of organic material. Organic and inorganic carbon
content and diatom palaeoecology were used in conjunction
with the sedimentary facies analysis to qualitatively determine
palaeosalinities and palaeowater depths for the lacustrine and
floodplain sequences.

Table 1 Location and elevation of the Rio Desaguadero drill cores. Elevations were corrected using the NIMA EGM96 Geoid Calculator (NIMA,
2000)

Location Latitude Longitude Elevation relative Calculated geoid Elevation relative
to the ellipsoid (m) height (m) to the geoid (m)

Callapa 17 � 280 51.6910900 S 68 � 520 59.3182400 W 3816.744 44.3 3772.444
Nequela 17 � 280 14.5289700 S 68 � 020 09.6965300 W 3797.693 45.03 3752.663
Manquiri 17 � 340 43.6184200 S 67 � 520 59.3182400 W 3789.797 44.96 3744.837
Zambrana 17 � 340 53.1212200 S 67 � 480 14.1381800 W 3779.901 44.98 3734.921
Tejopa 17 � 380 57.3553500 S 67 � 330 10.2156900 W 3766.601 45.19 3721.411
Caquingora 17 � 530 29.3519300 S 067 � 150 12.7365900 W 3750.710 45.04 3705.670
Challacolla 18 � 050 09.8197600 S 067 � 120 04.3654400 W 3745.071 44.62 3700.451
Huana Khaua 18 � 470 34.3613000 S 066 � 550 05.8383800 W 3733.030 44.31 3688.720

Figure 2 Longitudinal profile of the Rio Desaguadero showing locations and elevations of drill cores, as well as the elevations of Lake Titicaca, Lago
Poopo, the Salars de Coipasa and Uyuni, and palaeolake Tauca. All elevations are based on differential GPS data and are corrected using the NIMA
EGM96 Geoid Calculator (NIMA, 2000). Note that the maximum elevation of the palaeolake Tauca shoreline in the Salar de Uyuni basin (3775 m;
Bills et al., 1994) is slightly higher than the surface elevation at the Callapa core site
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The ages of lacustrine strata were determined from radiocar-
bon analysis of bulk organic carbon in the sediments, plants
and seeds, and from gastropod shell material. All sample pre-
paration was done at the INSTAAR Laboratory for AMS Radio-
carbon Preparation and Research at the University of Colorado,
Boulder. The AMS analyses were undertaken at the National
Ocean Sciences AMS Facility at Woods Hole Oceanographic
Institution. Calib 4.3 (Stuiver and Reimer, 1993; Stuiver et al.,
1998a, 1998b) was used to convert radiocarbon ages to cali-
brated years BP (cal. yr BP). Samples beyond the range of the
Calib 4.3 were calibrated using a quadratic equation from Bard

(1998). No reservoir corrections were utilised. Discussion in
the text focuses on the 2� calibrated ages; both calibrated
and uncalibrated ages are presented in Table 2.

Facies associations

Subsurface strata in the Rio Desaguadero valley contain a
diversity of lithofacies (Table 3) that can be grouped into

Table 2 Radiocarbon ages for bulk lacustrine muds, plant debris, plant seeds and gastropod shells with sample numbers, locations, dated material,
and radiocarbon and calibrated ages for all samples used in this study. These dates were calibrated using CALIB v. 4.3 for samples less than 24 000 yr
and a polynomial equation (denoted by *; Bard, 1998) for older samples. HK, Huana Khaua; CH, Challacolla; CQ, Caquingora; TJ, Tejopa; ZM,
Zambrana; MN, Manquiri; NQ, Nequela; CP, Callapa; CURL#, INSTARR identifier; Accession#, NOSAMS identifier

Location Depth (m) CURL # NOSAMS Material Radiocarbon Age Calibrated age in Average calibrated
Accession # dated age error cal. yr BP (�2) age (cal. yr BP)

HK 0.34–0.39 OS-27571 gastropods 515 45 496–564 530þ/�34
HK 1.30–1.32 OS-25106 bulk mud 12 450 70 14 149–15 420 14 785þ/�635
HK 1.36–1.40 5005 bulk mud 11 450 50 13 164–13 503 13 334þ/�169
HK 1.57–1.59 OS-27572 bulk mud 10 530 55 12 302–12 900 12 601þ/�299
HK 1.71–1.75 OS-25107 bulk mud 11 880 100 13 495–14 199 13 807þ/�392
HK 4.61–4.66 5006 bulk mud 11 100 80 12 874–13 224 13 049þ/�175
HK 4.61–4.65 OS-25108 bulk mud 10 420 95 11 935–12 821 12 378þ/�443
HK 16.26–16.28 OS-22045 bulk mud 42 800 880 *48 671 *48 671
HK 16.69 OS-27576 gastropods >51 400 >45 000 >45 000
HK 24.26–24.28 OS-22043 bulk mud 45 800 690 >45 000 >45 000
HK 33.00–33.02 OS-22044 bulk mud 43 200 960 *49 083 *49 083
CH 2.30–2.34 OS-25116 bulk mud 1990 55 1821–2063 1942þ/�121
CH 2.91–2.93 5007 bulk mud 2090 30 1989–2128 2059þ/�69
CH 3.66–3.69 OS-25117 bulk mud 10 640 80 12 589–12 964 12 776þ/�187
CH 5.05–5.09 5009 bulk mud 15 850 70 18 347–19 524 18 936þ/�588
CH 18.70–18.74 5010 bulk mud 33 100 240 *38 380 *38 380
CH 19.78–19.82 OS-27574 plant seeds 44 000 600 *49 905 *49 905
CH 21.64–21.68 5011 bulk mud 29 600 170 *34 528 *34 528
CH 25.54–25.57 5013 bulk mud 33 100 370 *38 380 *38 380
CQ 4.84 OS-27577 plant debris 2490 50 2431–2736 2584þ/�152
CQ 4.85–4.90 OS-25109 bulk mud 2990 45 3052–3270 3162þ/�108
CQ 4.85–4.90 OS-25110 plant debris 2490 75 2362–2738 2550þ/�188
CQ 5.41 OS-27578 plant debris 2630 35 2828–2841 2835þ/�6
CQ 6.73 OS-27579 plant debris 2700 35 2751–2858 2805þ/�53
CQ 7.14–7.20 OS-25111 bulk mud 13 380 70 15 388–16 622 16 005þ/�617
CQ 7.38–7.41 5014 bulk mud 18 800 120 21 605–23 092 22 349þ/�743
CQ 22.70–22.73 5015 bulk mud 35 300 340 *40 764 *40 764
CQ 23.76–23.79 5016 bulk mud 38 400 320 *44 073 *44 073
CQ 25.50–25.54 5017 bulk mud 27 400 180 *32 068 *32 068
CQ 26.60–26.63 5018 bulk mud 36 910 360 *42 490 *42 490
CQ 49.66–49.71 OS-21923 bulk mud 51 300 1300 >45 000 >45 000
TJ 4.70–4.77 OS-25118 bulk mud 10 100 60 11 784–11 334 11 559þ/�225
TJ 4.74–4.77 5019 bulk mud 10 300 50 12 384–11 854 12 119þ/�265
TJ 6.66–6.71 OS-25119 bulk mud 9570 50 11 119–10 696 10 907.5þ/�212
TJ 9.32–9.34 5020 bulk mud 11 950 55 14 127–13 797 13 962þ/�165
TJ 28.68–28.71 5021 bulk mud 39 400 360 *49 805.24 *49 805.24
ZM 8.64–8.70 OS-25113 bulk mud 14 150 95 17 490–16 465 16 977.5þ/�165
ZM 10.09–10.14 OS-25114 bulk mud 15 690 85 19 340–18 161 18 750.5þ/�513
ZM 12.39–12.43 OS-25115 bulk mud 14 150 65 17 464–16 492 16 978þ/�590
ZM 12.59–12.61 5022 bulk mud 14 850 75 18 326–17 249 17 787.5þ/�539
MN 10.38–10.41 5023 bulk mud 14 650 65 18 076–17 037 17 556.5þ/�520
MN 10.54–10.63 OS-25122 bulk mud 14 670 140 18 171–17 000 17 565.5þ/�586
MN 12.20–12.22 5024 bulk mud 13 950 60 17 229–16 266 16 747.5þ/�482
MN 12.41–12.51 OS-25123 bulk mud 13 950 75 17 242–16 253 16 747.5þ/�495
MN 12.54–12.56 OS- 33393 plant debris 13 650 60 16 622–16 151 16 386.2þ/�236
NQ 1.82–1.89 OS-25120 macrofossil 220 30 209–145 177þ/�32
NQ 12.63–12.67 5025 bulk mud 7560 40 8414–8323 8368.5þ/�46
CP 4.52–4.56 5026 bulk mud 7180 40 8045–7932 7988.5þ/�57
CP 6.51–6.53 5027 bulk mud 7750 60 8632–8406 8519þ/�113

* Polynomial equation from Bard (1998) for material beyond standard 14C calibration techniques:
[AGE cal. yr BP]¼�3.0126� 10�6� [AGE 14C yr BP]2þ 1.2896� [AGE 14C yr BP]� 1005.
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four distinct facies associations (FAs): meandering stream
deposits, braided stream deposits, deltaic deposits, and lacus-
trine deposits. Specific sediment types, biogenic components,
and carbon contents characterise each lithofacies. Distinct
assemblages of lithofacies characterise each facies association
(Table 4).

Although fluvial strata are present in all of the Rio Desagua-
dero cores, braided stream deposits are present in only the two
northernmost cores: Callapa and Zambrana. Both the meander-
ing (FA-1) and braided (FA-2) facies associations are charac-
terised by fining-upward sequences, but the braided strata
(FA-2) are generally coarser and have less well-developed fin-
ing-upward sequences. The meandering fluvial sequences con-
tain distinct floodplain lithofacies that are absent in the braided
sequences, including metre-thick fine-grained units. Deltaic

deposits (FA-3) are present in only the southernmost Rio
Desaguadero core (Hauna Khaua). They are characterised by
stacked coarsening-upward sequences and their presence is
likely the result of the proximity to an ancient glacial valley
in the adjacent mountain range (e.g. Clayton and Clapperton,
1997). Lacustrine strata (FA-4) are present in all of the drill
cores. The northernmost lacustrine deposits are small,
restricted floodplain ponds. Non-floodplain lake deposits are
present southward from (including) the Manquiri drill core
(Fig. 2). Deposits comprise locally fossiliferous and finely lami-
nated, clay and silty clay intervals and range from deep fresh-
water lake sequences to shallow, saline ponds and shoreline
strata. Detailed descriptions of each FA, its characteristic litho-
facies, and interpreted depositional environments are pre-
sented below.

Table 3 Summary of lithofacies described in this study—including facies codes, descriptions, sedimentary structures, and interpretations

Facies code Description Sedimentary structures Interpretation

GSp gravel (G) and gravelly to medium clayey
sand (S)

planar (p) laminated deltaic sediments or fluvial channel

Gmm gravel (G), massive (m), matrix (m) supported none debris flow sediments or channel
sands

FGm silty sand with clay (F), gravel (G), matrix (m)
supported

massive debris flow sediments

SG coarse to fine sand (S), with gravel (G) none channel deposits
Sm sand (S), fine to very coarse, massive (m) none channel deposits or deltaic deposits
Srp sand (S), very fine sandy silt with clay ripple (r) to planar (p) laminated and/or soft

sediment deformation common
point bar or braid bar sediments

Sp sand (S), medium to very fine sand with
minor amounts of clay

planar (p) laminated, coarse couplets soft
sediment deformation common

crevasse splay sediments deltaic
sediments or shoreline

SCp sand (S), medium to very fine sand with
minor amounts of clay with carbonate
nodules (C)

planar (p) laminated, coarse couplets soft
sediment deformation common

crevasse splay sediments or deltaic
sediments

SF sand (S), medium to fine sand mixed with
mud (F)

none, homogeneous point bar deposits

Fcl medium to very fine sand to silt and clay (F) couplets (cl), soft sediment deformation levée deposits or shoreline
Frp fine sand to silty clay (F) ripple (r) to planar (p) laminated point bar deposits?
Fir silty clay (F) with irregular (ir) lenses of fine to

medium sand
irregular laminations point bar deposits or shoreline

Flmt sand (F), very fine to silty clay, brown or red root mottled (mt) and/or laminated floodplain/overbank deposits flood-
plain pond deposits

FCEmt clay to silty clay (F), with carbonate nodules
(C) or evaporite crystals (E)

mottled (mt) floodplain/overbank or deltaic
deposits

FORm clay (F), disseminated organics (OR) massive (m), local bioturbation floodplain/overbank, or lacustrine
deposits

Fmtb clay to clayey silt (F), red to brown
disseminated organics

mottled (mt), bioturbation (b) common
deformation common

floodplain/overbank deposits

FCmt clay to clayey silt (F), light brown to pink,
carbonate nodules (C)

mottled (mt) floodplain pond/lake sediments

FCl clay to clayey silt (F), light brown to pink,
carbonate nodules (C)

laminated (l) floodplain pond/lake sediments

FORp clay (F), blue, green, grey, abundant plant
material or organic matter (OR)

planar (p) laminated shallow lacustrine or lake margin
sediments

Fm clay (F), blue, green to black massive (m) shallow lacustrine or lake margin
sediments

FCg clay (F), light greenish grey to olive green
clay with reworked gastropods (g) and
carbonate crust (C)

none shallow lacustrine or lake margin
sediments

Fg clay (F), light greenish grey to olive green
clay to reworked gastropods (g)

none shallow lacustrine or lake margin
sediments

Fl clay, silt, and very fine sand (F), dark grey,
brown to bluish green, Fe-stained silt and
sand

laminated (l) shallow lacustrine or lake margin
sediments

Fmt clay with silt (F), red and blue to greenish,
local disseminated

mottled (mt) shallow lacustrine/floodplain pond
or lake margin deposits

FORl clay (F), dark grey, black to green, with local
silt laminations, disseminated organics (OR)

laminated (l) deeper lacustrine sediments
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Meandering stream deposits (FA-1)

Facies association 1 (FA-1) is present throughout the study area
and is the most frequently occuring FA in the Rio Desaguadero
drill cores. Sharp-based beds of medium- to very coarse-
grained sand that fine upward to massive and planar laminated
silt and clay characterise this FA. These fining-upward
sequences range in thickness from 28 cm to over 5 m and are
commonly overlain by lacustrine strata (FA-4).

Description of lithofacies

The most abundant lithofacies in FA-1 occur as a wide variety
of red to brown, faintly laminated to massive, clay to silty clay
(FCEmt, FCl, FORm, FMtb, Fp, Flmt, Fmtf, and Fr; Table 3).
These lithofacies comprise the finest sediments in the facies
association and occur atop fining-upward sequences through-
out the study area. They make up the majority of the strata in
the Caquingora and Chacacolla drill cores. The most common
of these fine-grained lithofacies, FCEmt, consists of mottled red
(oxidised) clay to very fine-grained sand with clay. It is present
in the Callapa, Manquiri, Tejopa, Chacacolla and Caquingora
drill cores, where it may contain rare benthic freshwater dia-
toms (Cocconeis placentula and Fragilaria spp.), terrestrial
(marsh) diatoms (Pinnularia borealis, Navicula mutica, and
Hantzshia amphoixs), and phytoliths. FCEmt commonly con-
tains carbonate crusts, centimetre- to millimetre-scale carbo-
nate nodules and/or evaporite crystals (Table 4 and Fig. 3),
and variable amounts of organic (<1% to 5%) and inorganic
(0.16% to 2.17%) carbon. Mottled, red to brown, faintly lami-
nated (Flmt) to massive (Fmtb) clay to clayey silt beds are abun-
dant in the Tejopa, Manquiri and Nequela drill cores. Other
fine-grained strata include massive red clay with disseminated
organics (FORm), laminated clay to silty clay with carbonate
nodules (FCl), and bioturbated (Fmtb) or planar laminated
(Fp) red to greyish brown clay to clayey silt (Fig. 4(C)). The bio-
turbated facies is commonly interbedded with millimetre-scale
layers of fine sand. Reworked brine shrimp (Artemia) pellets

and coarse sand within a mottled brown clay matrix (Fmtf)
are present locally. The tops of many fine-grained units consist
of root-mottled very fine sand (Fr).

Sandy lithofacies, abundant within FA-1 (Table 3), are char-
acteristically fine- to very coarse-grained massive sand (Sm;
Fig. 4(D)). Locally, this basal lithofacies may contain gravel
(SG) or reworked brine shrimp pellets (Smf). These lithofacies
occur as basal units of fining-upward sequences and typically
have erosive bases. Other coarse-grained strata in FA-1 include
matrix-supported gravels (Gmm) and planar laminated sandy
gravels (GSp) that occur as thick lenses, often displaying ero-
sive basal contacts, and are commonly associated with sand
(Sm or SG) or finer grained lithofacies (Fir; Fig. 4(E)). Massive
clay-rich sandy gravel (FGm) is present locally in the Callapa
and Tejopa cores where it directly overlies sandy FA-1 lithofa-
cies. The gravel present in lithofacies Sm, SG, Gmm, GSp, and
FGm ranges in diameter from a few millimetres to a few centi-
metres.

These coarse basal units fine upward to a variety of silt and
sand lithofacies, such as massive or laminated silt and sand
lithofacies with varying percentages of mud (Srp and SF), which
fine upward to irregular (Fir) or ripple- to planar-laminated (Frp)
silty clay (Fig. 4(E) and 4(F)). Some of the coarse basal units are
overlain by 20 to 60 cm thick units of millimetre- to centimetre-
scale silt-clay couplets (Fcl; Fig. 4(G)) or by 23 to 45 cm thick
units of coarser, medium- to very fine-grained sand to silty clay
couplets (Sp; Fig. 4(H)), which may contain carbonate (SCp).
Alternating clay and silt or sand packets distinguish these litho-
facies from lithofacies Fir and Frp. The finer-grained couplets
are more abundant than the coarser couplets and commonly
exhibit basal soft sediment deformation.

Interpretation

FA-1 was deposited by a meandering fluvial system. This FA is
dominated by thick, fine-grained, overbank/floodplain depos-
its. Evidence supporting the meandering fluvial interpretation
includes the presence of fining-upward sequences topped with

Table 4 Description, dominant lithofacies and depositional environments of the facies associations preserved in the Rio Desaguadero valley drill
cores

Facies Dominant Description Depositional Where present
association lithofacies environment

FA-1 Gmm, Sm, Srp, Sp, SCp,
SF, Fcl, Fir, FCEmt, FORm,
Fmtb, Flmt, FCmt, Frp, Fp

medium to coarse sand fining-upward
to massive to planar laminated silts and
muds, with local concentrations of
carbonate and/or evaporites

meandering stream deposits throughout the Rio
Desaguadero valley

FA-2 Gmm, Sm, SG, SF, Srp,
Flmt

medium to coarse sand interbedded
with gravel to gravelly mud soften
blocky and sharp contacts between the
individual sediment packages

braided stream deposits this study

FA-3 GSp, Sm, Sp, FCEmt stacked coarsening- and thickening-
upward packages of planar laminated
clayey sand to medium clayey to
gravelly sand to gravel

deltaic sediments only in the southern
Rio Desaguadero
cores

FA-4 FORp, Fm, FORl, FORm,
Fg, FCg, Fl, Flmt, Fmt, FCl,
FGm

laminated to massive, variable
coloured clay to clayey silt, with
local concentrations of carbon and
biological debris

lacustrine and/or lake margin
sediments

throughout the Rio
Desaguadero valley

SG, Sm, Fcl, Fir, Sp interbedded sand and silt with clay, or
as lenses within FA-C clay

lake margin or shoreline sediments
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organic-rich overbank/floodplain deposits, and the presence of
levee, point bar, crevasse splay, and floodplain pond deposits.

FA-1 channel deposits are represented in the cored strata by
lithofacies Gsp, Gmm, SG, Sm, and Smf. These thick, coarse-
grained units occur at the base of fining-upward sequences,
generally have erosive bases, and are comparable to deposits
described elsewhere (Miall, 1996, 2000), which form as a
result of vertical aggradation in the meandering stream
channel. The presence of brine shrimp pellets and clay mixed
with medium sand in lithofacies Smf (present only at
Huana Khaua) is the result of reworking of older (underlying)
lacustrine deposits.

Point bar deposits (lithofacies Fir, Frp, SF, and Srp) are pre-
served in many of the fining-upward sequences of this facies
association; they occur in association with channel and over-
bank deposits. Although point bars typically fine upward and
are crossbedded (Leopold and Wolman, 1957; Reineck and
Singh, 1980; Miall, 1982; Smith, 1987; Reading, 1996; Miall,
1996; and others), low-gradient streams and low-energy point
bars exhibiting a wide variety of sediment types have been
documented in modern point bar deposits (Jackson, 1976,
1981; Calverley, 1984; Smith, 1987). Lithofacies Fir and SF
are similar to strata present in modern point bar deposits and
to sediments in the point bars of the modern Rio Desaguadero.
They were probably deposited on the downstream or low-
energy margin of the point bar. Lithofacies Srp and Frp are
typical of the crossbedded sand found in upstream point bar
deposits.

Overbank and floodplain deposits are present in all of the
Rio Desaguadero cores and throughout the entire cored depth.
Within FA-1, floodplain deposits sit atop either point bar, levée
(Fcl), or crevasse splay (Sp) deposits. Levées sequences typi-
cally consist of decimetre-thick, rhythmically bedded units of
silty, ripple-laminated sand and clay, each representing a
major flood event (Miall, 1996). Intercalated sand and mud
similar to the deposits in FA-1 have been documented in mod-

ern levée sediments (Kumar and Singh, 1978). Crevasse splay
sequences also consist of alternating beds or laminations
(Farrell, 1987) and can be tens of centimetres to a few metres
thick and, like those preserved in the Rio Desaguadero cores,
are typically coarser-grained than levée deposits (Coleman,
1969; Reineck and Singh, 1980; Reading, 1996; Smith, 1986;
Brown and Kraus, 1987; Farrell, 1987; Kraus, 1987; Platt and
Keller, 1992; Smith and Perez-Arlucea, 1994).

FA-1 floodplain deposits associated with the point bar, levée,
and crevasse splay deposits consist of lithofacies FCEmt, FORmt,
Fp, Fmtf, Flmt, and Fr. These lithofacies comprise the finest sedi-
ment in the meandering fluvial system and record deposition of
suspended sediment during overbank flow. The presence of cal-
cium carbonate nodules and sand-size evaporite crystals within
some of the FA-1 floodplain sequences record semi-arid to arid
conditions in the river valley at the time of deposition (Platt and
Wright, 1991; Grosjean et al., 1995; Newell, 1997). During dry-
ing events, calcium carbonate, sodium and potassium bicarbo-
nates are commonly precipitated as a result of repeated wetting
and drying of the upper surface.

Other fine-grained lithofacies in the Rio Desaguadero cores
that are associated with overbank flooding include lithofacies
Flmt, FCl. and Sp. The presence of freshwater benthic, terres-
trial and marsh diatoms, along with the variable organic and
inorganic carbon contents in lithofacies FCEmt suggests tem-
porary ponding conditions, but the absence of a more stable
pooled aquatic environment. Variable carbon content is char-
acteristic of sediments deposited in shallow ephemeral flood-
plain lakes and indicates conditions dominated by overbank
flooding (Tyler and Ethridge, 1983). Conditions that would
allow for such ponding include channel abandonment or dif-
ferential subsidence of floodplain sediments, which could
cause waters to retreat into depressions between inundation
cycles (Lewis et al., 2000). Lithofacies FCl and Flmt lack
evaporite minerals and are interbedded with silt, suggesting
that overbank flooding was sustained long enough to allow

Figure 3 Explanation of symbols used in stratigraphic sections. See Table 3 for facies codes and descriptions
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occasional sheet flooding of fine-grained clastic detritus into
the ephemeral lake system (Miall, 2000; Platt and Wright,
1991). These lithofacies are interpreted to have formed in
floodplain ponds (shallow lakes) that freshened seasonally,
but were not permanently connected to a larger lake system.
During times of increased effective moisture these Rio Desa-
guadero floodplain ponds probably remained wet throughout
the seasonal inundation and isolation cycle. Lithofacies FCl is
interpreted as a floodplain-lake transition unit, formed when
river sediments migrated over lacustrine deposits, mixing Arte-
mia (brine shrimp) pellet-rich clay with floodplain clays and
silts. Artemia faecal pellets are common in sediments of Lake
Poopo and other small saline lakes (Risacher and Fritz,
1991), are abundant in lacustrine sediments in the Salar de
Uyuni drill core, and are present within some lacustrine inter-
vals in the Rio Desaguadero drill cores, making it reasonable to
postulate that the river may have reworked older pellet-bearing
lacustrine deposits.

Finally, debris flow deposits (lithofacies FGm and Gmm) are
found in the Huana Khaua, Caquingora, Challacholla, Tejopa
and Callapa drill cores where they overlie FA-1 channel or
overbank deposits and are typically topped by lacustrine strata
of FA-4. Baucom and Rigsby (1999) found similar (but finer-
grained) deposits in the northern Rio Desaguadero valley flu-
vial terraces. Debris flows occur during many climatic condi-
tions, but are particularly common in arid and semi-arid

regions where they are usually initiated by heavy rainfalls
(Miall, 2000). They often occur in areas with steep-sided moun-
tains and an intermittent wet/dry climate. The presence of
meandering fluvial deposits directly beneath the debris flows
suggests that these strata were deposited in a meandering flu-
vial system. The Rio Desaguadero valley is narrow at both
the Tejopa and Callapa core sites and the Huana Khaua,
Caquingora, and Chacacolla core sites are close to the adjacent
mountain ranges, providing nearby sediment sources. The deb-
ris flow deposits in these cores were likely deposited during
periods of intense rainfall that resulted in rapid erosion and
redeposition of sediments from the adjacent valley walls. As
evidenced by the presence of lacustrine strata directly above
most of the debris flow deposits, such events were apparently
more common during transitional climate episodes and the
onset of wetter conditions.

Braided-stream deposits (FA-2)

Braided river deposits are present only in the Callapa,
Zambrana and Tejopa cores, where they consist of stacked
beds of medium- to coarse-grained sand, interbedded with
gravel to gravelly sand (Fig. 5). Fining-upward sequences are
rare in FA-2. Where they do occur, they are coarser and thinner

Figure 4 Lithofacies characteristic of the meandering fluvial facies association FA-1. (A) Evaporite crystals and (B) carbonate nodule of lithofacies
FCEmt in floodplain sediments. (C) Laminated clayey lithofacies Fp grading into burrowed clayey Fmtb in floodplain sediments. (D) Massive sand and
(E) gravel typical of lithofacies Sm and Gmm channel deposits. The erosive bases of the channel deposits overlie floodplain facies such as the mottled
sandy clay of lithofacies Fir (E) or point bar deposits such as the sandy, ripple-laminated sandy of lithofacies Srp (F). Levée (G) and crevasse splay (H)
deposits occur locally. Levée deposits form finer-grained couplets of Fcl (note the presence of soft sediment deformation at the base of unit), whereas
crevasse splay deposits form coarser-grained (cse) couplets in lithofacies Sp. This figure is available in colour online at www.interscience.wiley.com/
journal/jqs
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than the fining-upward sequences in FA-1. Coarsening-upward
sequences occur locally; they typically terminate in coarse
gravel lags.

Description of lithofacies

Commonly in FA-2, individual beds of massive medium- to
coarse-grained sand (Sm) and gravelly sand (SG) or planar
laminated (GSp) and matrix-supported gravel (Gmm) rest
directly atop one another with sharp intervening contacts
(Fig. 5). These stacked beds, which are often interbedded with
muddy sand (SF) and with fine-grained ripple laminated sand
and silty clay (Srp), comprise the coarsest sediments within
FA-2. They range in thickness from 0.75 to 1.50 m, are com-
monly overlain by lacustrine or floodplain deposits, and occur
in both fining- and coarsening-upward sequences. They are
distinguished from similar lithofacies in FA-1 by their coarser
grain size, poorer sorting, sharp upper and lower contacts,
and lack of associated fine-grained units. The finest lithofacies
in FA-2, lithofacies Flmt (mottled or faintly laminated, very fine
sand and silt mixed with red to brown clay), occurs atop the
coarse deposits. This lithofacies is similar to the fine-grained
strata in FA-1, but is less organic-rich, is slightly coarser, and
typically rests on a coarse gravel lag.

Interpretation

FA-2 was deposited by a braided fluvial system. Evidence for
this interpretation includes the distinct grain-size variations,
the presence of complexly interbedded coarse- and fine-
grained sediments, stacked fining-and coarsening-upward
sequences, and abundant gravel layers. The sedimentary

packages of FA-2 suggest preservation of complexly interca-
lated channel and bar. Lithofacies Sm, SG, GSp, and Gmm
record channel deposition, lithofacies SF and Srp record
deposition in braid bars, and lithofacies Flmt records overbank
deposition or deposition from suspension on bar tops or in
channels.

The fining- and coarsening-upward units preserved in FA-2
record channel and bar sequences suggest cyclic fluctuations
of energy regimes, probably related to precipitation fluctua-
tions occurring over a range of timescales (perhaps ranging
from annual to millennial). Fining-upward sequences are gen-
erally a product of sedimentation in channels, but may also
develop as a response to waning flow over bars as they accrete
in response to migration of the active channel. Coarsening-
upward units are most likely associated with progradation or
downstream migration of bar deposits that result in internal
bar structures characterised by massive (SF) or crudely bedded
sand and overlain by intercalated silty and muddy sediment
(Srp) (Leopold and Wolman, 1957; Cant and Walker, 1978;
Reineck and Singh, 1980; Miall, 1982; Davis, 1983). The pre-
sence of mud suggests that both fine- and coarse-grained mate-
rial were available to the system and that periods of significant
current activity alternated with periods of quiescence, possibly
a result of channel abandonment and filling where a channel is
initially cut off by migration of braid bars. The clay within SF is
oxidised, suggesting intermittent drying and rewetting of the
upper surface of the braid bars.

The floodplain sediments (Flmt) in the FA-2 sequences are
typically clays interlayered with silty sand. The silty sand is
interpreted as an event deposit—deposited during times of
increased discharge and overbank sedimentation (Miall,
2000; Smith and Smith, 1984; Dreyer et al., 1993; Bentham
et al., 1993). The Rio Desaguadero FA-2 floodplain strata are
limited in their vertical extent because of the low preservation
potential of such strata—braided river floodplain strata are
often obliterated by active channel migration and aggradation
(Reinfelds and Nanson, 1995), which leads to the reoccupation
of the floodplain and erosion of the floodplain region.

Braided stream deposition typically results from large, rapid
fluctuations in discharge, steep channel gradients, abundance
of coarse-grained sediment, a high rate of sediment supply and/
or easily erodible banks. Within the study area, the gradient of
the river valley is highest between the Callapa and Zambrana
core sites. The gradient decreases near Tejopa, just before the
river takes a right-angle bend and moves through the constric-
tion near Cerro La Joya (Figs 1 and 2). The braided strata at the
Callapa and Zambrana core sites were probably remobilised
during periods of increased discharge (increased effective
moisture) that resulted in increased sediment supply from tribu-
tary streams and from the adjacent highlands. These remobi-
lised sediments were reworked downstream toward Tejopa,
where the river morphology changes to dominantly meander-
ing (probably because of the decrease in gradient combined
with the lack of inflowing tributaries to supply new coarse-
grained material). The 5-m thick, coarsening-upward sequence
at ca. 15 m depth in the Tejopa drill core is thought to be the
result of sediment damming related to the inability of the river
to transport sediment around the bend and through the topo-
graphic constriction (for further discussion of the impact of this
constriction, see below).

Deltaic deposits (FA-3)

Deltaic strata are present only in the southernmost core (Huana
Khaua), where they sit atop a large lacustrine sequence. They

Figure 5 Typical braided fluvial facies association (FA-2) showing the
relatively coarse nature of these strata relative to that of FA-A1. (A) The
massive gravel (Gmm) channel deposits of this lithofacies typically
occur in sharp contact with sandy bar deposits such as those seen in
lithofacies SG and SM (B). This figure is available in colour online at
www.interscience.wiley.com/journal/jqs
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are distinguished from the meandering and fluvial strata by
well-developed, stacked, coarsening-upward sequences.

Description of lithofacies

The stacked coarsening-upward sequences that characterise
FA-3 comprise over 9.5 m of section in the Huana Khaua core
(from 6.15 to 15.9 m), thicken upward (from 0.5 to >1 m thick),
contain abundant coarse-grained sand and gravel, and have
sharp basal contacts with the underlying lacustrine strata (FA-
4). Individual packets coarsen upward from silty brown clay
with carbonate nodules (lithofacies FCEmt) to coarsely lami-
nated clayey silt and sand (lithofacies Sp) to medium-grained
clayey sand to coarse sand (lithofacies Sm). Locally, packets
coarsen upward from gravelly to medium-grained clayey sand
and to gravel (lithofacies GSp; Fig. 6(A))—the coarsest sedi-
ments within FA-3. The gravel is typically sub-rounded to
rounded (Fig. 6(B)) and is most common within the lower
5.5 m of section.

Interpretation

Coarsening- and thickening-upward sequences, such as those
present in FA-3, can be associated with either crevasse splay
deposits or deltaic deposits. The juxtaposition of FA-3 with
underlying laminated, black to dark grey, calcareous, gastro-
pod-rich clay with in situ carbonate crusts containing brine
shrimp pellets and ostracods (FA-4) suggests that a deltaic
environment is the more reasonable interpretation. These
underlying strata are diatom-bearing lacustrine strata, not the
floodplain strata commonly associated with crevasse splay
deposits. The sediments of FA-3 are also much coarser and
occur in much thicker packages than those associated with
the crevasse splay deposits of FA-1. The proximity of the Huana
Khaua core site to the adjacent mountain range and, impor-
tantly, its position directly down-gradient from a glacial valley
(Fig. 7) within that range, accounts for the large amount of
coarse material in these deltaic strata and suggests that the
strata within the Huana Khaua delta sequence were largely
derived from redeposited glacial sediments.

Lacustrine deposits (FA-4)

Lacustrine deposits are present throughout the study area. They
typically overlie floodplain strata of FA-1 and are commonly

Figure 6 Lithofacies characteristic of delta deposits in FA-3. (A) A
coarsening-upward sequence of lithofacies FCEmt, Sp, Sm and Gsp
in the Hauna Khaua drill core. (B) Well-rounded gravel of lithofacies,
which occurs near the top of the coarsening and thickening-upward
sequences. This figure is available in colour online at www.
interscience.wiley.com/journal/jqs

Figure 7 Photograph of the glacial valley immediately adjacent to the Huana Khaua drill site. The proximity of the site to this valley is the most likely
explanation for the deltaic strata in the core. This figure is available in colour online at www.interscience.wiley.com/journal/jqs
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associated with sandy and silty shoreline sequences (Fig. 8(A)).
The lacustrine deposits consist of 17 cm to 4.55 m thick packets
of laminated to massive blue, black, grey, tan or light green to
yellow organic-rich clay to clayey silt with local concentra-
tions of carbonate and biogenic debris (Figs 8(B) to 8(H)). These
strata are distinguished from the fine-grained floodplain strata
of FA-1 and FA-2 by the lack of red (oxidised) clays, by their
higher organic contents, and by the presence of lacustrine indi-
cators such as diatoms, ostracods and gastropods, phytoliths,
sponge spicules, ‘rice-grain’ carbonate and aquatic plant deb-
ris. Diatom analysis and inorganic and organic carbon analysis
were used to characterise the salinity and water depth of the
palaeolakes (Table 5). These analyses provide information
about the physical and chemical depositional conditions in
the palaeolakes and enable correlation of lake strata (see next
section) in the absence of viable dates (Davis and Smol, 1986;
Servant-Vildary and Roux, 1990; Sylvestre et al., 1996, 1999;
Cross et al., 2000). Most of the radiocarbon dates (Table 2) used
in this study are derived from FA-4 strata. These lake sediments
form the most important basis for our present interpretations
regarding changes in regional effective moisture.

The many lithofacies that comprise FA-4 are divided into two
distinct groups—open-water deposits (FA-4a) and shallow-
water deposits (FA-4b)—on the basis of lithology and sedimen-
tary structures, diatom palaeoecology (Table 5), and the abun-
dance of organic material, macrofossils, and carbonate. The
shallow-water deposits are further subdivided into saline, fresh,
mixed saline and fresh, shoreline, and floodplain pond deposits
(part of FA-1). This subdivision is based, mainly, on diatom

palaeoecology; carbonate content, and grain size and sedi-
mentary structures.

Each of the lacustrine facies associations present in the Rio
Desaguadero valley drill cores is described and interpreted
below. The distribution and age of these deposits, as well as
their palaeoclimatological significance, is discussed in later
sections of this paper.

Open-water deposits (FA-4a)

Deep (below the photic zone), open-water deposits are present
in the Manquiri, Zambrana, Tejopa, Challacolla and Huana
Khaua drill cores.

Description of lithofacies

The only lithofacies in the Rio Desaguadero drill cores that is
characteristic of a deep-water (below the photic zone) environ-
ment is FORl. This lithofacies is characterised by laminated
dark grey to black to green to yellow organic-rich laminated
clay with abundant organic material, diatoms and local occur-
rences of ‘rice-grain’ carbonate (Fig. 8(B) and 8(C)). Diatoms
present in this lithofacies consist dominantly of planktic
forms that are indicative of fresh (Cyclotella stelligera and
Cyclostephanos andina), saline (Cyclotella meneghiniana and

Figure 8 Lithofacies characteristic of the lacustrine strata in the Rio Desaguadero valley drill cores. (A) This thin vertical succession of lacustrine,
shoreline and floodplain strata show the typical vertical sequence of deposition environments. (B) Rice-grain carbonates mark the transition between
gastropod and carbonate-bearing shallow, saline lake deposits (lithofacies Fcg; present in the bottom of photo (B) of FA-4b1 and laminated, organic-
rich freshwater lake deposits (lithofacies FORl; shown at the top of (B) and in (C) of FA-4a. (D) Plant-rich lithofacies FORp often occurs in the littoral
zone and may contain both fresh and saline water indicators and is present in both FA-4b2 and FA-4b3 (fresh shallow-water deposits and mixed saline
and freshwater deposits). (E) The extensively mottled strata of Fmt are characteristic of shallow-water environments such as shallow saline or fresh-
water lakes. (F) Lithofacies characteristic of permanent floodplain ponds include these laminated, gastropod-rich muds. The clayey, gastropod-bearing
pond sediments typically shallow upward to laminated, silty floodplain clay. (G) Shallowing-upward sequence from deep-water lithofacies (FORl)
into somewhat massive saline and shallow-water deposits of lithofacies Fm. (H) Floodplain pond deposits (FA-1) are distinguished from lacustrine and
shoreline deposits by their coarser grain size, abundant carbonate (including carbonate crusts) and mottling, as well as by their vertical association
with fluvial strata. This figure is available in colour online at www.interscience.wiley.com/journal/jqs
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Cyclotella hakanssonii), or mildly saline (Thalassiosira patago-
nica) open-water environments. Inorganic carbon (<1%) and
organic carbon content (0.27% to 0.52%) are generally low
in this lithofacies.

Interpretation

The laminations in FORl, combined with the abundance of
fresh and/or saline planktic diatoms, indicate deposition in an
open-water lacustrine environment that was deep enough to

prohibit the proliferation of bioturbating fauna and the growth
of light-requiring, rooted plants. The planktic freshwater dia-
toms Cyclotella andina and Cyclotella stelligera are character-
istic of modern and ancient Lake Titicaca and indicative of
open water conditions (Theriot et al., 1985; Tapia et al.,
2003). Thalassiosira patagonica is a planktic diatom indicative
of mildly saline (3 ppt) conditions (Maidana, 1999). The low
carbonate content suggests a deep and slightly saline environ-
ment. And, the presence of ‘rice-grain’ carbonate signals the
freshening of a saline lake as runoff carrying dissolved carbo-
nate is rapidly introduced to the lake (J. Smoot, 2001, pers.
comm.). In the Tejopa core, planktic, freshwater-diatom-bear-
ing FORl also contains laminated diatomite bearing saline
benthic diatoms (Fig. 8(D)), suggesting the transport of shallow
water sediment to the deeper lake environment, perhaps via
turbidity currents.

Shallow-water deposits (FA-4b)

Shallow water (non-floodplain) lacustrine deposits are present
in all but the northernmost Rio Desaguadero valley cores. They
are subdivided here into saline, freshwater, and mixed saline/
freshwater, and shoreline deposits based on lithology, carbon
content and diatom ecology. The presence of root mottling,
benthic diatoms, and increased silt content indicate deposition
in a shallow-water environment. Carbon contents are moderate
to low in these shallow-water deposits and organic carbon is
generally more abundant than inorganic carbon.

Saline shallow-water deposits (FA-4b1)

Description of Lithofacies

The saline shallow-water lithofacies (Fcfgo, FSg, Fg, Fgo, FCg,
and Fl) are distinguished from freshwater lithofacies by the pre-
sence of carbonate crusts, reworked layers of gastropods and
ostracods (Fig. 8(E)), Ruppia seeds, rootlets, Artemia pellets,
benthic saline diatoms (including Achnanthes brevipes, Diplo-
neis smithii, Melosira dubia, Suirella spp, Synedra fasciculata,
Nitzschia frustulum, Mastogloia atacamae, Fragilaria con-
struens v. subsalina, Caloneis westii, and Navicula species),
brackish-water diatoms (including Synedra fasciculata, Surir-
ella striatula, Synedra puchella and Mastoglia atacamea), and
sand-sized evaporite (gypsum) crystals. These lithofacies have
various quantities of organic (0.74% to 1.62%) and inorganic
(1% to >20%) carbon, are typically mottled, may contain
phytoliths, and range in colour from light green to dark
greenish yellow brown to dark grey to black. They are locally
sandy (FSg) and may contain iron-stained silty to very fine
sandy ripple laminations (Fl, Fg). Locally, the in situ carbonate
crusts within FCfgo contain Artemia pellets or ostracods or
both.

Interpretation

All of the sedimentological, biological and chemical character-
istics of the lithofacies within this facies association suggest a
shallow saline lake or lake margin environment. The domi-
nance of FCfgo in this lithofacies distinguishes it from the
FORl-dominated open-water facies association. The presence
of local Ruppia seeds, phytoliths and reworked lenses of

Table 5 Summary of dominant diatoms in the Rio Desaguadero valley
cores. Diatom abundances in the lacustrine and fine-grained fluvial
facies were used to help differentiate among the major depositional
environments recorded in the Desaguadero strata and to determine
water depth and salinity of the Desaguadero palaeolake strata

Benthic saline diatoms Benthic freshwater diatoms

Achnanthes brevipes Achnanthes (fw) (A. lanceolata mostly)
A. chilensis Amphora ovalis
A. delicatula A. veneta
A. hauckiana Aulacoseira crenulata
A. subsalina A. distans
Amphora atacamae A. alpigena
A. coffaeiformis Caloneis (C. bacillum mostly)
Anomoeoneis sphaerophora C. schumaniana
Caloneis westii Cocconeis placentula
Craticula halophila C. pseudothumensis
Fragilaria subsalina C. diminuta
Gyrosigma spenceri Craticula cuspidata
Mastogloia atacamae Cymbella spp. (mostly C. cistula)
Melosira dubia Diploneis smithii
M. octogona D. ovalis
Navicula pepegrina Epithemia adnata
N. subinflatoides Fragilaria brevistriata
N. glacialis F. construens
Nitzschia communis F. bidens
N. compressa F. elliptica
N. frustulum F. leptostauron
N. sigma F. pinnata
N. tryblionella F. vaucheriae
N. hungarica F. zeileri
Paralia sulcata Gomphonema spp.
Pleurosigma spp. Martyana martyi
Rhopalodia brebissonii Melosira varians
R. wetzeli Navicula (freshwater spp.)
R. musculus Nitzschia (freshwater spp.)
Surirella sella/wetzeli Pinnularia spp. (mostly P. maior

and related forms)
S. striatula Reimeria sinuata
Surirella brightwellii/hoefleri Rhopalodia gibba
Synedra fasciculata Synedra acus
S. investiens S. rumpens
S. puchella S. ulna

Planktic saline diatoms Planktic freshwaster diatoms

Chaetoceros Cyclotella andina
Cyclotella meneghiniana Cyclotella stelligera
Cyclotella hakanssoniae
Thalassiosira patagonica

Terrestrial (wet meadow and moist soil) diatoms

Hantzschia amphioxus
Navicula mutica
Pinnularia borealis
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Artemia pellets and gastropods, carbonate crusts and sand-size
evaporite crystals distinguish lithofacies Fcfgo from the dark,
laminated clay of lithofacies FORl.
Ruppia are important aquatic macrophytes that exist in mod-

ern saline lakes, including modern Lake Poopo (Iltis, 1993).
Artemia faecal pellets are common in ancient lacustrine sedi-
ments of both Uyuni and Coipasa, as well as in modern Lake
Poopo and other smaller saline lakes (Risacher and Fritz,
1991). Gypsum precipitates in lakes when evaporation rates
are highest, suggesting shallow water conditions (Platt and
Wright, 1991; Grosjean et al., 1995; Lowenstein et al.,
2003). Achnanthes brevipes, Diploneis smithii and Melosira
dubia are benthic diatoms typical of shallow saline lake envir-
onments (Servant-Vildary and Roux, 1990) and Synedra fasci-
culata, Surirella striatula, Synedra puchella and Mastoglia
atacamea are benthic diatoms that require brackish water con-
ditions (Servant-Vildary and Roux, 1990). These diatoms live in
shallow water within the photic zone, at depths generally less
than 5 m, suggesting a shallow brackish lake. As with
similar strata from Lake Titicaca (Baker et al., 2001b) and the
Salar de Uyuni (Baker et al., 2001a; Fritz et al., 2004), the pre-
sence of these biogenic components in carbonate-rich, mottled
grey to red clay is interpreted to represent shallow, saline
conditions.

Fresh shallow-water deposits (FA-4b2)

Description of lithofacies

Shallow freshwater lithofacies are characterised by organic-
rich (<5% organic carbon) laminated (FORl) to mottled (FORp)
to massive (FORm) blue grey to black to greyish-green to red
clay and silty clay with moderate to low percentages of
(<20%) of calcium carbonate, freshwater lacustrine diatoms
(Cocconeis placentula, Fragularia spp., and Gomphonema
spp.), plant fragments (Fig. 9(F)), freshwater calcareous green
algea (Phacotus), local pyrite, phytoliths, rare ostracods and
local millimetre-size calcium carbonate nodules. Locally, the
strata contain poorly preserved and fragmented gastropods
within olive green sandy clay (FSg), and rare, poorly preserved
freshwater benthic diatoms (Fragilaria construens and Fragi-
laria pinnata). The laminated, mottled and massive lithologies
occur both interbedded within the same sequence and as indi-
vidual 10 to 20 cm thick units.

Interpretation

Together, the presence of benthic diatoms, moderate to low
carbonate levels, and preserved laminations indicate a lake
environment that was deep enough to prevent extensive biotur-
bation and root mottling, but shallow enough to be dominated
by benthic diatoms. The diatoms within this facies association
are typically found in freshwater lakes (salinities up to
1.1 g L�1), where they live near the lake margin in water depths
of 1 to 2 m. They are commonly associated with vascular
plants, rock and sand substrates, and low current velocities
(Servant-Vildary and Roux, 1990; Servant-Vildary and Mello
e Sousa, 1993; Sylvestre et al., 1996; Sylvestre, 1997; Sylvestre
et al., 1999). The presence of Fragilaria pinnata—a tychplank-
tonic species that lives in the littoral zone of ancient and mod-
ern lakes (Servant-Vildary and Mello e Sousa, 1993; Wilson
et al., 1994; Sylvestre et al., 1996)—the carbonate-poor nature
of the strata, and the occurrence of sand in the clay, all indicate

a fresh, littoral, lacustrine environment. Mottling—usually the
result of roots or burrowing—phytoliths, and plant fragments,
are all common in marginal lake environments (Platt and
Wright, 1991; Fearn, 1998) and indicate that much of the
deposition occurred within the photic zone. Slightly deeper,
but still shallow, conditions are recorded by sequences within
this lithofacies that lack plant fragments and macrofossils, but
exhibit well-preserved laminations, moderate carbonate levels
and an abundance of benthic diatoms.

Mixed saline and freshwater deposits (FA-4b3)

Description of lithofacies

Carbonate-poor (<5%), mottled, blue to green to dark grey to
black to red clay with rootlets (FORm; Fig. 8(G)), plant material
(FORp), pyrite, and local lenses of fine- to medium-grained
sand (FCfgo), and low carbonate content characterise this
facies association. Lithofacies of this facies association contain
a mixed assemblage of freshwater and saline benthic diatoms
(including Denticula subtilis, Cocconeis placentula, Amphora
venta, Amphomora ovali, Epihemia adnata, Hantzschia
amphioxs, Synedra fasciculata, Nitzchia hungarica, Nitzchia
sigma, Navicula peregrina and Fragilaria spp.) and plant debris
(including Ruppia).

Interpretation

The abundance of benthic diatoms and the presence of macro-
fossils, mottling and sand lenses suggest deposition in a shal-
low-water environment. Many of the diatom taxa in this
facies association are sessile, benthic, fresh to slightly saline
forms. Amphomora ovalis, for example, is an epipsammic
(lives attached to sand grains) freshwater species (Hickman
and Schweger, 1996). The presence of rare brackish-water dia-
toms, such as the benthic motile species Navicula peregrina,
and lesser quantities of saline diatoms, including Syndrea fas-
ciculata, Nitzchia hungarica and Nitzchia sigma, document
proximity of a shallow saline environment. The influence of
fresh water in a brackish to saline environment may explain
the dearth of carbonate within these shallow-water strata.
Overall, these strata record an aquatic environment with an
interplay of fresh and saline water environments, such as could
be found at the margins of a saline lake fed by a freshwater
river.

Shoreline deposits (FA-4b4)

Description of lithofacies

The strata of this facies association are characterised by
centimetre-thick packets of gravelly medium-grained to rippled
and/or fine-grained sand (SG, Sm, Fmbt, Fir, Fcl) that fine
upward to planar- and rippled-laminated clayey fine sand
(Sp and Srp) (Fig. 8(A)). They have low carbonate content and
contain benthic freshwater diatoms (Cocconeis placentula),
rare terrestrial diatoms (Pinnularia borealis) and phytoliths.
This facies association occurs in association with lacustrine
strata, typically underlies fluvial channel strata (FA-1) and has
a sharp upper contact that is commonly overlain by gastropod
fragments.
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Interpretation

The coarse-grained, planar- to ripple-laminated nature of these
strata reflect higher-energy regimes. The phytoliths, mixed
freshwater benthic and terrestrial diatoms, and low inorganic
carbon content indicate a shallow freshwater marginal lake
environment. Terrestrial diatoms and phytoliths are common
in marginal lake environments (Fearn, 1998). The sharp upper
contact with fluvial strata suggests the migration of a fluvial
environment over the lacustrine strata. Collectively, the biota
and lithology of the lithofacies within this facies association
record lake-shoreline deposition.

Lacustrine stratigraphy

Twelve correlative lacustrine zones (Z1 through Z12) are pre-
sent in the cored strata of the Rio Desaguadero valley (Fig. 9).
These zones record five major lake phases (a pre-Minchin
palaeolake phase, palaeolake ‘Minchin’, palaeolake ‘Tauca’,
palaeolake ‘Coipasa’ and an 8500 cal. yr BP event) and several
periods of increased local precipitation and increased overflow
of Lake Titicaca within the past 50 000 (or more) years (late
Pleistocene through Holocene).

The two basal lacustrine zones, Z1 and Z2, are beyond the
range of radiocarbon dating. Zones 3, 4 and 5 are equivalent in
age to palaeolake ‘Minchin’ and record an extensive deepen-
ing-upward lacustrine system. Zones 6 and 7 are equivalent
in age to palaeolake ‘Tauca’. Zone 6 records shoreline deposi-
tion at Tejopa, a somewhat deep and saline lake at Zambrana
that shallows northward to Manquiri, a shallow lake at Caquin-
gora and deltiac sedimentation at Huana Khaua. Zone 7, dated
to between ca. 22 000 and ca. 16 000 cal. yr BP extends as far
north as the Manquiri core site. The ‘Coipasa’ palaeolake (Zone
8) is radiocarbon-dated in these cores to between ca. 14 000
and ca. 11 500 cal. yr BP. It extends as far north as the Tejopa
core site. Z9 is present only in the southern three cores and
probably represents local increases in precipitation, possibly
during the drying phases of the palaeolake Tauca or Coipasa.

Zone 10 represents a previously undescribed lacustrine
phase on the Altiplano. It is dated to between ca. 8500 and
ca. 8000 cal. yr BP. Zone 10 strata record extensive floodplain
ponding at the Nequela and Callapa core sites. This ponding
was likely to have been sourced by increased overflow to Rio
Desaguadero from Lake Titicaca, recording increased regional
precipitation on the northern Altiplano at this time. Zones 11
and 12 also record local (likely seasonal) ponding in the north-
ern portion of the study area, suggesting that Lake Titicaca was
again overflowing, but that overflow was not sufficient to cre-
ate a basin-wide lake system. The youngest of these ponding
phases occurred sometime before 3000 to 530 cal. yr BP in
the southern cores and sometime before ca. 1226 cal. yr BP in
the northern cores.

Influence of topographic constrictions

Although the 12 lacustrine zones recorded in the Rio Desagua-
dero drill cores are largely correlative with lacustrine strata in
the Salar de Uyuni drill cores (Baker et al., 2001b) and with
lake strata in the northern Rio Desaguadero valley (Baucom,
1997; Baucom and Rigsby, 1999) and in Lake Titicaca (Baker
et al., 2001a), no single lacustrine zone extends through the
entire length of the river valley (Fig. 9). This lack of lateral con-

tinuity is partially the result of fluvial erosive processes, but is
also controlled by complexities in basin-scale geometry that
resulted in the existence of three separate palaeolake basins
in the Rio Desaguadero valley.

These three sub-basins resulted from the presence of two
topographic constrictions in the river valley (Figs 2 and 10):
one upstream of the Callapa core site (the Ulloma/Callapa con-
striction) and one just downstream of the Tejopa core site (near
Cerro La Joya), where the valley makes a sharp right turn and
narrows. We suggest that, during times of increased effective
moisture (increased overflow from Lake Titicaca and increased
flow down the Rio Desaguadero and its tributaries), the
Ulloma/Callapa constriction acted as a funnel, allowing higher
flow velocities and increasing the competence of the Rio Desa-
guadero. The increased bed-load supplied by the Rio Mauri tri-
butary during such times (just upstream of the constriction—
see Baucom (1997) and Baucom and Rigsby (1999) for details
of the effect of Rio Mauri sediment supply to the Rio Desagua-
dero)—combined with the significant increase in the gradient
of the Rio Desaguadero between Callapa and Tejopa (Fig. 2),
resulted in braiding on the floodplain downstream of the con-
striction (Fig. 10). When a constriction of this type occurs in a
fluvial basin, it acts as a conduit capable of high-competency
flow velocities (Farrell, 2001). In this case, the Ulloma/Callapa
constriction provided enormous potential for erosion and
remobilisation of braid bars and channel deposits down-valley,
from Callapa to Tejopa. When peak flows were entering the
valley via the constriction, the palaeo-Rio Desaguadero was
capable of transporting large quantities of sediment through
the process of sediment avulsion. The wave of deposition that
progresses down the flood basin during avulsion is often the
result of a climate-driven shift in basin elevation and typically
results in a series of braid bars that migrate down-valley (Smith
et al., 1998; Morozova and Smith, 2000). The fluvial braid bar
and channel deposits (FA-2) in the Callapa and Zambrana drill
cores are records of this process.

As the avulsion deposits in the palaeo-Rio Desaguadero
migrated downstream they became trapped behind the second
topographic constriction (between Tejopa and Caquingora;
near Cerro La Joya; Figs 2 and 10). The juxtaposition of this
constriction, a right-angle bend in the river valley, and a down-
stream decrease in gradient slowed the downstream movement
of the braid plain sediments and resulted in the formation of a
sediment dam just downstream of the Tejopa core site. One
result of this sediment trapping (damming) is seen in the thick
(ca. 5 m) sequences of coarsening-upward braided fluvial (FA-
2) deposits in the Tejopa drill core, above and below the Zone
6 and 7 lacustrine strata. Such deposits typically indicate local
increases in stream competence (Farrell, 2001), which in this
case resulted in piling up of coarse-grained sediments down-
stream at the Cerro La Joya constriction. This avulsion-related
sequence was augmented by episodic debris flows (FA-1),
sourced from the nearby steep valley walls during periods of
increased precipitation. The result was the formation of a sedi-
ment dam that allowed overflow into the southern Rio Desa-
guadero valley sub-basin (from the Caquingora core site to
Lake Poopo) only during times of greatly increased effective
moisture and peak outflow from Lake Titicaca (and during per-
iods of incomplete damming).

As of result of these topographic complexities, the ‘Minchin-’,
‘Tauca-’ and ‘Coipasa-’equivalent lake strata in the Rio Desa-
guadero valley were deposited in two distinct sub-basins—an
upper sub-basin between Callapa and Tejopa and a lower sub-
basin between Caquingora and Lake Poopo—that were at times
separated by sediment damming below Tejopa. This damming
restricted overflow of the palaeo-Rio Desaguadero to the lower
sub-basin, caused backfilling of the upper sub-basin with Lake
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Titicaca-derived waters as far north as Manquiri—probably at
the same time that the lower sub-basin was filling from the south
(as a result of the up-basin expansion of the southern palaeo-
lakes)—and resulted in the deposition of lacustrine strata in
two separate sub-basins. The maximum height of the sediment
dam is unknown, because of erosion of the clastic section, but
the dam was high enough to allow the presence of a ‘deep’
(below the photic zone; Zone 6) lake at Zambrana while a
contemporaneous shallow lake was present down-gradient (at
Coipasa).

Discussion

Lake-level history from the late Pleistocene into the Holocene
has been well documented from cores in both the large
lake basin (Baker et al., 2001b) and the smaller southern
Huinamarca basin of Lake Titicaca (Wirrmann et al., 1992;
Abbott et al., 1997; Baker et al., 2001b). Additionally, changes
in precipitation, overflow records of Lake Titicaca, and fluvial
morphology of the modern and palaeo-Rio Desaguadero have
been documented from outcrops along the Rio Desaguadero
(Baucom, 1997; Baucom and Rigsby, 1999) and in the
Uyuni-Coipasa basin (Sylvestre et al., 1996, 1999), as well as
from the Salar de Uyuni drill core (Baker et al., 2001a). What
have not been previously documented are the maximum extent
of the central Altiplano lakes and the role of the palaeo-Rio
Desaguadero in connecting the wetter, northern region portion
of the Altiplano (Lake Titicaca) to the drier southern portion (the
Salars of Uyuni and Coipasa). From our analysis of the cored
strata, it is now evident that increased discharge from Lake
Titicaca—via the Rio Desaguadero—resulted in the formation

of palaeolakes within the study area. The resultant complex
fluvial and lacustrine stratigraphy documented in the
Desaguadero valley drill cores records both the depositional
and effective moisture history of the region, allowing us to bet-
ter understand the palaeohydrology of the Rio Desaguadero, to
reconstruct the timing and magnitude of lake level changes in
the whole Altiplano, and to refine inferences about the regional
and global climatic significance of these changes.

The oldest palaeolake strata in the Rio Desaguadero cores
document at least three episodes of increased effective moist-
ure that resulted in the formation of deep, fresh lake systems.
These lake strata, which are separated by fluvial sequences that
document periods of renewed dryness, are probably correlative
with lacustrine strata below approximately 40 m (older than
50 000 yr BP) in the Salar de Uyuni drill core (Fig. 9 and Fritz
et al., 2004). The last 40 000 cal. yr BP of strata preserved in
the Rio Desaguadero cores record deposition in palaeolakes
‘Minchin’, ‘Tauca’, ‘Coipasa’ and several younger lacustrine
systems, as well as deposition by meandering and braided riv-
ers. Here we discuss the chronostratigraphy of this sequence, as
it relates to other Altiplano records.

Servant and Fontes (1978) dated palaeolake ‘Minchin’ to
about 32 000 and 30 000 cal. yr BP on the basis of radiocarbon
dates on shells from outcropping sediments. In the Rio
Desaguadero cores, palaeolake ‘Minchin’ is represented by
three lacustrine units, the youngest of which appears to be cor-
relative with lake strata dated to ca. 42 000 cal. yr BP in the
Salar de Uyuni. These strata record an extensive, deep lake that
extended as far north as Tejopa (upstream of southernmost con-
striction), suggesting that the lake was sourced by the palaeo-
Rio Desaguadero (overflow from Lake Titicaca). Clastic,
fluvial-derived material interbedded with these lacustrine strata
were probably transported during debris flow events or storm
runoff events in periods of high rainfall.

Figure 10 Diagrammatic representation of the two major topographic constrictions in the modern Rio Desaguadero valley. Light grey lines show
topography (50-m contour intervals), broad line in centre is the Rio Desaguadero. Cross-sections and photographs show along-valley variations in
valley width. As explained in text, braid bars form as the sediment-laden river exits the Ulloma/Callapa constriction, then migrate downstream until
they reach a sharp bend in the river that is accompanied by an abrupt narrowing of the valley. The stream loses its competence to transport the sedi-
ment resulting in the formation of a sediment dam at the downstream constriction. See Fig. 2 for locations
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Several previous studies of sediments from Lake Titicaca
characterise the LGM as a cold and arid period of low lake
level (e.g. Wirrmann and Mourguiart, 1995; Mourguiart
et al., 1998; Argollo and Mourguiart, 2000; Mourguiart and
Ledru, 2003). This conclusion was at least partly based upon
a lack of LGM dates on lacustrine highstand deposits in the cen-
tral Altiplano (Servant et al., 1995; Sylvestre et al., 1999). This
point of view has been challenged on the basis of the continu-
ous presence between 26 000 and 15 000 cal. yr BP of lacus-
trine sediments in drill core from the centre of the Salar de
Uyuni (Baker et al., 2001a) and by data clearly showing that
Lake Titicaca was continuously fresh, deep and overflowing
during the same time period (Baker et al., 2001b). In the
Rio Desaguadero cores, the LGM is represented by complex
fluvial, lacustrine, and deltaic sequences (Zones 6 and 7;
Fig. 9). For example, at Huaña Khaua, the LGM is represented
by deltaic sediments formed by the accumulation of volumi-
nous fluvio-glacial outwash derived from the adjacent cordil-
lera. At Challacolla and Caquingora, the LGM is represented
by lacustrine sediments. Upstream of where Rio Desaguadero
bends southward (Fig. 1), the LGM is represented by thick inter-
vals of coarse-grained braided river sediments, products of
increased discharge of the Rio Desaguadero and increased sup-
ply of coarse-grained materials during glacial stages. In sum-
mary, the LGM sequences in the Rio Desaguadero valley
document abundant overflow from Lake Titicaca, abundant
discharge from large tributaries such as the Rio Mauri, and
the formation of large lakes in the central and southern Rio
Desaguadero valley.

Wet conditions on the Altiplano persisted from prior to the
LGM until about 15 000 cal. yr BP (Figs 11 and 12), with the
maximum highstand of palaeolakes on the central Altiplano
(about 140 m height above the modern salar surface) dating
to about 16 500 cal. yr BP (Bills et al., 1994; Fritz et al.,
2004). Lacustrine sediments of the same age occur in all of
our sections downstream from and including Nequela (Figs 9
and 11), consistent with a maximum in the areal extent of this

palaeolake (‘Tauca’). Our analysis of diatoms and other aquatic
plants from these sediments suggests that a deep, saline lake
was present in the central Rio Desaguadero valley (at Nequela,
Zambrana and Tejopa), whereas a shallow lake or wetland
environment was present to the south (in the Caquingora,
Challacolla, Huaña Khaua area), verifying the regional increases
in the effective moisture yet documenting local controls on lake-
basin geometry and depth. The downstream shoaling of this lake
was the result of local sediment damming of the Rio Desagua-
dero as sediment piled up in front of a bedrock constriction in
the river valley between Tejopa and Caquingora. Sedimentologic
and geomorphic analysis shows that the sediment dam was small
and short-lived and, while it certainly contributed to the deepen-
ing of the lake north of Caquingora, it did not prevent Lake
Titicaca overflow from reaching the southern core sites and the
Salars of Coipasa and Uyuni. The entire Rio Desaguadero was
wet at this time. This wet period ended between about 16 000
and 14 000 cal. yr BP.

Regional aridity between about 16 000 and 14 000 cal. yr BP,
contemporaneous with renewed deposition of salt on the cen-
tral Altiplano (Baker et al., 2001a), produced rapid desiccation
of these environments. In the Rio Desaguadero valley, lacus-
trine sedimentation was interrupted by a short period of fluvial
sedimentation. This was followed by a return to renewed wide-
spread lacustrine sedimentation between about 14 000 and
12 000 cal. yr BP (Fig. 12), nearly equivalent in age to the
Younger Dryas chronozone. Palaeolake and wetland strata
are present in the Rio Desaguadero drill cores from Tejopa
southward (Zone 8), thus suggesting a maximum possible water
depth of about 70 m. In the Salar de Uyuni this chronozone is
represented in the subsurface by a 0.5 m thick lacustrine inter-
val (Baker et al., 2001a). Lake Titicaca remained relatively
deep and fresh until ca. 11 500 cal. yr BP (Baker et al., 2001b;
Rowe et al., 2003). In the Rio Desaguadero valley, there are no
dated lacustrine intervals between 10 900 and 8500 cal. yr BP
(Figs 11 and 12; Table 2). Between 8500 and 7900 cal. yr BP
lacustrine sediments occur at Callapa and Nequela (Zone 10)

Figure 11 Age and lateral distribution of lacustrine strata in the Rio Desaguadero valley (A) shown in relation to the longitudinal profile of the basin
(B). The horizontal bars in (A) represent lacustrine strata (including the deltaic strata at Huana Khaua) in the eight cores used in this study and lacustrine
strata present in fluvial terraces of the northern Rio Desaguadero valley (Baucom and Rigsby, 1999). These strata are bound, above and below, by
strata deposited in meandering and braided fluvial environments. The vertical bars in (A) represent intervals of lacustrine strata in the Salar de Uyuni
core (Baker et al., 2001a) and periods in which Lake Titicaca was overflowing (Baker et al., 2001b)

PALAEOLAKES AND WETLANDS, BOLIVIAN ALTIPLANO 687

Copyright � 2005 John Wiley & Sons, Ltd. J. Quaternary Sci., Vol. 20(7–8) 671–691 (2005)



indicating the presence of small lakes and floodplain ponds in
the upstream reaches of the Rio Desaguadero valley. In other
Rio Desaguadero cores, this interval is lost to an erosional
unconformity.

The most arid portion of the Holocene occurred between
about 7900 and 4500 cal. yr BP. During this time the level of
Lake Titicaca fell by 85 m (Seltzer et al., 1998; Cross et al.,
2000; Rowe et al., 2003). No lacustrine sediments are found
in Rio Desaguadero drill cores between 7900 and
3680 cal. yr BP; farther upstream in the Rio Desaguadero valley
between Callapa and Lake Titicaca, however, sedimentary
sequences exposed in fluvial terraces point to the continuous
existence of a small lake from 4525 to 3900 cal. yr BP. That lake
had an elevation of 3798 m a.s.l.—below Lake Titicaca’s mod-
ern overflow level of 3805 m a.s.l.—but it was concluded from
strontium isotopic measurements of contemporaneous fossils
from both lakes that it was never connected to Lake Titicaca
(Baucom and Rigsby, 1999). Although Lake Titicaca rose as a
result of increased precipitation between about 4500 and
3900 cal. yr BP (Baker et al., 2001b), the lake did not overflow
and precipitation was insufficient to sustain a large palaeolake
in the Rio Desaguadero valley. The single fluvial terrace level
present along the Rio Desaguadero between Callapa and mod-
ern Lake Poopo records nearly continuous deposition of allu-
vium from before 7000 cal. yr BP until about 3200 cal. yr BP
(Baucom and Rigsby, 1999).

Lake Titicaca again flooded its shallow, southern Huiñaimarca
sub-basin and overflowed southward by about 3600 cal. yr BP
(Wirrmann and Oliveira Almeida, 1987; Abbott et al., 1997).
As a result of both increased precipitation and renewed outflow
from Lake Titicaca, there are many late Holocene (3680 to
530 cal. yr BP) lacustrine intervals throughout the Rio Desagua-
dero valley, at Nequela, Caquingora, Challacolla and Huaña
Khaua. Farther upstream, terrace strata (Baucom and Rigsby,
1999) document the presence of a lake that existed between
2200 and 2000 cal. yr BP. The latter was connected to Lake
Titicaca and its elevation of 3819 m a.s.l. (well above Lake
Titicaca’s overflow level and almost 5 m higher than the 20th
century historical highstand of Lake Titicaca) indicates that Lake
Titicaca must have discharged strongly at that time. Although
Lake Titicaca has been at or near its overflow level since about

2000 cal. yr BP, the climate was never sufficiently wet in the late
Holocene to allow significant deposition of lacustrine sediments
in the Salar de Uyuni (Baker et al., 2001a) or the formation of
extensive, deep lakes in the Rio Desaguadero valley.

A quasi-millennial pacing of wet–dry cycles in the late
Holocene is apparent in the lake-level record of Lake
Huiñaimarca (Abbott et al., 1997); with wetter intervals
marked by lacustrine deposition in both Lake Huiñaimarca
and the Rio Desaguadero valley. In the northern Rio
Desaguadero valley the wet intervals were interrupted by per-
iods of fluvial downcutting centred at approximately 4000,
3600 and after 2000 cal. yr BP (Baucom and Rigsby, 1999).

Conclusions

The Rio Desaguadero drill cores record wet intervals (as lacus-
trine/wetland sedimentary sequences) and dry intervals (as flu-
vial sequences) on the central Bolivian Altiplano. The cored
sequences generally tend to support the timing of wet and
dry periods reported by Baker et al. (2001b) from their studies
of sediments from Lake Titicaca. In conjunction with pre-
viously published work, the present study indicates the follow-
ing conditions on the Altiplano: relatively wet between 50 000
and 38 000 cal. yr BP, dry to intermittently wet until between
approximately 38 000 and 26 000 cal. yr BP, wet during the
LGM from before 26 000 until at least 16 000 cal. yr BP, dry
from 16 000 to 14 000 cal. yr BP, wet from 14 000 to
12 000 cal. yr BP, dry from 12 000 to 10 000 cal. yr BP, wet from
10 000 to 7900 cal. yr BP, more extreme dryness from 7900
to 4500 cal. yr BP, and wet from 4500 cal. yr BP to present
(Fig. 12).

The timing of wet and dry periods is broadly consistent with
insolation forcing of precipitation (e.g. Martin et al., 1997;
Betancourt et al., 2000; Cross et al., 2000; Seltzer et al.,
2000; Baker et al., 2001a, 2001b). Maximum insolation during
the austral summer (20 000 cal. yr BP and present; Berger and
Loutre, 1991) caused maximum deep convection over south-
ern tropical South America (maximum intensity of the ‘South
American summer monsoon’, Zhou and Lau, 1998), consistent
with wet conditions on the Altiplano during the LGM and the
late Holocene. The summertime insolation minimum at
10 000 cal. yr BP, however, pre-dates the most arid phase on
the Altiplano. Other forcing mechanisms must also play a role
in Altiplano effective moisture. These include global tempera-
ture change related to atmospheric CO2 and ice sheet
albedo—decreased temperature should bring about decreased
evaporation, thus higher effective moisture (e.g. Blodgett et al.,
1997). Pacific sea-surface temperatures (SST) are known to
affect Amazon and, to a lesser extent, Altiplano precipitation
today and may have done so in the past (e.g. Garreaud and
Aceituno, 2001; Garreaud et al., 2003; Bradley et al., 2003).
Tropical Atlantic SSTs also apparently have an impact on
Amazon and Altiplano precipitation and may have done so
in the past (Hastenrath et al., 2004; Vezy and Cook, 2005).
The possible role of solar variability in Altiplano climate has
yet to be established. As shown by previous workers (Abbott
et al., 1997; Baker et al., 2001b), the late Quaternary climate
of the Altiplano was also punctuated by wetter and dryer peri-
ods of shorter duration. Although none of these studies, includ-
ing the present one, precisely resolve the timing of the
millennial-scale wet–dry cycles, 2001). Our observations of
lacustrine expansions on the central Altiplano closely coincid-
ing with the LGM, Heinrich 1, the Younger Dryas,
8200 cal. yr BP, and the neoglaciation events known from

Figure 12 Graph showing the relationship between the ages of lakes
in the Rio Desaguadero valley (Table 2), the level of Lake Titicaca (LT),
and other regional and global events. Benthic diatoms are used as a
proxy of LT water depth (Baker et al., 2001b). The LD and PK lakes
are preserved in the terrace outcrops of the northern Rio Desaguadero
valley (Baucom and Rigsby, 1999). LH, Lago Huiñaimarca, the shallow
southern sub-basin of LT; B/A, Bølling/Alleröd; H1, Heinrich event 1.
See text for discussion
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North Atlantic palaeoceanography (e.g. Bond et al., 1997,
2001) lend support to a ‘North Atlantic-Altiplano hypothesis’.
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