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ABSTRACT

In northern Chile, precipitation in the
High Andes (>3500 m) recharges ground-
water systems that flow down the Pacific
slope and feed large aquifers in the hyper-
arid Atacama Desert. Wetlands, which are
often found along the base of the Andes,
mark locations where the water tableinter-
sects the land surface. At these locations,
paleo—wetland deposits, which are present
as terraces between 3 and 20 m above mod-
ern wetlands, record past water-table
heights along the Andean front and are
used to reconstruct changesin groundwater
discharge. Paleo—wetland deposits in the
central Atacama Desert (lat 22°-24°S) re-
cord an episode (>15.4-9 ka) of high water
tables followed by an episode (8-3 ka) of
moderately high water tables. Elevated wa-
ter tables result from increased groundwa-
ter discharge and ultimately from enhanced
recharge in the Andes. The concordance of
results from three separate hydrologic sys-
tems suggests that changes in groundwater
discharge and recharge areregional and re-
flect climatic fluctuations. This interpreta-
tion is supported by close agreement with
other paleoclimatic records in the region.
The periods of greater groundwater dis-
charge wer e separated by episodes (9-8 and
3-0 ka) of significant groundwater lowering
and stream incision, implying greatly di-
minished discharge.

The central Atacama and Andes (lat 22°—
24°S) receive precipitation mainly from
moist air masses transported from the Am-
azon Basin by the South American Summer
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Monsoon (SASM). Increases in groundwa-
ter recharge are therefore thought to reflect
an increase in the frequency and/or mois-
ture content of SASM air masses crossing
the Andes. Fluctuations in SASM precipi-
tation have previously been linked to sum-
mer insolation in the Southern Hemisphere.
The wettest period in the central Atacama
(>15.4-9 ka), however, coincides with a
minimum in austral-summer insolation at
10 ka, suggesting that regional summer in-
solation is not a dominant influence on the
SASM. Instead, intensification of the SASM
may be linked to extraregional forcings
such as the Walker Circulation.

Keywords: Atacama Desert, wetlands,
springs, paleohydrology, South America.

INTRODUCTION

The tropics are thought to play a funda-
mental role in climate change because of their
ability to force rapid changes over broad re-
gions of the Earth (Cane and Clement, 1999;
Clement and Cane, 1999; Kerr, 2001). Not-
withstanding this importance, tropical paleo-
climatic studies are sparse compared to those
at higher latitudes. This disparity has encour-
aged a reliance on globa methane concentra-
tions (Severinghaus and Brook, 1999) and
coupled ocean-atmosphere circulation models
(Bush and Philander, 1998; Hostetler and Mix,
1999; Pinot et a., 1999) for making inferences
about past tropical oceanic and atmospheric
circulation. Well-dated records of tropical pre-
cipitation are becoming increasingly neces-
sary to set model limits, to isolate source re-
gions for global methane, and ultimately to
determine the relationship of past circulation
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changes both among separate regions in the
tropics and between the tropics and high lati-
tudes. The South American Summer Monsoon
(SASM) represents an important component
of the tropical circulation system and provides
one avenue for testing these relationships.

Today the SASM influences a large region
of South America, including the Amazon Ba-
sin, central Andes, and Altiplano. Continental
heating in summer drives deep convection
over the Amazon Basin, bringing moisture
into this region from the equatoria Atlantic
via the trade winds (Fig. 1). The trades are
deflected southeast once they reach the Andes,
creating a low-level northwesterly jet that
transports tropical moisture from the Amazon
toward the Gran Chaco region (lat 20°-25°S)
(Nogués-Peagle and Mo, 1997; Zhou and Lau,
1998). A thermal low develops over the Gran
Chaco region as maximum solar heating mi-
grates south at the end of the austral summer.
When the Gran Chaco low is fully developed,
the SASM is at its strongest seasonal intensity
(Zhou and Lau, 1998).

Periodically increasing Southern Hemi-
sphere seasonal insolation has been presumed
to be the dominant control on the intensifica-
tion of the SASM over orbital time scales
(Martin et d., 1997; Seltzer et al., 2000; Cross
et al., 2000; Baker et al., 2001a, 2001b; Bobst
et a., 2001). High lake levels and glacial ad-
vances during the Last Glacial Maximum
(LGM) in the central Andes led researchersto
suggest that the summer-insolation maximum
at ~21 kaintensified the SASM (Seltzer et al.,
2000; Baker et a., 2001b). Conversely, on the
Bolivian Altiplano (lat 15°-22°S), lake desic-
cation and glacia retreat by ca 14 ka have
been attributed to the summer-insolation min-
imum at ~10 ka (Servant et a., 1995; Clayton
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Figure 1. Summer atmospheric circulation
patterns responsible for the transport of
moisture to the Atacama Desert.

and Clapperton, 1997; Sylvestre et al., 1999;
Baker et al., 2001a, 2001b). These inferred
wet and dry periods are out of phase with
many pal eoclimatic records from the Amazon,
which identify adry LGM and wet late glacial
and Holocene (Ledru, 1993; Colinvaux et al.,
1996; Harris and Mix, 1998). This discrep-
ancy led Martin et a. (1997) to argue that de-
creased summer-insolation values limited the
southward expansion of the SASM, causing
the southernmost tropics and northern sub-
tropics to desiccate while parts of the Amazon
Basin became wetter owing to a prolonged
summer wet season.

Paleoclimatic records from the Pacific slope
of the central Andes and Atacama (lat 22°-
24°) can be used to test these hypotheses link-
ing seasonal insolation effects to SASM inten-
sity. In this region, paleoclimatic records
should reflect drying between 13 and 10 ka if
this model of summer-insolation forcing over
the South American tropics is correct. Most
regional records, however, identify a wet pe-
riod from ca. 16 to 9 ka, coincident with the
orbitally determined minimum in austral-
summer insolation (Grogjean, 1994; Grosean
et al., 1995; Geyh et a., 1999; Betancourt et
al., 2000). This wet phase, which is generally
concordant with records from the Amazon,
was also demonstrated to result from summer
precipitation (Betancourt et al., 2000). There
is no obvious reason why the Amazon and
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Atacama should have been wettest during the
late Glacia to early Holocene (16-9 ka),
while the intervening Bolivian Altiplano ex-
perienced maximum wetness during the LGM
(2516 ka).

In this paper we present evidence from
well-dated fossil spring and fluvial wetland
deposits that document the timing of wet and
dry phasesin the central Atacama Desert. This
evidence calls into question whether paleocli-
matic boundaries existed between the Amazon
and Altiplano, and between the Altiplano and
the central Atacama, and suggests that region-
al summer insolation is not the dominant con-
trol on SASM intensification. These results
have important implications regarding (1) the
forcing mechanisms for climate change in the
tropics and (2) the climatic teleconnections
between the Northern and Southern
Hemispheres.

STUDY AREA

The Atacama Desert, perhaps the driest
place on Earth, is located between the central
Andes and Pecific Ocean in southern Peru and
northern Chile (Fig. 1). The core of the Ata-
cama receives virtually no precipitation (<5
mm/yr), does not support vascular plants, and
probably has been unaffected by Quaternary
climate change. During the Quaternary, how-
ever, vegetation has expanded and contracted
across the eastern, upper margin of the Ata-
cama (~2600 m) in step with fluctuations in
saline and freshwater lake levels and ground-
water discharge (Betancourt et al., 2000). Ev-
idence for changes in groundwater discharge
is preserved in conspicuous paleo—wetland de-
posits that mark past water-table heights along
groundwater flow paths from the Andes to
aquifers in the Atacama.

We studied paleo—wetland deposits at sev-
eral locations in the central Atacama Desert
(lat 22°-24°S) of Chile (Fig. 2). Tilomonte
Springs (lat 23°47'S, long 68°05’'W, ~2500
m), a complex of springs and related streams
and wetlands, is located in the southeast part
of the Salar de Atacama basin near the base
of the Andes. The Rio Loa (lat 22°20" S, long
68°40'W, ~2500 m) and Rio Saado (lat
22°20'S, long 68°34'W, ~2500 m), perennial
low-energy streams that drain the Andes, are
located in the Calama basin ~150 km north-
northwest of Tilomonte Springs. The com-
bined results from these study areas, plus a
reinterpretation of paleo—wetland deposits pre-
viously reported at Quebrada (= canyon) Pur-
ipica (Grogean et a., 1997), provide a re-
giona record of paleohydrologic changes.

PRECIPITATION IN THE CENTRAL
ATACAMA AND SOUTHERN
ALTIPLANO

The central Atacama and southern Altiplano
are situated at the distal end of the tropical
precipitation belt and receive most of their
precipitation during summer from air masses
that originate in the Atlantic (Miller, 1976;
Zhou and Lau, 1998). Precipitation in this re-
gion ranges from ~25 mm/yr at the base of
the Andes (~2500 m) to ~150 mm/yr above
4000 m (Fig. 3A) (Direccion Genera de
Agua, no date). Stations below ~3000 m re-
ceive up to 40% of their annual precipitation
during the austral winter (May through Au-
gust) from Pacific source regions (Fig. 3B)
(Vuille and Ammann, 1997; Vuille and Baum-
gartner, 1998; Vuille, 1999), whereas stations
above ~3000 m receive >85% of their annual
precipitation during the austral summer (De-
cember through March = DJFM) (Fig. 3, C-
E). This seasonal precipitation pattern for sta-
tions above 3000 m matches that of stations
on the Bolivian Altiplano to the north, eg.,
Sajama at lat 18°S (Fig. 3F), and suggests that
the same large-scale changes in atmospheric
circulation responsible for precipitation over
Sajama (Hardy et a., 1998; Vuilleet al., 1998;
Vuille, 1999) are also dominant in the central
Atacama (lat 22°-24°S). Winter moisture im-
bedded in Pacific air masses dominates annual
precipitation totals south of ~25°S.

Summer precipitation on the southern Al-
tiplano and the central Atacama is directly
linked to solar heating on the Altiplano and
the location and strength of the Bolivian High
(Aceituno and Montecinos, 1993; Vuilleet a.,
1998; Lenters and Cook, 1999; Vuille, 1999).
The Bolivian High is an anticyclonic vortex
in the upper troposphere that results from deep
convection and latent-heat release over the
Amazon Basin (Silva Dias et a., 1983; Len-
ters and Cook, 1997). An intensification and
southward displacement of the Bolivian High
disturbs middle and upper tropospheric west-
erly wind flow and allows for enhanced east-
erly flow and increased moisture influx from
the interior of the continent. Both weakening
and northward displacement of the Bolivian
High are usually associated with dry periods
on the Altiplano. Altiplano climate, especially
in the western region, has aso been linked to
the Southern Oscillation (SO) and SSTs (sea
surface temperatures), with cooler atmospher-
ic temperatures, a southward displacement of
the Bolivian High, easterly wind anomalies,
and above-average precipitation occurring
during La Nifia events (Aceituno, 1988; Ron-
chail, 1995; Vuille, 1999; Vuille et &, 2000).
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Figure 2. Location of spring and wetland sites in the central Atacama Desert, Chile. I nset
shows Andean Altiplano (15°-30°S) and locations of key paleoclimatic records.

In contrast, El Nifio events are associated with
warmer atmospheric temperatures, a north-
ward displacement of the Bolivian High, west-
erly wind anomalies, and below-average
precipitation.

ANALYSIS OF PALEO-WETLAND
DEPOSITS

Wetlands form where the modern water ta-
ble intersects the land surface. Our study areas
on the Rio Loa and Rio Salado are part of the
Chiu Chiu marshes, located at the juncture of
the Andes and the CalamaBasin (Fig. 2). Both
the Rio Loa and Rio Salado are perennial
streams fed by groundwater (Aravena and Su-
zuki, 1990). Tilomonte Springs and Quebrada
Puripica are located on the steep Pacific slope
of the Andes and represent surficial expres-
sions of groundwater flow paths that go from
recharge areas at high elevations to aquifersin
the Atacama Desert. Hence, water tables are
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higher at these locations than in areas imme-
diately adjacent.

Streams in these hydrologic systems are
small (1-3 m wide), shallow (<1 m deep),
low-energy, and contain an abundance of hy-
drophytic vegetation such as pampa grasses
(Cortaderia) and sedges (Fig. 4). Phreato-
phytes are dominant in areas away from the
main stream channel where the water table is
below the surface. Sediment assemblages as-
sociated with wetlands include diatomite, or-
ganic mats, tufa (CaCO,), and sinter (SiO,)
along the main stream channel, diatomite and
organic mats in local depressions, and silts
and sands in overbank deposits (Fig. 4). Some
sand and gravel bars are present in the main
channel.

Paleo—wetland deposits, which are found on
the margin of modern wetlands, generally
consist of fining-upward sequences containing
aluvial sand and gravel, silt, biogenic deposits
such as organic mats and diatomite, and chem-

ical precipitates such as tufa and siliceous sin-
ter. The presence of thick (=50 cm) biogenic
deposits and chemical precipitates in paleo—
wetland deposits clearly mark past water-table
heights. Also, these thick, often finely bedded
(2-5 cm), deposits indicate that water-table
rise preceded sedimentation.

We argue that increases in water-table
height should be a significant means of ac-
commodating increased recharge, particulartly
where aquifers are unconfined. As indicated
by Darcy’s law, an increase in the cross-sec-
tional area of the flow path results in greater
groundwater discharge if the hydraulic gradi-
ent and hydraulic conductivity are held con-
stant. The hydraulic conductivity also has re-
mained relatively constant, as shown by the
fact that paleo—wetland deposits are composed
of the same sediment assemblage (silt and
sand) in al units. Change in the hydraulic gra-
dients are harder to define. Certainly, in the
lower reaches of discharge systems, hydraulic
gradients past and present appear largely un-
changed, as judged by the mostly parale el-
evation distribution of wetland deposits.

Several advantages of using paleo—wetland
deposits as paleoclimatic proxies include the
following: (1) they can be *“C dated owing to
abundant vascular plant material, (2) numer-
ous exposures alow unit descriptions and ages
to be replicated at a given site, and (3) wet-
lands are common in the Atacama, and re-
cords can be easily replicated at numerous lo-
calities. Some of the limitations of paleo—
wetland deposits are caused by the lack of
exposure of the basal sections of deposits and
stream erosion. The basa parts of paleo—
wetland deposits are often not exposed, and
therefore the initiation of water-table rise can
be difficult to date. Channel migration of
small streams aso causes minor unconformi-
ties and prevents these deposits from record-
ing short-term climatic fluctuations. Also,
when paleo—wetland deposits are confined
within stream channels that are the sites of
large discharge events, entire units can be
eroded. Questions regarding hydrologic re-
sponse times and the influence of loca (geo-
morphic and/or tectonic) effects on water-table
elevation can only be resolved through the
comparison of records from several different
wetland settings. When deposits of the same
age are found at multiple locations, these de-
posits must be related to regional climatic
fluctuations.

Paleo—wetland deposits of similar ageswere
found within our study areas at Tilomonte,
Rio Salado, and Rio Loa (Fig. 2). Paeo—
wetland deposits of similar age have also been
described at nearby Quebrada Puripica (Gros-
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jean et al., 1997) and are used in the discus-
sion of past hydrologic changes in the central
Atacama Desert. We divided these paleo—
wetland deposits in the central Atacama into
the following time-stratigraphic units based on
>60 AMS (accelerator mass spectrometry)
14C analyses and stratigraphic relationships:
unit A (>44 000 *C yr B.P), unit B (12 800—
8100 *“C yr B.P), unit C (7400-3000 “C yr
B.P), and unit D (<2000 *C yr B.P).

LABORATORY METHODS

Radiocarbon samples from paleo—wetland
deposits were pretreated and cryogenically pu-
rified at the University of Arizona's Desert
Laboratory, then submitted to the National
Science Foundation-University of Arizona
Accelerator Mass Spectrometry Laboratory.
Samples were first handpicked to isolate the
best material for dating and to remove sec-
ondary rootlets. Samples were then treated in
hot (~70 °C) 2M HCI for >1 h to remove al
CaCO,, rinsed with deionized water, treated
with warm 2% NaOH to separate humates,
and then rinsed again with deionized water.
The residual fraction after the acid-base pre-
treatment (A fraction) was separated by filtra-
tion, whereas the humates (B fraction) were
precipitated by acidification and separated by
centrifuging. All samples were combusted at
900 °C with CuO and silver fail, then cryo-
genicaly purified.

PALEO-WETLAND DEPOSITS
Dating of Paleo-Wetland Deposits

Various terrestrial organic materials are pre-
served in the paleo—wetland deposits studied,
including organic mats, carbonized wood (ox-
idized wood retaining primary structure),
plant fragments, and organic material encased
within tufas. These materials were all **C dat-
ed as a test of their internal consistency. All
14C ages in this section are reported in radio-
carbon years before present (1950) (“C yr
B.P), whereas ages in the discussion section
have been calibrated (Stuiver and Reimer,
1993; Stuiver et a., 1998) and are presented
in calendar years (ka). Radiocarbon ages are
listed in Table 1.

Two main sources of potential error in C
dating of organic material in paleo—wetland
deposits are (1) “C-reservoir effects, which
are caused by groundwaters that are depleted
in dissolved inorganic *CO, from either di-
lution by volcanic CO, or water/rock interac-
tions with carbonates, and will yield ages that
are too old, and (2) contamination by younger

Geologica Society of America Bulletin, March 2002

A ~200 B 20
Eﬁo : Peine (2480 m)
= 21 mm/yr
-8 100 10k
S
.8 50
[$]
I N N | I
0 1000 2000 3000 4000 5000 mm’FMAMJIJASOND
Elevation (m)
C » D e0
» Turi (3070 m) s0| Toconce (3350 m)
41 mmiyr 40t 98 mmlyr
20 30
20 I
10
10 I
0 | | | 0 n [ |
mmIJFMAMJJASOND mmJFMAMJIJASOND
E® Foo—
50 1 Tatio (4320 m) o0 | Sajama (4220 m)
40 142 mm/yr 60 293 mm/yr
30
20 40
10 I 20
0 | | - . 0
mmJFMAMJJASOND mmJFMAMJJASOND

Figure 3. Precipitation in the central Atacama Desert (lat 21°-24°S). (A) Precipitation with
elevation. (B—F) Precipitation at selected stations located on Figure 2 (Direccion General

de Aguas, no date).
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Figure 4. Vegetation and sediment assemblages in modern wetlands.

organic matter from secondary vegetation,
which will cause *“C ages to be too young.
Stream waters in the Atacama are known to
be depleted in **C; water from the Rio Loa
and Rio Tulan contains <25 pmc (percent
modern carbon) and <10 pmc, respectively
(Fritz et d., 1978; Aravena and Suzuki, 1990).
Low C concentrations in groundwater, which
likely result from the input of volcanic CO,,
will influence the “C age of vegetation draw-
ing CO, directly from groundwater, such as
blue-green algae and other aquatic vegetation,
but will not affect the “C age of terrestria
vegetation growing within wetlands that me-
tabolizes atmospheric CO,. Because bulk or-
ganic matter did not yield dates that are con-

sistently older than carbonized wood from
terrestrial vegetation within these deposits, we
argue that “C-reservoir effects are either un-
common or negligible.

Secondary rootlets are visible in some or-
ganic mats within the deposits studied, partic-
ularly near the tops of sections, and were
found to be a significant source of contami-
nation in a few samples. Contamination by
secondary organic material was found to in-
fluence the age of the acid residue fraction (A
fraction) within some samples, especially
when the total organic carbon content was low
and when there were numerous secondary
roots. Several samples of bulk organic matter
residue from tufas digested in HCI were found

337



TABLE 1. RADIOCARBON RESULTS FROM PALEO—WETLAND DEPOSITS

RECH et a.

Lab Sample* Station Depth Material 33C*  “C age s.d. Cal age®
number (cm) (%o) (yr B.P.) (yr B.P.)
Tilomonte
Unit A AA37631 AT 375B 34 —550  Organic material —19.4 37000 860
AA41197 AT 633B 61 —550  Organic material —22.4 39900 1200
Unit B (Tarajne)
AA34484 AT 364B 29 —-35 Organic material —22.3 9775 60 11180
AA34478 AT 362B 29 —90  Organic material —16.8 10330 75 12190
AA31200 AT 35A 4 -5 Organic material ~ —20.9 8115 80 9030
AA31208 AT 33A 4 -25 Organics in tufa —25.1 8700 65 9580
AA32653 AT 31A 3 -25 Organic material —-17.6 8640 65 9550
AA32652 AT 30B 3 —140 Organic material —-12.6 12285 80 14 270
AA34723 AT 29B 3 —165 Organic material —15.1 12650 95 14 875
AA34730 AT 360B 28 —105 Organic material —13.6 12820 110 15 440
AA34848 AT 372A 31 —10 Organics in tufa  (—25.0) 6430 55 7320
AA34849 AT 371B 31 —-50 Organic material —20.8 10330 75 12 200
AA34728 AT 367B 31 —205  Organic material —22.3 12740 80 15 360
Unit C (Rio Tulan and adjacent areas)
AA31204 AT 63A 7 -10 Organics in tufa —21.8 3140 55 3360
AA32657 AT 60B 7 —20 Organic material —23.2 2535 45 2630
AA31210 AT 61A 7 —-35 Root —22.5 1275 45 1200
AA32661 AT 58B 7 —60  Carbonized wood  —23.6 3260 50 3470
AA32651 AT 57A 7 —130 Carbonized wood —23.5 3805 50 4150
AA32647 AT 56A 7 —155  Organic material —24.8 3955 50 4410
AA32656 AT 55B 7 —180  Organic material —18.7 3875 50 4240
AA32658 AT 54B 7 —225  Organic material —23.4 4875 50 5590
AA31197 AT 52B 7 —270  Organic material -21.4 6270 60 7180
AA32660 AT 51B 7 —325 Organic material ~ —23.2 7400 60 8180
AA32655 AT 49B 6 —125 Organic material ~ —24.3 2460 65 2410
AA32654 AT 47B 6 —245  Organic material —-234 3240 50 3430
AA31211 AT 81A 10 0 Organics in tufa —23.2 2840 55 2910
AA31199 AT 82B 10 —150 Organic material —-24.0 5780 60 6520
AA37630 AT 379A 34 —450  Organic material —14.4 7365 60 8170
Unit D (Rio Tulan)
AA31196 AT 80A 9 —28 Reeds —23.4 830 45 700
AA37636 AT 76B 9 —50  Organic material  (—25.0) 330 35 310
AA31202 AT 75B 9 —120 Organic material ~ —22.8 6615 55 7480
Rio Salado
Unit A
AA32646 AT 111A1 14 —50 Carbonized wood —24.7 41400 1700
AA32794 AT 111A2 14 -50 Organics in tufa —25.2 19240 170
AA35154 AT 476A 23 —195 Carbonized wood  —25.0 >44300
AA37632 AT 476B 23 —195  Organic material —13.4 >49 000
AA37634 AT 209B 23 —195 Organic material —12.3 >49 000
AA35158 AT 480A 58 —170 Dispersed organics —24.5 13585 80
Unit C
AA38634 AT 503A 18 —105 Carbonized wood —25.3 4130 40 4670
AA37638 AT 474B 18 —210 Organic material ~ —25.0 5900 60 6700
AA31205 AT 143B 18 —210 Organic material ~ —24.4 5855 55 6650
AA31207 AT 133B 17 —20  Organic material —24.7 4085 50 4550
AA31206 AT 136B 17 —150 Organic material —24.8 4285 60 4830
AA31209 AT 137B 17 —180 Organic material —-24.1 4335 50 4860
AA32659 AT 138B 17 —270  Organic material —24.1 4185 55 4730
AA34479 AT 196A 22 0 Carbonized wood  —23.6 3875 80 4240
AA34854 AT 188B 21 —-30 Organic material —24.9 3905 45 4320
AA34855 AT 188A 21 —-30 Organic material —24.7 4015 45 4430
AA37628 AT 189A 21 —95 Organic material —25.4 4180 50 4730
AA37637 AT 185B 21 —220 Organic material  (—25.0) 5900 60 6700
AA34729 AT 181A 21 —565 Organics in tufa -16.2 3190 45 3380
AA41196 AT 513B 60 —550 Organic material ~ —22.2 6210 60 7090
Modern Organic material
AA34724 AT 226B 0 Organic material -15.1 105 45 25
Rio Loa
Unit A (Chiu Chiu)
AA37629 AT 484B 61 —80  Carbonized wood  —24.3 >48 000
AA37627 AT 484A 61 —80  Carbonized wood —24.0 22470 260
Unit C (Chiu Chiu)
AA31203 AT 125B 16 —40  Organic material ~ —23.6 3270 50 3470
AA31195 AT 127B 16 —250 Organic material ~ —25.2 4295 55 4840
Maria Elana AA34847 AT 419B 62 —50 Carbonized wood  —24.1 3040 50 3220
AA34483 AT 418B 62 —95  Carbonized wood  —21.0 3750 40 4090
Unit D AA35152 AT 422A 63 —215 Carbonized wood (—25.0) 1395 50 1290
(Quillagua) AA37633 AT 424A 63 —405  Organic material -12.8 240 50 215
AA34851 AT 425A 63 —465  Organic material —25.0 460 45 510

*An A at the end of the sample number represents a radiocarbon age on the acid residue fraction, whereas B
signifies a humic acid fraction age.
Values in parentheses indicate an assumed §*3C value.
SCalendar age intercept, or in the case of multiple intercepts, a range midpoint (1o) was calculated. Calibrated
ages are in calendar years before 1950, and were obtained by using Method A of Calib 4.1.2 (INTCAL 98 data
set). A Southern Hemisphere correction of 24 yr was applied.
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to have secondary rootlet contamination (AT
372A, AT 181A, AT 111A2). Thiswas clearly
identified when amatched pair of bulk organic
matter and carbonized wood encased within a
single tufa sample (AT 111A) returned ages
of 19240 = 170 *C yr B.P. for bulk organic
matter and 41 400 + 1700 *C yr B.P. for car-
bonized wood. A sample of disseminated car-
bonized wood (AT 484) aso was found to
contain secondary contamination when the A
fraction yielded an age of 22 470 **C yr B.P,
whereas the B fraction dated to older than 48
000 “C yr B.P. A small sample of organic ma-
terial (AT 480A) within a diatomite was found
to be contaminated with younger organic ma-
terial when the A fraction yielded an age of
13585 + 80 “C yr B.P. and carbonized wood
in an organic mat from a different location of
the same unit yielded infinite “C ages (AT
476A, AT 476B, AT 209B).

To minimize contamination by younger par-
ticulate organic material, we focused on dating
the humate fraction (B fraction) of most sam-
ples (Quade et al., 1998). Humate fractions
were deemed to be reliable for dating in this
study because (1) few stratigraphic violations
were found when carbonized wood and organ-
ic mat humates were dated within one section
(e.g., Tilomonte, sta. 7), (2) humate and resi-
due fractions of organic mats yielded the same
age (AT 188A and AT 188B), and (3) modern
humates from an organic mat yielded an age
of 105 “C yr B.P. In some cases, however,
humate fractions of organic mats were dightly
contaminated by younger organic matter (AT
60B). Radiocarbon ages on all materials near
the top of sections, except for well-preserved
carbonized wood, should thus be viewed as
minimum ages because of increased potential
for rootlet contamination.

Tilomonte Springs

Tilomonte Springs consists of a series of
springs and spring-fed streams with wetlands
near the base of the Andes between 2400 and
2600 m (Fig. 5). Rio Tulan, which bisects Til-
omonte, is a deeply incised (10-15 m) peren-
nial stream that has a drainage area of ~400
km? and a catchment extending up to 4000 m.
Intermittent streams located to the north and
south of Rio Tulan have drainage areas of
<10 km?, are not as incised, and generaly
have catchments below 3000 m. Within many
of these intermittent-stream channels, ground-
water surfaces for short distances (<50 m).
Travertine and paleo—wetland deposits at Til-
omonte record a long history of groundwater
discharge and water-table fluctuations. Trav-
ertine deposits, likely middle to late Pleisto-
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cene in age, are generaly <1 m thick and
form a surface cap over a large area of Tilo-
monte. Paleo—wetland deposits, composed of
units A, B, C, and D, are located north of Rio
Tulan at Tarajne between 2550 and 2600 m,
within and just to the north of the incised
channel of Rio Tulan between 2500 and 2650
m, and south of Rio Tulan between 2500 and
2550 m (Fig. 5).

Unit A

Paleo—wetland deposits that are beyond the
range of “C analysis (unit A) are located to
the south of Rio Tuléan, between 2500 and
2550 m (Fig. 5). The deposits generally con-
sist of a sequence of diatomite and fine-
grained sediments in the basal part (lower 2
m), whereas the upper 3 to 5 m is composed
of silty sand. The deposits are currently close
to the modern water table and are therefore
heavily cemented with secondary salts and
support large areas of phreatophyte vegeta-
tion, which hindered attempts to map and col-
lect samples. Two *C ages, from station 34
(AT 375B) and station 61 (AT 633B), both
from a depth of —550 cm, yielded ages of 37
000 * 860 “C yr B.P. and 39 900 * 1200 *C
yr B.R A sample from station 34 at—450 cm
depth, however, yielded an age of 7365 + 60
14C yr B.P. Although no obvious unconformity
was visible in the field, this sample may be
from the base of the middle Holocene wetland
unit (unit C, described subsequently).

Unit B

Paleo—wetland deposits dating to the late
glacia to early Holocene (unit B) are located
at Tarajne (Figs. 5 and 6). Radiocarbon ages
from unit B range from 12 820 *C yr B.P. to
8115 “C yr B.R A 2.8-m-thick section (sta.
28), located 2 km north of Rio Tulan, contains
a series of thin (2-5 cm) diatomites and tufa
interbedded with fine sand and silt (Fig. 7).
This section contained one thin (2 cm) organic
mat a a depth of—110 cm (AT 360B) that
yielded an age of 12820 = 110 *#C yr B.P
Below this mat, deposits 1.7 m thick and con-
taining severa diatomites and tufas indicate
that the water table was high in this region
prior to 12 800 *C yr B.P. A section located
~1.6 km north of Rio Tulan (sta. 29) contains
a 55-cm-thick organic mat resting upon a
white diatomite (Fig. 7). Radiocarbon ages
from the bottom and top of this organic mat
yielded ages of 10330 + 75 “C yr B.P (AT
362B) and 9775 = 60 “C yr B.P (AT 364B),
respectively. The presence of a thick (60 cm)
diatomite below the organic mat identifies a
high water table in this area well before the
formation of the organic mat.
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Figure 5. Aerial photograph of Tilomonte Springs. Tarajne (unit B) paleo-wetland de-
posits are located to the north of Rio Tulan between 2550 and 2600 m. Paleo-wetland
deposits (units A—C) are visible to the south of Rio Tulan, just above 2500 m. Unit C
deposits are also located along and just to the north of Rio Tulan. Unit D is only present
at one location along Rio Tulén. Circles and associated station number s represent mapped

sections.

Figure 6. View of unit B paleo—
wetland deposits at Tarajne
(sta. 27 and sta. 28) from the
north. Tilomonte oasis (<1
km?) is observable in the back-
ground. Prominent dark ridge
in background is the midden
site Lomas de Tilocalar (Be-
tancourt et al., 2000; Latorre
et al., 2002).

Figure 7. Cross section of unit
B deposits at Tarajne, 2580 m.
Agesin **C yr B.P.
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Figure 8. View of unit C deposits situated
11 m above the modern stream level along
Rio Tulan.

Three sections located ~1 km north of Rio
Tulan were mapped and “C dated. A 90-cm-
thick section (sta. 4) contains sand and gravel
in the bottom 50 cm and organic mats, silt,
and tufa in the upper 40 cm. An organic mat
from a depth of —25 cm (AT 33A) yielded an
age of 8700 = 65 *“C yr B.P, and an organic
mat at—5 cm (AT 35A) gave an age of 8115
=+ 80 “C yr B.P. Three organic matsin station
3, just south of station 4, yielded ages of 12
650 + 95 “C yr B.P (AT 29B) at—165 cm,
12 285 =+ 80 “C yr B.P (AT 30B) at—140 cm,
and 8640 = 65 (AT 31A) at—25 cm (Fig. 7).
A section (at sta. 31) ~100 m downstream
from station 4 yielded ages of 12740 = 80
(AT 367B) at—205 cm, 10330 = 75 (AT
371B) at—50 cm, and 6430 = 55 (AT 372A)
at—10 cm. The *C age on the upper organic
mat was on residual organic matter from with-
in atufa and is likely contaminated by young
rootlets. Modern Tessaria roots were observed
in the top of this section.

Unit C

Paleo—wetland deposits dating to the middle
Holocene (unit C) are located to the north of
Rio Tulan, within the Rio Tulan stream chan-
nel, between 2525 m and 2625 m, and just to
the south at ~2500 m (Fig. 5). These deposits
date from ca. 7400 “C yr B.P. at the base of
the unit to ca. 3000 “C yr B.RP. The top of unit
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Figure 9. Cross section of Rio Tulan and relationship between unit C and unit D deposits.

Agesin “C yr B.P.

C deposits along the Rio Tulan steam channel
are ~11 m above the modern stream level
(Figs. 8 and 9). Above ~2550 m, Rio Tulan
isincised >15 m, and only resistant parts of
unit C deposits remain, forming a conspicuous
ledge. The former location of deposits, how-
ever, is marked by a reduced weathering rind
on the volcanic bedrock up to +11 m aong
Rio Tulan, whereas above this height, the bed-
rock is oxidized. Below ~2550 m, the bed-
rock channel is less incised, and unit C de-
posits are located above the bedrock channel
(Fig. 8). Deposits in this area are extremely
well preserved even though they are quite
loose and easily eroded.

Our best-dated section from these deposits
is station 7 located at 2530 m (Figs. 5 and 9).
Ten AMS radiocarbon dates on organic mat
humates, carbonized wood, and organic ma-
terial encased within tufas securely date this
profile to the middle Holocene, from 7400 +
60 “C yr B.P (AT 51B) to 3140 * 55 “C yr
B.R (AT 63A). This section grades from
coarse sand and gravel near the base to silt
and fine sand, organic mats, diatomite, sili-
ceous sinter, and tufa in the upper part of the
section (Fig. 9). Mesquite (Prosopis) roots in
the upper 20 cm of the section (AT 61A)
yielded an age of 1275 = 45 *“C yr B.R. This
age represents a minimum age for the drop of
the water table because mesqguites typicaly
grow only where the water table is several me-

ters below the surface. Some of the paeo—
wetland deposits to the south of Rio Tulan are
also probably of middle Holocene age. These
deposits can be traced laterally from unit C
deposits along Rio Tulan.

Unit D

Paleo—wetland deposits dating to younger
than 2000 *C yr B.P. (unit D) were found at
only one location at Tilomonte. A section (sta.
9) located ~2 m above the modern stream lev-
el of Rio Tulan contains a thick (>40 cm)
organic mat at the base (AT 75B), which lies
below a clear unconformity. Humates from
this organic mat returned an age of 6615 *=
55 C yr B.RP (Fig. 9). Humates from an or-
ganic mat at—50 cm (AT 76B), above the un-
conformity, yielded an age of 330 = 35 *C
yr B.R, and buried reeds (AT 80A) from a
depth of —28 cm yielded an age of 830 = 45
14C yr B.P. The age on the buried reeds is
thought to be the most reliable age and pro-
vides a minimum age for the termination of
~11 m of incision that occurred in Rio Tulan
after the deposition of unit C. The age of 330
+ 35 “C yr B.P istoo young, possibly owing
to the presence of young humates, which aso
may influence the age of 6615 *= 55 *“C yr
B.P

Summary
Paleo—wetland deposits at Tilomonte pro-
vide a detailed record of water-table changes
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Figure 10. Aerial photograph of Rio Salado
identifying extent of unit C deposits and
station locations.

over the past 13.0 *C ka. The water table was
highest between >12.8 and 8.1 **C ka when
the area of Targne supported perennia wet-
lands. Between 8.1 and >7.4 “C ka, the water
table dropped significantly. By 7.4 *“C ka,
however, channel incision had ended and sed-
iment was aggrading along Rio Tulan. Be-
tween 7.4 and 3.0 **C ka, the water table along
Rio Tulan was 8-11 m above the modern
stream level. Sometime after ca. 3.0 “C ka
and before 0.8 #C ka, Rio Tulan incised
through 11 m of deposits to its modern level.
Unit D deposits, dated to ca. 0.8 “C ka, iden-
tify a minor increase of ~2 m in the water
table at this time.

Rio Salado

The Rio Salado is a perennial stream locat-
ed ~150 km north of Tilomonte (Fig. 2). The
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Rio Salado originates at >4000 m in the An-
des and becomes perennial at ~3500 m. At
the intersection with the Calama depositional
basin (~2500 m), it switches from a bedrock-
incised channel with a steep longitudina gra-
dient to a low-energy meandering stream that
intersects the water table. Both modern and
paleo—wetland deposits begin at this intersec-
tion and continue beyond the junction of the
Rio Salado and Rio Loa (Fig. 2). Our study
area consists of an ~8 km reach of the Rio
Salado from the beginning of the modern wet-
land deposits to just upstream of the Rio Loa
confluence (Fig. 10). Two paleo—wetland
units, units A and C, occur as inset terraces
that are up to +20 m and +10 m above the
modern stream level, respectively (Fig. 11).

Unit A

Unit A deposits, >44 000 *“C yr B.P, are
located between ~10 and 20 m above the
modern stream level (Fig. 11). Unit A deposits
are not al contemporaneous in age, but were
deposited during severa separate episodes of
wetland accumulation likely spanning the
middle and late Pleistocene. It is possible to
separate at least three individual deposits by
the presence of magjor unconformities and in-
cluded distinctive beds at some locations. Be-
cause most of these deposits are similar in ap-

pearance and beyond the age of “C dating, it
was not possible to further resolve them in the
field. On the north bank, unit A is heavily ce-
mented with secondary salts (gypsum and ha-
lite) and forms a flat surface clearly visible in
aerial photographs (Fig. 10). On the south
bank, across from Laguna Chiu Chiu and to
the east of this location, the youngest deposits
of unit A are present (sta 23 and sta. 58).
These deposits are identifiable by a conspic-
uous cap of red silt and are not as heavily
cemented by secondary salts as older unit A
deposits. All deposits, however, are beyond
the range of **C dating (AT 476A, AT 476B,
AT 209B). Young ages of 13585 =+ 80 *“C yr
B.P. (AT 480A) and 19 240 = 170 *“C yr B.R
(AT 111 A2) are the result of contamination
by secondary vegetation.

Unit C

Middle Holocene unit C deposits are almost
continuous along the Rio Salado for the entire
range of our study area (Fig. 10). The top of
these deposits ranges between 6 and 10 m
above the modern stream level. Unit C depos-
its are inset against older (unit A) deposits
(Fig. 12). At most locations, the middle Ho-
locene sequence consists of 3-4 m of sand and
gravel at the base of deposits capped by a pro-
nounced 2-3 m section of finely bedded (2-5
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Figure 12. Photograph of unit C deposits (foreground) ~8 m thick, with fine-bedded
diatomite (2-5 cm) and organic mats in upper ~3 m. Photograph in lower left displays
the inset relationship of unit C against unit A deposits.

cm) diatomites and organic mats at the top of
the section (Figs. 11 and 12).

Unit C deposits on the Rio Salado date
from ca. 6210—-4000 “C yr B.R. (Fig. 11) (Ta-
ble 1). The top of this unit is well dated by a
matched pair of humate and residual fractions
from an organic mat at a depth of —30 cm and
a sample of carbonized wood on top of the
section (sta. 21) buried by rockfall debris. The
humate and residual fraction of the organic
mat yielded ages of 3905 + 45 (AT 188B)
and 4015 * 45 (AT 188A) “C yr B.P, and
the carbonized wood (AT 196A) returned an
age of 3875 = 80 *“*C yr B.R An organic mat
(AT 185B) near the base of the finely bedded
diatomite section yielded an age of 5900 = 60
14C yr B.P at station 21. This age agrees well
with a date of 5855 = 55 C yr B.P on an
organic mat (AT 143B) at the base of the fine-
ly bedded diatomite at station 18. An attempt
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to date organic matter encased within tufa at
the base of station 21 (AT 181A) was unsuc-
cessful; the *4C age of 3190 = 45 “C yr B.P
is much younger than organic mats higher in
the section, indicating contamination by sec-
ondary organic matter. An organic mat (At
513B) at the base of station 60 yielded an age
of 6210 * 60 “C yr B.P

Summary

Paleo—wetland deposits along Rio Salado
identify two periods of high water tables. The
oldest of these periods is represented by the
highest terrace (unit A) and occurred some-
time prior to 44.0 **C ka. No evidence of |ate
glacial to early Holocene paleo-wetland de-
posits (unit B) was found at Rio Salado. These
deposits may have been eroded, have not yet
been located, or are buried beneath unit C de-
posits. Sometime prior to 6.2 *C ka, the Rio

Salado incised to at least its modern level.
Unit C deposits are extensive and are associ-
ated with a water table that was ~8 m higher
than the modern level. The beginning of ag-
gradation of unit C occurred at ca. 6.2 **C ka.
The upper 2-3 m of this unit consists of a
section of finely bedded organic mats and di-
atomite that was deposited between 5.9 and
4.0 “C ka (Fig. 11). The nature and age of
this upper part of the unit C deposits clearly
show that the water table was stable and at a
significantly higher level during this period.
Sometime after 4.0 C ka, the Rio Salado in-
cised through unit C deposits to at least its
modern level.

Rio Loa

The Rio Loa is the only perennial streamin
this region of the Atacamathat dischargesinto
the Pacific Ocean. We sampled paleo—wetland
deposits at three locations: (1) at Chiu Chiu
(lat 22°0'S, long 68°39'W), (2) ~100 km
downstream from Chiu Chiu near Maria Elena
(lat 22°16'S, long 69°33'W), and (3) at Quil-
lagua (lat 21°37'S, long 69°32'W), ~170 km
downstream from Chiu Chiu (Fig. 2). Paleo—
wetland deposits from units A, C, and D are
present at these locations.

Unit A

Unit A deposits are present on the Rio Loa
at Chiu Chiu (Fig. 13A). At thislocation, a 1-
m-thick exposure of unit A deposits, ~19 m
above the modern stream level, consists of
white diatomite, tufa, and a thin brown silt
with carbonized wood. A matched pair of hu-
mate and residual radiocarbon ages on this
disseminated wood (AT 484) yielded ages of
22 470 = 260 “C yr B.P. for the residual frac-
tion and older than 48 000 “C yr B.P. for the
humate fraction. The younger age on the re-
sidual fraction is thought to reflect contami-
nation by secondary organic matter.

Unit C

Unit C deposits are located on the Rio Loa
a both the Chiu Chiu and Maria Elena loca-
tions (Fig. 13, A and B). At Chiu Chiu, unit
C is ~11 m above the modern stream level
and contains a sequence of organic mats, tufa,
silt, and sand. An organic mat at a depth
of —250 cm (AT 127B) yielded an age of 4295
+ 55 #C yr B.P on the humate fraction, and
humates from an organic mat at—40 cm (AT
125B) gave an age of 3270 = 50 “C yr B.R
(Fig. 13A). At Maria Elena, the top of unit C
is ~5 m above the modern stream level and
is composed mostly of alluvial sediment, with
one 10-cm-thick diatomite near the top of the
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Figure 13. Cross-sectional relationships of paleo—-wetland units on the Rio Loa at (A) Chiu
Chiu, (B) Maria Elena, and (C) Quillagua. Agesin “C yr B.P.

section. Two lenses of carbonized wood at
depths of —95 cm (AT 418B) and —50 cm
(AT 419B) yielded ages of 3750 + 40 and
3040 = 50 *“C yr B.P on humate fractions
(Fig. 13B).

Unit D

Unit D deposits are present at both Maria
Elena and downstream at Quillagua (Fig. 13,
B and C). At Maria Elena, this unit is inset
against unit C deposits and is ~4 m above the
modern stream level (Fig. 13B). This unit is
composed entirely of aluvial sediment and
contains no organic mats, tufa, or diatomite.
No material was found in this unit to radio-
carbon date. At Quillagua (Fig. 13C), unit D
is ~6 m above the modern stream level and
contains diatomite and organic mats, especial-
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ly in the basal 4 m. The upper 2 m of the
deposit is bedded sand and silt. The residual
fraction of organic mats at—460 cm (AT
425A) and—410 cm (AT 424A) yielded ages
of 460 = 45 “C yr B.P and 240 = 50 “C yr
B.P A radiocarbon date on carbonized wood
at—215 cm (AT 422A) yielded an age of 1395
+ 50 “C yr B.P. The age on carbonized wood
is considered the most reliable age from this
section. Young ages on the residual fractions
of organic mats may be the result of contam-
ination by secondary organic matter.

Summary

Paleo-wetland deposits on the Rio Loa
identify three episodes of elevated water ta-
bles. Unit A deposits represent a period >44.0
14C ka when the water table was 19 m higher

than today at the Chiu Chiu locality. A second
episode of high water tables occurred during
the middle Holocene, between >4.2 and 3.0
14C ka, as evidenced by unit C deposits 11 m
above the modern water level at Chiu Chiu
and 5 m above modern at Maria Elena. Only
the upper sections of these deposits are ex-
posed, and therefore the beginning age of ag-
gradation of this unit is unknown. A final ep-
isode of high water tables, recorded as unit D,
occurred during the late Holocene and is doc-
umented by deposits 6 m above the modern
water level at Quillagua and 4 m above the
modern water level at Maria Elena. The age
of unit D is not well determined, but the age
of 1395 = 50 *“C yr B.P. from the top of the
Quillagua section provides an age for the end
of aggradation of this unit.

Quebrada Puripica

Quebrada Puripicais a perennial stream lo-
cated between our study areas at Tilomonte
and Rios Loa and Salado (Fig. 2). Quebrada
Puripica is a typical Andean stream with a
deeply incised (~30 m) channel and limited
modern discharge. Holocene deposits at the
intersection of Quebrada Puripica and the trib-
utary Quebrada Seca (~3450 m) date between
6200 and 3100 “C yr B.P. (Grogean et a.,
1997), the same age as unit C deposits pre-
sented in this study. These deposits, however,
were originally interpreted by Grosjean et al.
(1997) as lacustrine and wetland deposits that
formed as a result of episodic damming by
debris flows from Quebrada Seca, adeeply en-
trenched tributary. Grogean et al. (1997) ar-
gued that the debris flows dammed Quebrada
Puripica, creating temporary lakes and wet-
lands upstream from the Puripica/Seca junc-
tion. Further examination of this area (Rech
and Pigati, 2000), however, identified the pres-
ence of Holocene wetland deposits over a 6
km reach of the stream, both upstream and
downstream from the confluence with Quebra-
da Seca. Therefore, we believe the Puripica
deposits are paleo-wetland deposits akin to
the ones presented in this study.

SYNTHESIS OF RECORDS

The combined paleo—wetland records from
Tilomonte, Rio Salado, Rio Loa, and Quebra-
da Puripica chronicle a coherent story of wa-
ter-table fluctuations in the central Atacama
(Fig. 14). Water tables were highest before
44.0 *C ka and are identified by deposits of
unit A that are up to 20 m above the modern
water level on the Rio Salado and Rio Loa
No paleo—wetland deposits dating to the LGM
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Figure 14. Paleoclimatic records from the central Atacama, lat 22°-24°S; (A) Grosjean et
al. (1997); (B and C) this study; (D) Grosgean (1994), Geyh et al. (1999); (E) this study;
(F) Betancourt et al. (2000); (G) Bobst et al. (2001); (H) Grosjean et al. (1997). (1) Synthesis
of wetland records from this study based on age and depth of deposits and the strati-

graphic relationships of units.

were found in the study area. The absence of
deposits of LGM age could be the result either
of erosion or of nondeposition due to low wa-
ter tables at thistime. A second period of high
water tables is associated with unit B deposits
at Tilomonte and happened during the late gla-
cial to early Holocene. These deposits date be-
tween >12.8 and 8.1 “C ka (>15.4-9.0 ka).
This is the only time when water tables were
high enough to support extensive wetlands at
Taragjne. Late glacia to early Holocene depos-
its (unit B) were not found along Rio Tulan
at Tilomonte or along Rios Salado and Loa
The absence of such deposits may be the re-
sult of subsequent erosion in streams with pe-
riodic large discharges.

The end of the early Holocene was marked
by a period between ca. 8.1 and 7.4 “C ka
(9.0-8.2 ka) when water tables dropped sig-
nificantly and streams incised. The inset rela
tionship of the middle Holocene unit, unit C,
on Rio Salado and Rio Tulan indicates that
streams incised to approximately modern lev-
els prior to the deposition of unit C. After this
period of incision, by 7.4 *C ka, water tables
began to rise. Unit C deposits at Rio Tulan
(+11 m), Rio Salado (+8 m), Rio Loa (+6
to +11 m), and Quebrada Puripica (between
+5 and +32 m) al identify significantly high-
er water tables during the middle Holocene.
Unit C deposits range in age from 7.4 to ca

3.0 “C ka (8.2-3.1 ka) at Tilomonte, 6.2-4.0
14C ka (7.1-4.3 ka) at Rio Salado, >4.3-3.0
14C ka (>4.9-3.5 ka) at Rio Loa, and 6.2-3.1
14C ka (7.1-3.3 ka) at Quebrada Puripica. Bas-
al parts of unit C deposits are not exposed on
Rio Loa The end of aggradation of unit C
deposits on Rio Salado, which is well dated
with carbonized wood on top of the deposit
dating to 3875 + 80 *C yr B.P. (4.3 ka), pre-
ceded the end of deposition of unit C at Rio
Tulén, Rio Loa, and Quebrada Puripica by
~1000 yr. The reason for this discrepancy be-
tween records is unknown, but may be due to
differences in the groundwater flow paths and
lag times of these distinct hydrologic systems.

Water tables fell significantly sometime be-
tween ca. 3.0 “C ka (3.1 ka) (perhaps as early
as 4.0 “C ka [4.3 ka] at Rio Salado) and ca.
0.8 “C ka (0.7 ka). During this period, the Rio
Tulan, Rio Salado, Rio Loa, and Quebrada
Puripica al incised through unit C deposits.
This period of erosion ended sometime prior
to 0.8 *“C ka (0.7 ka) at Rio Tulan and prior
to 1.4 “C ka (1.3 ka) on Rio Loa at Quillagua.
At other locations, the age for the end of in-
cision of unit C deposits is not well deter-
mined. Unit D deposits at Rio Tulan and Rio
Loa are not well dated and represent minor
water-table changes. At this point, it is unclear
whether water-table fluctuations associated

with unit D are contemporaneous and whether
they represent regional or local processes.

Implication of Water-Table Change

The synthesis of paeo—wetland records
from deposits at Tilomonte, Rio Salado, Rio
Loa, and Quebrada Puripica provide a detailed
history of hydrologic changes in the centra
Atacama. Increased water-table heights at
these locations reflect enhanced groundwater
discharge, which can be supported only by
higher recharge and precipitation in the High
Andes. Furthermore, the general concordance
of records from different parts of the regional
hydrologic system—including groundwater-
fed Andean streams (Quebrada Puripica, Rio
Tulan), point-source springs (Targne), and
water tables in the Calama basin (Rio Loa,
Rio Salado)—suggests a relatively synchro-
nous response to changes in regional recharge,
notwithstanding major differencesin size, gra-
dients, and location of the hydrologic systems
with respect to the recharge area. We therefore
argue that this regional control must be cli-
mate and that the response times of these sep-
arate hydrologic systems are short.

DISCUSSION
Central Atacama Records

Evidence from other paleoclimatic proxy
records in the central Atacama (lat 22°-24°S)
comes primarily from rodent middens (Betan-
court et al., 2000; Latorre et al., 2002), small
Altiplano lakes (Grosgjean, 1994; Grosjean et
al., 1995, 2000; Valero-Garcés et al., 1996;
Geyh et a., 1999), sediment cores from the
Salar de Atacama (Bobst et al., 2001), and ar-
chaeological site density over time (Lynch and
Stevenson, 1992; Grosiean and Nifiez, 1994;
Grogjean et al., 1997) (Fig. 14).

Fossil rodent middens located aong the
lower elevation limits of vascular plantsin the
central Atacama (~2700 m) identify periods
of vegetation encroachment into the hyperarid
core of the Atacama Desert that are thought
to result from increased precipitation (Betan-
court et al., 2000; Latorre et al., 2002). High
grass concentrations and species abundance in
middens reflect wetter conditions from 16.2 to
10.5 ka and slightly wetter conditions from 7.
to 3.9 ka. The absence of middens between 35
and 22 ka and the low grass and species abun-
dance in a midden dated at 22 ka is thought
to be indicative of a dry climate.

Lakes on the Chilean Altiplano and saline
salt pans from the Salar de Atacama provide
additional evidence of regional changesin the

Geological Society of America Bulletin, March 2002



LATE QUATERNARY PALEOHYDROLOGY OF THE CENTRAL ATACAMA DESERT

hydrologic budget of the central Atacama
Lakes on the Chilean Altiplano record a wet
late glacial to early Holocene, hyperaridity
during the middle Holocene, and a return to
modern climatic conditions during the late
Holocene (Grosjean, 1994; Grosgean et a.,
1995, 2000; Valero-Garceés et al., 1996; Geyh
et a., 1999). Terrestrial macrofossils, archae-
ological charcoal, and peat provide the most
reliable C results for lake highstands. Ten 4C
ages on terrestrial organic samples from six
lakes and marshes between lat 23° and 25°S
identify a lake-level rise between 155 and
14.0 ka, a lake-level maximum from 12.5—
10.2 ka, and a lake-level fall between 9.3 and
8.9 ka (Geyh et al., 1999). The period of high
lake levels correlates well with the age of unit
B from Tilomonte, dating between >15.4 and
9.0 ka.

The evidence for middle Holocene aridity
from small lake records, however, is at odds
with our data from paleo—wetland deposits.
Evidence for middie Holocene aridity in the
region comes primarily from Laguna Miscan-
ti, where diatomaceous aragonite mud with
gypsum—present in cores from a depth of
~3.75-2.0 m (Grogjean et a., 2000) and be-
tween 2.92 and 1.83 m (Valero-Garcés et al.,
1996)—is thought to represent lake desicca
tion (Vaero-Garcés et al., 1996; Grogean et
al., 2000). The chronology from Laguna Mis-
canti, however, involves significant and vari-
able “C-reservoir corrections ranging between
1000 and 4000 yr, which makes the age of this
record uncertain (Valero-Garcés et a., 1996;
Grosjean et a., 2000). Paleo—wetland deposits
from Quebrada Puripica were also reported to
indicate middle Holocene aridity and to have
been due to side-canyon damming by debris
flows (Grosjean et ., 1997); however, we dis-
agree with thisinterpretation (Rech and Pigati,
2000).

Cores from the Salar de Atacama, a pre-
dominately groundwater-fed closed basin at
the base of the Andes that receives discharge
from Quebrada Puripica and our study area of
Tilomonte (Fig. 2), contain evidence of sev-
eral periods of saline lakes in the salar over
the past 100 ka (Bobst et a., 2001). The latter
part of this record, which overlaps with the
wetland deposits presented here, indicates a
perennial saline lake between 26.7 and 16.5
ka, expanded saline mudflats from 16.5 to
15.3 ka, and shallow saline lakes from 11.4 to
10.2 ka and from 6.2 to 3.5 ka. The presence
of expanded saline mudflats from 16.5 to 15.3
ka, indicative of greater surface discharge into
the salar, and of shallow to ephemeral saline
lakes from 11.4 to 10.2 ka and from 6.2 to 3.5
ka agrees well with evidence of higher re-
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gional water tables indicated by wetland de-
posits during these periods. The identification
of a wet LGM, however, is at odds with the
wetland records. The discrepancy between re-
cords may be due to (1) temperature effects
on the large (~3000 km?), shalow lake, (2)
overflow from closed basins to the south
(Bobst et a., 2001), or (3) gaps in the wetland
records.

The clustering of archaeological sitesin the
central Atacama during the early and late Ho-
locene—combined with the general lack of ar-
chaeological sites at low elevations during the
middle Holocene (9.0-5.7 ka, termed the S-
lencio Arqueologico)—and the site expansion
during the late Holocene have been interpreted
climatically (Grosjean and Nlfez, 1994, Gros-
jean et a., 1997). Although some parts of this
record may be due to climate change, such as
the beginning of the Slencio Arqueologico,
cultural innovations such as animal domesti-
cation and associated population expansions
preclude this record from solely representing
climate change in the central Atacama.

Bolivian and Peruvian Altiplano

Evidence for past hydrologic budgets from
the neighboring Altiplano of Bolivia and Peru
comes mostly from the Lake Titicaca—Salar de
Coipasa—Salar de Uyuni system and smaller
lakes to the north. The Lake Titicaca—Salar de
Coipasa—Salar de Uyuni system, located
~200-800 km north of the central Atacama
(Fig. 1), is a series of interconnected basins
that at times coalesced into a series of lakes
covering >60 000 km? (Wirrmann and Mour-
guiart, 1995). Paleorecords from this lake sys-
tem have been used to represent regiona and
continental climatic trends (Sylvestre et a.,
1999; Baker et al., 2001a).

Lake Titicaca is a deep, freshwater lake lo-
cated on the Altiplano between 16° and
17.5°S. Lake Titicaca currently overflows
through the Rio Desaguadero spillway and
feeds a series of connected basins including
Lago Poop6, Saar de Coipasa, and Salar de
Uyuni. Sediment cores have been collected
and analyzed from both deep (Baker et 4.,
2001a) and shallow areas (Wirrmann and de
Oliveira Almeida, 1987; Y bert, 1992; Wirrm-
ann and Mourguiart, 1995; Cross et al., 2000)
of the lake. Lake-level proxies—including
benthic, planktonic, and saline diatom abun-
dance, weight percent of CaCO,, and *C val-
ues of organic matter—from a series of cores
between 89 and 250 m depth from Lake Ti-
ticaca provide a 25 k.y. record of lake-level
fluctuations (Baker et al., 2001a). Lake Titi-
caca was deep and overflowing from 25 to 15,

from 13 to 11.5, from 10 to 8.5 ka, and during
multiple short periods during the late Holo-
cene (Abbott et al., 1997), including today.
The lake was below the overflow level from
15 to 13, from 11.5 to 10, and from 8510 5
ka; the lake level was at least 85 m below the
modern level between 6 and 5 ka (Cross et al.,
2000; Baker et a., 2001a). Algae percentage
from core TD (Ybert, 1992; Sylvestre et a.,
1999) suggests that this lake-level drop began
prior to 10.8 ka, and algae percentage from
core TD1 suggests a lake-level drop prior to
7.8 ka.

Chronologies of lake highstands from the
evaporite lakes of Salar de Coipasa—Salar de
Uyuni and Lake Poopob, at the southern end of
the Lake Titicaca system, have been recon-
structed from 2°Th/**U and **C ages on cal-
cium carbonate from tufa and mollusks (Ser-
vant and Fontes, 1978; Rondeau, 1990;
Wirrmann and Mourguiart, 1995; Servant et
al., 1995; Clayton and Clapperton, 1997; Syl-
vestre et al., 1999) and from a sediment core
from Salar de Uyuni (Baker et a., 2001b). The
older shoreline tufas from these evaporite lake
basins date between 45 and 35 ka with 2°Th/
24 ages (Rondeau, 1990) and at ca 38 ka
with C ages (Wirrmann and Mourguiart,
1995); the tufas are argued to represent the
Minchin highstand. Paleo-Lake Tauca of late
glacial age was dated at 19 to 14 ka, and its
maximum lake levels were dated at 15.5 to 14
ka by Sylvestre et a. (1999); the lake's age
was dated at ca. 16 to ca 13.6 ka, and its
maximum levels were dated at ca. 15.5 to ca.
13.6 ka by Clayton and Clapperton (1997)
(Fig. 15). A minor lake phase, Coipasa, has
been placed from 10.5 to 9.5 ka on the basis
of *C ages of stromatolitic crusts (Sylvestre
et a., 1999). Intercalated mud with diatoms
and salt deposits from the Salar de Uyuni core
(Baker et al., 2001b) provides a different chro-
nology of high lake levels. The presence of
mud with diatomite in this core has been in-
terpreted as representing lake highstands dat-
ing from >50 to 38 ka (Minchin), from 26 to
15 ka (Tauca), and an undated event whose
age is thought to be ca. 12.5 ka (Coipasa).
Detrital contamination of U-series ages and
unknown *#C-reservoir corrections have hin-
dered the interpretation of many of these
records.

Glaciofluvia fan deltas in Salar de Uyuni
and dust and anion concentrations from the
Nevado Sgjama ice cap (lat 18°S) provide ad-
ditional evidence for the age of lake high-
stands in the Salar de Coipasa—Salar de Uyuni.
Concentrations of dust, sulfates, and chlorides
in ice from Nevado Sgjama are thought to
originate from the Salar de Coipasa—Salar de
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Uyuni during periods of lake desiccation
(Thompson et al., 1998, 2000). The main
problem with this record, however, is poor age
control. AMS *C ages on organic matter with-
in the ice provide age control at 24 ka and
between 5.6 and 0 ka; however, the age of the
remainder of the core is only loosely deter-
mined. Low concentrations of dust, chlorides,
and sulfates suggest perennial water in the Sa-
lar de Coipasa—Salar de Uyuni prior to 22 ka
(Minchin), from 21 to 15.5 ka(?), and between
14 and 9.0 ka (Tauca) (Fig. 15). After 9.0 ka,
asharp increasein chlorides, sulfates, and dust
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suggests lake desiccation. Glaciofluvial fan
deltas south of the Salar de Coipasa are con-
tiguous with glacial moraines and show that
the last major glacial advance coincided with
Glacial Lake Tauca (Clayton and Clapperton,
1997). A “C age on peat underlying glacia
diamict provides a maximum age of 16.0 ka
for this glacial advance.

The Amazon and the Tropics

Paleoclimatic evidence from the Amazon
Basin comes primarily from sediment cores

from small lakes or marshes, e.g., Lake Pata
(Colinvaux et a., 1996), Cargjas (Absy et a.,
1991), and Salitre (Ledru, 1993), and from the
Amazon Fan (Haberle and Madlin, 1999; Mas-
lin et a., 1999) and the Ceara Rise (Harrisand
Mix, 1999). Pollen analyses from small lakes
have been used to suggest aridity during the
LGM and increased precipitation during the
early Holocene; however, these conclusions
remain controversial (see Colinvaux and De
Oliveira, 2000). The reinterpretation of pollen
diagrams from small lakes and marshes in the
Amazon (Colinvaux and De Oliveira, 2000)
and from the Amazon Fan (Haberle and Mas-
lin, 1999) suggest only cooling, with minor
vegetation changes between glacia and inter-
glacia periods and do not indicate widespread
aridity and a reduction in the area of tropical
rain forests during the LGM. Lower lake lev-
els and decreased sediment-deposition rates
during the LGM at both Lake Pata (Colinvaux
et a., 1996) and at Salitre (Ledru, 1993), how-
ever, point to lower lake levels during this
time. Evidence from the Ceara Rise aso in-
dicates decreased discharge from the Amazon
during glacia cycles and increased discharge
during interglacial periods (Harris and Mix,
1999).

Atmospheric methane concentrations
trapped in polar ice cores (Chappellaz et al.,
1993; Brook et a., 1996; Steig et al., 1998)
are thought to largely derive from decaying
organic matter in wetlands; 40%—70% of these
wetlands are located in tropical areas (Fung et
al., 1991). This relationship has led research-
ers to use concentrations of CH, trapped in
polar ice cores as a proxy for the extent of
wetlands at tropical latitudes (Chappellaz et
al., 1993; Severinghaus and Brook, 1999), al-
though high-latitude CH, sources may also
contribute significantly to atmospheric meth-
ane (Nisbet, 1992). The record of atmospheric
CH, concentration from the Greenland ice
cores over the past 20 k.y. identifies low meth-
ane concentrations during the LGM, a drastic
rise during the late glacial, and high concen-
trations during the late glacial and early Ho-
locene, except during the Younger Dryas.
Methane concentrations then dropped mark-
edly beginning at ca. 8.2 ka, remained low
during the middle Holocene, and then rose
during the late Holocene (Fig. 15) (Chappellaz
et al. 1993; Blunier et al., 1995; Brook et a.,
1996). Increased CH, concentrations from the
late glacial through early Holocene agree well
with records of increased precipitation and
discharge from the central Atacama and Am-
azon and partially agree with the Tauca and
Coipasa lake phases from the Salar de Uyuni/
Coipasa.
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SUMMARY AND CONCLUSION

Paleo—wetland deposits in the central Ata-
cama Desert of northern Chile record a 16 k.y.
history of regional changes in groundwater
discharge. The general concordance of results
from severa contrasting hydrologic systems
and the agreement between these records and
most other paleoclimatic proxy records in the
central Atacama indicate that these deposits
are recording regional changes in groundwater
recharge tied to long-term changes in
precipitation.

The limited extent of apine glaciersin the
central Atacama during this time period pre-
cludes a significant influence of glacial melt-
water on hydrologic budgets, which are
thought to influence lake-level heightsin more
glaciated regions of the Altiplano in Bolivia
and Peru. Paleo—wetland deposits from the
central Atacama provide afirm chronology for
the late glacial to early Holocene (>15.4-9.0
ka) wet phase in the central Atacama and also
indicate a wet middle Holocene (8-3 ka), a
period that was previously thought to be hy-
perarid. Both wet periods were terminated by
pronounced dry periods, from 9 to 8 and from
3 to 0 ka, when water tables dropped and
streambeds were incised. A complete lack of
paleo—wetland deposits dating to the LGM
suggests that water tables were low during this
period, although this lack also may be the re-
sult of subsequent erosion of wetland deposits.
The discordance between LGM records from
large saline lakes such as the Salar de Ataca
ma and Salar de Uyuni and records from small
lakes, rodents middens, and wetland deposits
in the region must reflect either temperature
effects on large lake budgets or gaps in the
other records. These discrepancies need to be
resolved to gain a better understanding of the
South American tropical climate system dur-
ing the LGM.

We argue that precipitation changes in the
central Atacama are directly linked to large-
scale atmospheric features related to convec-
tion over the Amazon Basin, the southerly
transport of moisture from the Amazon, and
the transport of moisture onto and over the
Altiplano. The late glacial to early Holocene
wet phase in the central Atacama supports the
argument for increased tropical precipitation
at thistime as evidenced by increased Amazon
discharge (Harris and Mix, 1999) and in-
creased atmospheric methane concentrations
in polar ice cores (Chappellaz et a., 1993;
Brook et al., 1996; Steig et a., 1998). Evi-
dence of a wet late glacia to early Holocene
in the central Atacama is in agreement with
results from the Amazon and suggests that
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there was no major paleoclimatic boundary
between the Amazon and Altiplano, nor be-
tween the Altiplano and the central Atacama,
during the LGM and Holocene.

How the SASM s influenced by tropical
SSTs, the Walker Circulation, and other large-
scale features of the tropical circulation sys-
tem is still poorly understood. There are many
forcing mechanisms that may enhance the
SASM. We agree with Sylvestre et al. (1999)
and Kull and Grosjean (1998) that local sum-
mer insolation does not appear to be driving
SASM intensity. Intensification of the SASM
may be the result of a combination of factors,
including (1) increased global temperatures
driving convection over the Amazon, (2)
stronger SST gradients enhancing the easter-
lies and therefore tropical convection (Cane et
al., 2000), and (3) nonlinear responses to trop-
ical insolation (Cane et a., 2000). Discrep-
ancies between paleorecords from key regions
influenced by the SASM need to be resolved
to gain a better understanding of the interac-
tions between the SASM and other main fea-
tures of the tropical circulation system.
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