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ABSTRACT 

The origin of pedogenic salts in the Atacama Desert has long been debated. 

Possible salt sources include in situ weathering at the soil site, local sources such as 

aerosols from the adjacent Pacific Ocean or salt-encrusted playas, and extra-local 

atmospheric dust. To identify the origin of Ca and S in Atacama soil salts, we 

determined 5 and ®'Sr/*^Sr values of soil gypsum/anhydrite and '^Sry^Sr values of 

calcium carbonate along three east-west trending transects in the Atacama. Our results 

demonstrate the strong influence of marine aerosols on soil gypsum/anhydrite 

development in areas where marine fog penetrates inland. In areas where the Coastal 

Cordillera is >1200 m, however, coastal fog cannot penetrate inland and the contribution 

of marine aerosols to soils is greatly reduced. Salts in inland soils appear to originate 

from eolian redistribution of playa salts that are precipitated from evaporated ground 

water. This ground water has acquired its dissolved solids from water-rock interactions 

(both thermal and low-temperature) along flowpaths from recharge areas in the Andes. 

The spatial distribution of high-grade nitrate deposits appears to correspond with areas 

that receive the lowest fluxes of local dust, supporting arguments for an atmospheric 

source of nitrate. 

Ground water in the Atacama is derived from precipitation in the High Andes (> 

3500 m) that infiltrates soils and then flows down the Pacific slope of the Andes to feed 

aquifers within the hyperarid core of the Atacama Desert. At many locations, ground 

water surfaces and creates springs, marshes, and wetlands. In order to track late 

Quaternary fluctuations in ground-water recharge, paleowetland deposits at eight separate 



locations (between 18°-26'' S) were mapped and dated. Over 200 AMS ''*C dates on a 

variety of materials provide firm age control on these deposits. Replication of time-

stratigraphic units from an assortment of hydrologic settings and varying distances from 

recharge areas in the Andes show that ground-water systems are responding to regional 

changes in climate and that response times are probably short (<1000 years). Results 

suggest that the wettest period represented by deposits was during the late Glacial/early 

Holocene (-16-9.5 ka B.P.) and that a moderately wet period occurred during the mid-

Holocene (8-3 ka B.P.). Major drops in Atacama water tables, due to regional drought, 

occurred between 9.5-8 and ~3 ka B.P. The late Holocene was characterized by generally 

lower water tables than during the mid-Holocene and subject to more frequent water table 

drops. Fluctuations in tropical Pacific Sea Surface Temperatures, the Walker Circulation, 

and ENSO variability is thought to be the major control on precipitation over this region 

during the late Quaternary. 
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CHAPTER 1: INTRODUCTION 

Atacama Desert 

The Atacama Desert, located in northern Chile and Peru (15°-30°S) between the 

Andes and the Pacific Ocean, is likely the oldest and driest desert on Earth. Nowhere 

else are there such thick surficial deposits of highly soluble salts such as nitrates and 

chlorides, attesting to the duration of hyperaridity. This landscape is ideal for studying 

surficial processes of arid lands as well as gaining an understanding of atmospheric 

deposition of soluble particles, which on other landscapes are either quickly taken up as 

by plants as nutrients or dissolved and leached by precipitation. In addition, although the 

core of the Atacama has likely been hyperarid since the mid-Miocene, the eastern margin 

of the Desert has fluctuated in response to Quaternary climate changes. Thus, 

fluctuations in the eastern margin of the Atacama can be used to reconstruct past changes 

in atmospheric circulation over South America. This dissertation uses the core of the 

Atacama Desert to address research questions regarding the source and distribution of 

highly soluble salts on this extremely stable landscape and uses paleohydrologic records 

that track changes in precipitation over the eastern margin of the Atacama to address the 

history of climate change in the region. 

Scope of Projcct 

This dissertation is composed of two main studies: 1) the identification of the 

sources of sulfur and strontium (as a proxy for calciimi) in Atacama soil salts through the 

analysis of and ^^Sr/^Sr in soil gypsum, anhydrite, and calcite, and 2) reconstruction 
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of fluctuations in ground-water recharge in the Andes to track major changes in 

precipitation along the eastern margin of the Atacama. 

Salt study 

Atacaman soil salts, composed mainly of sulfate, nitrate, and chloride, are unique 

on earth (Ericksen, 1981), and their origin has been debated for over a century (see 

Ericksen (1981) for citations from 1861-1970; Alpers and Whittlemore, 1990; Searl and 

Rankin, 1993; Ericksen 1994; Berger and Cooke, 1997; Bdhlke et al., 1997). Some of the 

origins suggested by previous researchers include: 1) marine aerosols associated with 

upwelling of the Humboldt current immediately to the west of the Atacama (nitrates, 

sulfates, chlorides, and iodates) (van Moort, 1985; Chong, 1988), 2) dry and wet 

deposition of extra-local atmospheric aerosols (nitrate) (Erickson, 1961; Claridge and 

Campbell, 1968; Ericksen 1981; Bdhlke et al„ 1997); 3) salts derived from the 

weathering of Andean volcanics (sulfates, chlorides) (Searl and Rankin, 1993, Berger and 

Cooke, 1997); 4) direct deposition of salts associated with volcanic emissions (sulfates) 

(Searl and Rankin, 1993; Berger and Cooke, 1997); 5) the decay of bird guano and 

remains of organic lake deposits (nitrate) (Ericksen, 1983). 

The importance of desert dust goes well beyond its influence on soil formation in the 

Atacama Desert. Atmospheric dust originates mainly in the world's deserts and is 

transported to soils worldwide (Simonson, 1995; Uematsu et al., 1983, 1985; Nakai et al. 

1993; Rea, 1994, Tegen et al. 1994). For example, dust from the deserts of Central Asia 

is transported to Hawaii (Dymond et al., 1974; Parrington et al., 1983) and Cheenland 

(Biscaye et al., 1997), and dust from the Sahara Desert reaches Israel (Dan, 1991), South 
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America (Prospero et al., 1981; Swap et al., 1992), and the Bahamas (Muhs et al., 1987). 

This fine-grained dust is composed of silicate minerals and soluble salts and is thought to 

play an important role in sustaining many tropical ecosystems, where essential plant 

nutrients are often rapidly weathered and removed from soil systems (Chadwick et al., 

1999). There is also a component of this dust, however, which actually forms in the 

atmosphere by various chemical reactions (Crutzen, 1974; Noxon, 1976; 1978). Little is 

known about the deposition rates of these compounds that are often utilized by plants or 

are quickly removed from soils by weathering processes. Local dust and aerosol sources, 

especially in arid regions, can also influence soils and the transport of nutrients across 

landscapes (Pewe et al., 1981; McFadden et al., 1987; Brimhall et al. 1988; Chadwick 

and Davis, 1990; Quade et al. 1995; Naiman et al., 2000). The Atacama Desert is an ideal 

location to study the nature and deposition of highly soluble and/or biologically important 

components of atmospheric dust, as well as sources and transport pathways for local dust. 

Atacama Paleohydrology 

The tropics are thought to play a fundamental role in climate change due to their 

ability to force rapid changes over broad regions of the earth (Cane and Clement, 1999; 

Clement and Cane, 1999; Kerr, 2001). Notwithstanding this importance, tropical 

paleoclimatic studies are sparse compared to those at higher latitudes. This has 

encouraged a reliance on global methane concentrations (Severinghaus and Brook, 1999) 

and coupled ocean-atmosphere circulation models (Bush and Philander, 1998; Hostetler 

and Mix, 1999; Pinot et al., 1999) for inferences about past tropical oceanic and 

atmospheric circulation. Well-dated records of tropical precipitation are becoming 
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increasingly necessary to constrain models, to isolate source regions for global methane, 

and ultimately to determine the relationship of past circulation changes both among 

separate regions in the tropics and between the tropics and high latitudes. 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 Basin, central Andes, and Altiplano. Continental heating in summer drives deep 

convection over the Amazon Basin, bringing moisture into this region &om the equatorial 

Atlantic via the trade winds. The trades are deflected southeast once they reach the 

Andes, creating a low-level northwesterly jet that transports tropical moisture from the 

Amazon towards the Gran Chaco (20°-25° S) (Nogues-Peagle, 1997; Zhou and Lau, 

1998). A thermal low develops over the Gran Chaco as maximum solar heating migrates 

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). 

Southern Hemisphere seasonal insolation has been presumed to be the dominant 

control on the intensification of the SASM over orbital time scales (Martin et al. 1997, 

Seltzer et al., 2000, Cross et al., 2000; Baker et al., 2001a; 2001b; Bobst et al., 2001). 

High lake levels and glacial advances during the Last Glacial Maximum (LGM) in the 

central Andes led researchers to suggest that the summer insolation maxima at 25 ka B.P. 

intensified the SASM (Seltzer et al., 2000; Baker et al., 2001b). On the Bolivian 

Altiplano (15°-22®S), lake desiccation and glacial retreat by ~14 ka B.P. have been 

attributed to the summer insolation minima at -12 ka B.P. (Servant et al., 199S; Clayton 
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and Clapperton, 1997; Sylvestre et al., 1999, Baker et al., 2001a; 2001b). These inferred 

wet and dry periods are out of phase with many paleoclimatic records fix)m the Amazon, 

which identify a dry LGM and wet late Glacial and Holocene (Ledru, 1993; Colinvaux et 

al., 1996; Harris and Mix, 1998). This discrepancy led Martin et al. (1997) to argue that 

decreased summer insolation values limited the southward expansion of the SASM, 

causing the most southern tropics and northern subtropics to desiccate while parts of the 

Amazon Basin became wetter due to a prolonged siunmer wet season. Paleoclimatic 

records from the Pacific slope of the central Andes and Atacama can be used to test these 

hypotheses linking seasonal insolation effects to SASM intensity and provide a better 

understanding of climate change in the tropics. 

Dissertation Formation 

This dissertation consists of five separate manuscripts, which appear as 

appendices. The first manuscript, entitled Isotopic evidence for the origin of Ca and S in 

soil gypsum, anhydrite, and calcite in the Atacama Desert, Chile, presents ^''S and 

^^Sr/^^Sr isotopic values for Atacama soil salts, and for salts found in ground water and 

evaporite basins that represent Andean weathering products. This manuscript will be 

submitted to Geochimica et Cosmochimica Acta. 

The second manuscript. Late Quaternary Paleohydrology of the central Atacama 

Desert (22 °-24 "S), Chile, presents the age and stratigraphy of paieowetland deposits from 

three separate hydrologic settings in the central Atacama to reconstruct regional 

fluctuations in ground water. This 16-ka record of ground water recharge is compared 

with other environmental records in the Atacama, in the Altiplano of Bolivia and Peru, 
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and with those in the Amazon Basin. This manuscript is in press with the Geological 

Society of America Bulletin. 

The third manuscript, Quebrada Puripica and other wetland deposits of the 

central Atacama Desert, Chile (22 °-24 °S): Evidence for a wet mid-Holocene?, presents 

evidence for the age and nature of formation of wetland deposits along a high-elevation 

stream in the Atacama (Quebrada Puripica). These deposits had previously been 

interpreted as lacustrine deposits that formed as a result of side-canyon damming. This 

manuscript is in review with Palaeogeography, Palaeoclimatology, Palaeoecology. 

The fourth manuscript, Late-Glacial and Holocene wetland deposits in the 

northern Atacama Desert (18 °-2I °S), Chile, presents the age and stratigraphy of 

paleowetland deposits from four separate hydrologic settings in the northern Atacama 

and determine if they are similar as those in the central Atacama. If so, then changes in 

ground water recharge must be the result of summer precipitation crossing the Andes. 

This manuscript will likely be submitted to the Journal of Quaternary Science. 

The fifth manuscript. Wetland Deposits at Quebrada Chaco (25 °S), Chile: 

Evidence for the timing and spatial extent for the Late Glacial / early Holocene wet 

period, presents the age and stratigraphy of wetland deposits along Quebrada Chaco and 

several of its tributaries. The article reviews evidence for the late Glacial / early 

Holocene wet phase in the Atacama, compares it with the Tauca and Coipasa phases firom 

the Altiplano of Peru and Bolivia, and suggests potential forcing mechanisms for this wet 

phase. This article will likely be submitted to Quaternary Research. 
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CHAPTER 2: PRESENT STUDY 

The methods, results, and conclusions of this study are presented in the papers 

appended to this dissertation. The following is a summary of the most important findings 

from the appended papers. 

The Atacama Desert is a truly unique environment on earth. The stability and 

intense aridity of the core of the Atacama provides the opportunity to address many 

research questions ranging from the atmospheric deposition of aerosols, to weathering in 

extreme, dry environments, as well as perhaps providing the best analog for 

understanding geomorphic processes on other planets such as Mars. 

The portion of this dissertation on the origin of soil salts in the Atacama Desert 

provides important information on the source of calcium and sulfur, two of the major 

elements in soil salts, and the development of soils in the Atacama. The data provide 

strong evidence for a marine source for areas that are influenced by the coastal fog, and 

an Andean source for other areas. Andean salts are thought to originate from ground 

water/rock interactions (both thermal and low temperature) along flowpaths from 

recharge areas in the Andes, and then are deposited in salars (playas) when ground water 

is evaporated. Salts are then distributed to soils by eolian processes. Soils downwind 

from salars have high deposition rates of salar salts, whereas soils located upwind from 

salars have much lower deposition rates of salar salts, and have the highest concentrations 

of atmospheric salts. Therefore the data supports the argument for an atmospheric source 

of soil nitrate, and probably for iodate and perchlorate as well, in Atacama soils. 
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The shape and orientation of the Atacama Desert, which is generally between 

200-300-lcm wide yet spans almost 2000 km, is ideal for using paleoclimatic records to 

reconstruct atmospheric circulation patterns over South America during the late 

Pleistocene and Holocene. Precipitation in the northern Atacama, north of -25° S, results 

from occasional storms crossing over the Andes during austral summer. Moisture in 

these air masses originates in the Amazon Basin, and is transported southward and 

pushed over the Andes by the South American Summer Monsoon. Hence, fluctuations in 

precipitation records from the northern Atacama can be used to reconstruct the intensity 

of the South American Summer Monsoon. Precipitation in the southern Atacama occurs 

during austral winter and is a result of air masses from the Pacific entrained in the 

Westerlies. In an attempt to reconstruct the behavior of these atmospheric circulation 

systems, and track the movement of the intervening boundary, paleoclimatic evidence 

was collected along a north-south transect from 18° S to 25° S. 

Paleowetland deposits were used in this study as a proxy record for ground-water 

recharge, and ultimately precipitation m the Andean highland. Paleowetland deposits are 

located along ground water flowpaths that run from recharge areas in the High Andes 

(>3500 m), where precipitation is > 150 mm/yr, to aquifers within the hyperarid core of 

the Atacama. At many locations, ground water surfaces, creating springs, marshes, and 

wetlands. Fossil deposits denote the past height of water tables at these locations, which 

fluctuates in response to changes in ground-water recharge associated with precipitation 

in the Andes. Two of the advantageous features of paleowedand deposits as 

paleoclimatic proxy records are 1) they can be readily dated by radiocarbon without the 
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problems associated with '"*0 reservoir efTects common in paleorecords &om lakes in this 

region, and 2) temperature and evaporation effects are less profound in wetlands, where 

water emerges from the subsurface, than on lakes where water is continuously exposed 

on the surface. 

The age and stratigraphic relationships of paleowetland deposits, based on field 

mapping and over 200 AMS radiocarbon dates, were determined at nine separate 

locations between 18°-25° S. Hydrologic settings ranged from high-elevation (3500 m) 

streams and point-source springs, to marshes and spring complexes at the base of the 

Andes (2500 m), as well as ground-water fed streams at low-elevation (<2100 m) in the 

core of the Atacama. The general concordance of results from these contrasting 

hydrologic environments, located at various distances from recharge areas in the Andes, 

suggests that water-tables are responding to regional changes in ground-water recharge 

related to climate, and that the response times of ground-water systems are short (<1000 

years). 

Results indicate that the wettest period represented by deposits was during the late 

Glacial/early Holocene (-16-9.5 ka B.P.) and that a moderately wet period occurred 

during the mid-Holocene (8-3 ka B.P.). Major drops in Atacama water tables, due to 

regional droughts, occurred between 9.5-8 and ~3 ka B.P. The late Holocene was 

characterized by generally lower water tables than during the mid-Holocene and subject 

to more frequent water table drops. 

Precipitation along the western portion of the Andean Altiplano is influenced by 

fluctuations in tropical Pacific Sea Surface Temperatures, the Walker Circulation, and El 
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NiAo-Southera Oscillation variability. Therefore, water-table fluctuations in the 

Atacama are probably directly related to modes of ENSO variability, which may last 

firom centuries to millennia. The late-glacial/early Holocene wet period is thought to be a 

time when La NiAa-like conditions prevailed and enhanced the transport of moisture of 

over the Andes. The extreme drought at the end of this wet period was likely the result of 

major changes in the Walker Circulation to a more El Nifio-like conditions. Moderate 

water tables during the mid-Holocene and low water tables, but characterized by high 

variability, during the late-Holocene, is consistent with records of perennial La Niita-like 

conditions during the mid-Holocene and increased frequency and magnitude of El Niflo 

events during the late-Holocene. 

The differences between paleoclimatic records, most profoundly between the 

large lake records and the wetland and rodent midden records, may be the result of the 

differing sensitivity of these records to temperature and precipitation and/or to gaps in the 

proxy records, but are not likely the residt of regional differences in climate. These 

discrepancies must be reconciled before definite conclusions can be made regarding 

atmospheric circulation patterns and forcing mechanisms of climate change in central 

Andes. 
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APPENDIX A 

ISOTOPIC EVIDENCE FOR THE SOURCE OF CA AND S IN SOIL GYPSUM, 
ANHYDRITE AND CALCITE IN THE ATACAMA DESERT, CHILE 



30 

ABSTRACT 

The origin of pedogenic salts in the Atacama Desert has long been debated. 

Possible salt sources include in situ weathering at the soil site, local sources such as 

aerosols fix)m the adjacent Pacific Ocean or salt-encrusted playas, and extralocal 

atmospheric dust. To identify the origin of Ca and S in Atacama soil salts, we 

determined 8^S and '̂ Sr/*®Sr values of soil gypsum/anhydrite and *'Sr/*^Sr values of 

calcium carbonate along three east-west trending transects m the Atacama. Our results 

demonstrate the strong influence of marine aerosols on soil gypsum/anhydrite 

development in areas where marine fog penetrates inland. Results firom an east-west 

transect located along a breach in the Coastal Cordillera shows that most soils within 90 

km of the coast, and below 1300 m, are influenced by marine aerosols and that soils 

within SO km. and below 800 m, receive >50% of Ca and S fit)m marine aerosols (S^S 

values > 1496o and *'Sr/®^Sr values >0.7083). 

In areas where the Coastal Cordillera is >1200 m, however, coastal fog cannot 

penetrate inland and the contribution of marine aerosols to soils is greatly reduced. Most 

pedogenic salts from inland soils have 6^S values between +5.0 to +8.0%o and *'Sr/*^Sr 

ratios between 0.7070 and 0.7076. These values are similar to average 6 and *'Sr/"Sr 

values of salts from local playas (+ 5.3 ± 2%o 6^S and 0.70749 ± 0.00045 *'Sr/*^Sr) in the 

Andes and Atacama, suggesting extensive eolian reworking of playa salts onto the 

surrounding landscape. Ultimately, playa salts are precipitated from evaporated ground 

water, >Aiiich has acquired its dissolved solids from water-rock interactions (both thermal 
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and low-temperature) along flowpaths from recharge areas in the Andes. Therefore, the 

main source for Ca and S in gypsum/anhydrite in non-coastal soils is indirect and 

involves bedrock alteration, not locally on the hyperarid landscape, but in the subsurface 

by ground water, followed by eolian redistribution of ground-water derived playa salts to 

soils. The spatial distribution of high-grade nitrate deposits appears to correspond with 

areas that receive the lowest fluxes of local marine and playa salt, supporting arguments 

for tropospheric nitrogen as the main source for soil nitrate. 
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1. INTRODUCTION 

The Atacama Desert is likely the oldest and driest desert on earth, optimal for the 

accumulation of highly soluble soil salts. Moreover, landscape surfaces in the Atacama 

are exceptionally stable and thought to be mid-Miocene in age (Alpers & Brimhall, 

1988), virtually unaltered by chemical weathering and geomorphic processes. Atacaman 

soil salts, composed mainly of sulfate, nitrate, and chloride salts, are unique on earth 

(Ericksen, 1981), and their origin has been debated for over a century (see Ericksen, 

1981, for citations between 1861-1970; Alpers and Whittlemore, 1990; Searl and Rankin, 

1993; Ericksen 1994; Berger and Cooke, 1997; Bdhlke et al., 1997). Some of the origins 

suggested by previous researchers include: 1) marine aerosols associated with upwelling 

in the Pacific (Dcean immediately to the west of the Atacama (nitrates, sulfates, chlorides, 

and iodates) (Ericksen, 1981; van Moort, 1985; Chong, 1998), 2) dry and wet depostion 

of extra-local atmospheric aerosols (nitrate) (Claridge and Campbell, 1968; Ericksen 

1981; Bdhlke et al., 1997); 3) salts derived from the weathering of Andean volcanics 

(sulfates, chlorides) (Ericksen, 1981; Searl and Rankin, 1993, Berger and Cooke, 1997); 

4) direct deposition of salts associated with volcanic emissions (sulfates) (Searl and 

Rankin, 1993; Berger and Cooke, 1997); S) the decay of bird guano and remains of 

organic lake deposits (nitrate) (Ericksen, 1983). 

The importance of desert dust goes well beyond its influence on soil formation in the 

Atacama Desert Atmospheric dust originates mainly in the world's deserts and is 

transported to soils worldwide (Simonson, 1995; Uematsu et al., 1983, 1985; Nakai et al. 

1993; Rea, 1994, Tegen and Fung, 1994). For example, dust from the deserts of Central 



33 

Asia is transported to Hawaii (Dymond et al., 1974; Parrington et al., 1983) and 

Greenland (Biscaye et al., 1997), and dust from the Sahara Desert reaches Israel (Dan, 

1991), South America (Prospero et al., 1981; Swap et al., 1992), and the Bahamas (Muhs 

et al., 1987). This fine-grained dust is composed of silicate minerals and soluble salts and 

is thought to play an essential role in sustaining many tropical ecosystems, where 

essential plant nutrients are often rapidly weathered and removed from soil systems 

(Chadwick et al., 1999). There is also a component of atmospheric dust, however, that 

forms directly in the atmosphere by various chemical reactions (Crutzen, 1974; Noxon, 

1976; 1978). Little is known about the deposition rates of these compounds that are often 

utilized by plants on the land surface or quickly removed by weathering processes. Local 

dust and aerosol sources, especially in arid regions, can also influence soils and the 

transport of nutrients across landscapes (P^we et al., 1981; McFadden et al., 1987; 

Brimhall et al. 1988; Chadwick and Davis, 1990; Quade et al. 1995; Naiman et al., 2000). 

The Atacama Desert is an ideal location to study the nature and deposition of 

highly soluble and/or biologically important components of atmospheric dust, as well as 

sources and transport pathways for local dust. In this study we use and ^^Sr/^Sr 

isotopes to identify the origin of S and Ca in soil gypsum/anhydrite and Ca in soil 

carbonate along three east-west trending transects in the Atacama. Our objectives are to 

determine the relative contribution of marine aerosols to soils; identify the Andean 

signature for S and Sr and determine the importance of Andean weathering products to 

soils; evaluate the importance of ev^x>rite playas (salars) as source areas for soil salts; 
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and finally to gain an understanding of the spatial distribution of high-grade nitrate 

deposits. 

2. THE ATACAMA DESERT 

2.1 Location and environment 

The Atacama Desert is located between the central Andes and Pacific Ocean in 

southern Peru and northern Chile (Fig. A. I). The core of the Atacama receives virtually 

no precipitation (<S mm/yr), does not contain vascular plants, and supports few soil 

microbes (Cameron et al., 1966). The western margin of the Atacama receives consistent 

moisture in the form of coastal fog, locally known as camanchaca, between 300-1000 m, 

which supports isolated coastal plant communities (lomas) (Rundel et al., 1991). The 

eastern margin of the Atacama is at the base of the Andes (~ 2500 m). This margin 

grades into semi-arid desert supporting desert scrub vegetation between 2700-3000 m and 

Andean Puna grasslands between ~3300-4000 m. Even the Andes in this region, which 

include peaks >6000 m in elevation, only receive - 200 mm/yr precipitation and lack 

perennial snow cover. This region of semi-arid desert, which receives between 10-200 

mm/yr precipitation, is here referred to as the High Atacama. The eastern boundary 

between the Atacama and High Atacama has fluctuated in response to Quaternary climate 

change (Betancourt et al. 2000). 

2.2 Geology 

The central Atacama (20''-2S°) is defined by three north-south trending mountain 

ranges separated by alluvial basins; the Andes, the Cordillera Domeyko, and the Coastal 

Cordillera. The Andes range in elevation between 4500-6500 m and are composed 
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mostly of Tertiary andesitic volcanic rocks with some continental clastic sediments. The 

Cordillera Domeyko is composed of Paleozoic and Mesozoic clastic and carbonate 

sedimentary rocks of continental and marine origin and middle Cretaceous to early 

Tertiary intrusive rocks. Lai^e foreland basins, such as the Salar de Atacama and Salar 

de Punta Negra, separate the Andes fix)m the Cordillera Domeyko and contain thick 

deposits of valley fill. The Coastal Cordillera is composed of Jurassic andesitic lavas 

intercalated with Cretaceous marine limestone, shale, and conglomerates (Coira et al., 

1982; Flint etal., 1993). 

23 Surficial Salt Deposits 

Atacama soils with high concentrations of nitrate (7-15%), as well as iodate, 

perchlorate, chromate, and borate, have been the focus of much research. Ericksen 

(1981) provides a detailed description of these soils, their spatial distribution, and 

sununarizes various theories regarding their genesis. Most high-grade nitrate ore soils 

are located between 19°30'S to 26°S on alluvial fans along the eastern side of the Coastal 

Cordillera. Deposits range &om a few km to 30 km in width (Ericksen, 1981). 

Nonconmiercial nitrate deposits (1-7%) are more widespread, but their spatial 

distribution is not well known. Most commercial nitrate deposits are at altitudes less than 

2000 m in elevation, but deposits are known to exist up to 4000 m (Ericksen, 1981). 

Nitrate deposits are not restricted to alluvial fans, but occur on hilltops and in high 

valleys, as well as in crusts over some salars. Pedogenic nitrate deposits (termed caliche) 

occur in soils ranging between 3-13 m in thickness and consist of several horizons. 

These include chuca-satface horizon (~30 cm) of powdery gypsum and anhydrite; 
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costra- SO-cm to 2-m thick horizon below chuca composed of finnly-cemented gypsum 

and anhydrite; caliche- 1 to S-m firmly cemented horizon below costra containing nitrate 

ore and other salts; conjelo- a horizon up to 2 m thick of saline-cemented regolith; and 

coba- loose, unconsolidated regolith (Fig. A2) (Ericksen 1981). 

Little has been reported on the spatial distribution of soluble salts in Atacama soils 

outside of the high-grade nitrate deposits. Berger and Cooke (1997), who studied the 

spatial distribution of soil salts on three alluvial fans, found higher concentrations of soil 

carbonate in the Andes but recorded high levels of sulfates at all locations. The regional 

distribution of salts in soils Is likely a combination of distance from local dust source 

regions, deposition rates of local dust versus atmospheric dust, and precipitation 

gradients. The boundary between soluble soil salts in the Atacama and less-soluble soil 

carbonate, which is almost absent from salars and soils at low elevations but present at 

higher elevations in the Atacama, is also unknown. 

3. METHODS 

3.1 Transect collection 

We collected ~60 soil gypsum/anhydrite and soil carbonate samples along 3 

east/west-trending transects (Fig. A. 1). The first transect extends more than 200 km from 

just south of Antofagasta, through Quebrada la Negra, to the Cordillera Domeyko. This 

area has a large breach in the Coastal Cordillera and therefore should be strongly 

influenced by marine aerosols. The second transect runs from Tocopilla, ~180 km to the 

north, into high-grade nitrate deposits in the Central Valley, a distance of ~6S km. In this 

area the Coastal Cordillera quickly rises to ~1400 m and blocks marine coastal fog from 
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penetrating inland. The third transect runs from southwest to northeast for -60 km from 

the Cordillera Domeyko, through the Llano de la Paciencia, and back into the Cordillera 

Domeyko and Andes. 

Most soil gypsum samples were collected from a depth of ~20 to 30 cm, at the top 

of the costra horizon. In some cases, samples were collected from surficial costra 

horizons that were being weathered, or in soils containing less-developed (i.e., lacking 

costra) gypsic horizons. Soil carbonate was collected from various depths and from soils 

displaying assorted stages of carbonate development (Stages I-IV, Gile, 1981). 

We also collected water and lake/evaporite samples to identify the isotopic range 

of Andean weathering. Water samples were collected from perennial streams in the 

Andes between 2SOO-3SOO m. Evaporite salts were collected from lakes in the Andes 

(>4000 m), from salars at the base of the Andes (2300-3000 m), and from salars in the 

Central Valley (500-700 m). 

3^ Analytical methods 

Approximately 200 mg of soil gypsum/anhydrite and evaporite salts was 

dissolved In warm 2 M HCI, decanted, and then mixed with BaCh to precipitate all S as 

BaS04. 2 M HCI was added to water samples to remove HCO3', and then mixed with 

BaCh to precipitate all BaS04. Fifteen mg of BaS04 was then mixed with 60 mg CuOi 

and 60 mg Si02, combusted under vacuum at 1100° C, and cryogenically purified to SO2 

(Coleman and Moore, 1978). SO2 gas was analyzed on a VG gas-source mass 

spectrometer at the University of Arizona and is presented in 5 ̂ "*8 notation 

(^S/^^Ssampie/^S/^^Sstd -I) X 1000 as %o, where ^S/^^Ssm is the Diablo Troilite standard. 



38 

For strontium analysis, -SO-100 mg of soil gypsum was dissolved in warm deionized 

HzO in an ultrasonic bath for several hours. Soil carbonate was dissolved in doubly 

distilled 1 M acetic acid in an ultrasonic bath for half an hour. All solutions were passed 

through cation exchange columns to isolate strontium. Strontium isotopic ratios were 

measured on a VG Sector 54 mass spectrometer at the University of Arizona. An internal 

standard was used for ^S that was calibrated relative to NBS 127. ^S standards were 

within ± 0.2 %o of the calibrated value. NBS-987 Sr standards run in association with 

samples (n=8) averaged 0.710229 ± 0.0011. 

X-ray diffraction samples were mounted on a well slide with random orientation 

and analyzed on a Siemens D-SOO x-ray dif&actometer. 

4. RESULTS AND DISCUSSION 

4.1 Physical characteristics of soils 

4.1.1 Antofagasta transect 

Soil development in the western Coastal Cordillera and along the ridgetop below 

~1000 m is minimal and confined mostly to alluvial fans. Secondary gypsum is present 

in the form of small (2-Smm) crystals or as cemented horizons ~ 5 cm thick (e.g. soils 

associated with samples AT 241,243,24S). This gypsum is mostly translucent 

Extremely well-developed soils are present along the westem slope of the Sierra 

del Tigre, just inland of the Coastal Cordillera (e.g. AT 234,620,621,622,247,249). 

Soils are white in color and typically are composed of >90 % soil gypsum. The thickness 

of these soils is unknown, but is likely several meters, bi most locations, soils contain 10 
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to 20 cm of fine, white, gypsic dust with some anhydrite on the surface (chuca). Below 

the chuca, there is often a soft, weakly cemented and extremely porous horizon of 

gypsum. This horizon overlies a hard, well-cemented gypsum horizon (costra), often 

composed of large (20-50 cm) blocks (Fig. A.2b). These well-developed gypsic soils 

blanket the landscape up to the western slope of the Cordillera Domeyko, ~ 100 km from 

the Pacific Coast. In this area of the Cordillera Domeyko, gypsic soils are less developed 

and not as extensive across the landscape as areas closer to the coast. Samples of soil 

gypstun were found in road cuts, in exposures of active washes, and as gypsic crusts 

eroding on the surface. These gypsic horizons are generally <25-cm thick and are often 

light brown in color due to the inclusion of clay minerals. 

4.1.2 Tocopilla transect 

Soil development is minimal along the western slope of the Coastal Cordillera 

below -800 m. The soil associated with sample Gl, at 450 m in elevation, was weakly 

cemented and contained <10 % gypsum. However, sample G3 at 880 m was fix>m a soil 

with a white, gypsic horizon - 30-cm thick and containing ~ 50 % gypsum. Soils along 

the remainder of the transect, beginning with sample 05 at 1020 m, are well-developed 

soils of unknown thickness. This transect ends on alluvial fans on the eastern side of the 

Coastal Cordillera, an area of commercial nitrate deposits and the location of Estancia 

Maria Elena, the only nitrate works still in operation today. 

4.1.3 Llano de la Paciencia transect 

This transect begins in the Cordillera Domeyko, runs east/south-east through the 

Llano de la Paciencia, and then back into the Cordillera Domeyko and Andes. Soils in 
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this region of the Cordillera Domeyko contain fairly well-developed gypsic horizons, 

with a thickness of -50 cm in most locations and of unknown thickness in others. 

Gypsic horizons between 20-50 cm in thickness occur throughout the Llano de la 

Paciencia and up to ~2900 m in the eastern Cordillera Domeyko. Weakly developed 

Stage I (sensu Gile et al., 1981) soil carbonate, however, also begins on young surfaces at 

2500 m in the northeastem portion of the Llano de la Paciencia. Soils containing soil 

carbonate and/or soil gypsum overlap between 2500-2900 m. Soil completely plugged 

(Stages in,) by carbonate cementation occur mainly in a zone between ~3000-3300 m in 

the eastern Cordillera Domeyko and Andes. Carbonate coatings on clasts and dispersed 

in soil matrix (Stages I-II) is found up to 4000 m in the Andes. 

4.2 X-ray Diffraction 

Seven samples (AT 247,252,258,264,282,292,622) were selected for x-ray 

diffraction to identify the main salt minerals in soil cements. These samples were 

selected on the basis of clarity/color (e.g., clear/translucent, white, light brown), texture 

(porous and non-porous), and their distance from the coast. All samples are from well-

cemented salt horizons from a depth of 20 to 30 cm. Sample AT 622 is from a vertical 

fracture infilling of salts between costra blocks (Fig. A.2C). All samples are dominated 

by gypsimi, except AT 622, which was halite. Samples AT 247,252, and 264 contained 

lesser amounts of anhydrite (-5-20%), whereas AT 258 contained greater amounts of 

anhydrite (-40%). Samples AT 282 and AT 292 from soil along the eastern portion of 

the transect lacked anhydrite. 
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43 Isotopic Results and Discussion 

Isotopic values of modem marine suifiir in sulfate and strontium are well known, 

with a 5 value of 20.9%o (Rees et al., 1978) and a ®'Sr/*®Sr value of0.7091 (Burke et 

al., 1982). Below we present results &om salts in streams and lakes in the Atacama and 

adjacent Andes to identify the mean and range of 5^S and '̂ Sr/^Sr isotopic values of 

Andean weathering products. Isotopic values of Andean stream and lake water should be 

significantly lower than those of seawater, allowing for the discrimination between 

marine and Andean sources. Ratios of Ca/Sr in marine coastal fog and Andean salar salts 

were found to be roughly equivalent (Marine fog = 480; Schemenauer and Cereceda, 

1992; Andean weathering = 730; based on analysis of 7 lake/salar salts), allowing for 

simple mixing equations based on marine and Andean isotopic values to be used. 

Distinguishing between atmospheric sulfur, which as a 5^S value ~2.5%o (Castleman et 

al. 1974), and Andean sulfur is probably not possible. 

4.3.1 Stream and salars/lakes 

The value of water samples from three streams along the western slope of the 

Andes are -i^.8%o for the Rio Salado, +8.7%o for the Rio Puritama, and +7.6%o for Rio 

Tul^. ^^Sr/^^Sr isotopic analyses on an aquatic mollusk and tufa &om Rio Tul^ 

returned values of0.707575 and 0.707566, respectively. An aquatic moUtisk firom Rio 

Salado had a *'Sr/*®Sr value of0.707625. 

These and other streams in the High Atacama are strongly influenced by 

groundwater recharge that has undergone significant water-rock interaction. This is 

evidenced by large concentrations of dissolved species in lakes and streams, especially 
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S04 '̂, SiCh, and Ca^"^, and low percent modem carbon (pmC) values in most of these 

systems (Fritz et al., 1978; Margaritz et al., 1989; Aravena and Suzuki, 1990). Rio 

Salado and Rio Tul^ in particular are both strongly influenced by local volcanoes or 

geothermal activity. Rio Tulw begins within 50 km of the active Volcan Lascar and the 

Rio Salado commences at the El Tatio geothermal field. Therefore, the above range of 

values in Rios Salado, Tulan, and Puritama should provide an average value of Andean 

volcanic rocks. 

Three samples were collected from lakes in the High Andes (Laguna Miscanti, 

Laguna Lajia, and Salar de Aguas Calientes), three from salars at the base of the Andes 

(Salar de Atacama, Salar de Punta Negra, and a small, unnamed salar in the Llano de la 

Paciencia), and two from small salars in the Central Valley (Salar del Carmen and Salar 

de Navidad). S '̂̂ S values of these samples are +5.3%o, +-7.6960, and +2.9%o for High 

Andean lakes, +2.8%o, +6.5%o, +4.5%o for salars at the base of the Andes, and +5.4%o, 

and +3.0 for salars in the Central Valley. A sample of secondary vein gypsum from the 

Cordillera de la Sal, which is composed of Neogene Salar de Atacama evaporites, 

returned a 6^S value of +3.7%o. 

"St/^St analyses of salts from the High Andean lakes of Laguna Miscanti and 

Laguna Lejia yielded values of0.707341 and 0.707600, respectively. *'Sr/^Sr values of 

salts from salars at the base of the Andes returned values of0.708210 (Salar de 

Atacama), 0.707%1 (Salar de Punta Negra), and 0.706682 (unnamed salar in Llano de la 

Paciencia). Salar salts from the Central Valley yielded "Sr/^Sr values of0.706844 for 

Salar del Carmen and 0.707469 for Salar de Navidad. "Sr/*®Sr and 5^S analyses have 
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also been reported from the Salar de Atacama (Cannon et al., 2000), and ranged between 

0.7076 and 0.7082 *'Sr/*^Sr and between +5 to +9 %o 8^'*S. 

Pooling all these results, stream and salar salts in this study area have an average 

5^S value of +5.3 ± 2%o and range from + 2.9 to 8.7%o (Fig. A.3). Three ''Sr/ '̂Sr 

values from lakes and salar salts have an average value of 0.70748 ± 0.0004S and range 

from 0.706682 to 0.708210. Values from Salar de Atacama and Punta Negra have 

slightly elevated values compared to Andean stream water, and may represent water-rock 

interactions with marine rocks in the Cordillera Domeyko. 

In the next section of the paper these average values are used in a simple mass 

balance equation to determine the relative contribution of marine aerosols and Andean 

dust in soil salts; 

x(''Sr/«®Sr)„,arinc + (l-x)("Sr/®^Sr)A„d« = ("Sr/"Sr)soii salt (1) 

and 

X(5 ^S)mjirine "*" (1 S)Andes (8 S)soi| salt (2) 

where x is the proportion of sulfur or strontium contributed by marine aerosols, 

"Sr/^Srmarine = 0.7091 (Burke et al., 1982), "Sr/*^SrA„dcs = 0.70749,6 ^S^anne = +20.9%o 

(Rees et al., 1978), and 5^SAndes = +5.3%o. 



4.3.2 Soils 

4.3.2.1 Antofagasta transect Gypsiun/anhydrite samples from soils along the 

Antofagasta transect show a strong trend in decreasing S^S and ^^Sr/^Sr values with 

distance from the Pacific (Fig. A.4). 5 '̂'S values of soil gypsum closest to the coast 

approach marine isotopic values, with 5^S numbers as high as +18.3%o and ^^Sr/'̂ Sr 

rations as high as 0.708739. Soil gypsum within 50 km of the coast, and below 800 m, 

generally has 8 '̂*S values >+14%o and *^Sr/*®Sr ratios >0.70825. Mixing equations (1) 

and (2) indicate that >50% of ^sum/anhydrite S and Sr is of marine origin (Fig. A.4). 

Gypsum in soils also in this coastal region but directly downwind &om salars (AT 620, 

623,624,625,626) and soils north of the breach in the Coastal Cordillera (AT 234, AT 

621) have lower 8 values. Sample AT 620, to the east of Salar del Carmen, has a 8^8 

value of +7.4%o, whereas two samples from soils just to the south (AT 619, AT 247) both 

have 8^S values of+18.l%o. Four gypsum samples (AT 623-626) from a 2-m vertical 

soil profile just east of Salar Mar Muerto (Fig. A.2C) returned values between +7.5 and 

+8.1%o, while two soil gypsum samples (AT 256, AT 258) from soils to the southwest 

and south returned values of+l3.3%o and +10.9%o, respectively. Soil gypsum samples 

(AT 234, AT 621) to the north of the main breach in the Andes returned 8^S values of 

+I2.4%o and 14.1%o. 

Soil gypsum/anhydrite beyond ~90 km from the Pacific, and above 1300 m, 

retumed 8 '̂'S and ''Sr/*^Sr values equivalent to Andean weathering (Fig. A.4). 8^8 

values for soil gypsum spanning 90-220 km from the coast range from +5.2%o to +7.5%o 
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and average +6.5%o. A soil that is 175 km from the coast has a ''Sr/*®Sr value of 

0.707210 (AT 282). 

These results indicate that marine aerosols are a major source of S and Sr in soils 

below 800 m and within 50 km of the coast and a less important source of aerosols in 

soils located 1300 m and 800 m and within 90 km of the coast. Moreover, S and Sr in 

gypsum/anhydrite in soils close to the coast, yet downwind from salars are of mainly 

Andean origin. The low values of soils north of the main breach of the Andes 

indicate a lesser marine input than comparable soils along the main breach, indicating 

topographic influences on the deposition of marine aerosols. The down-profile 

consistency of S^S values suggests that the processes regulating the deposition of salts to 

soils has been consistent for an extended period. 

4.3.2.2 Tocopilla transect Soil gypsimi/anhydrite along the Tocopilla transect, like 

that in Antofagasta transect soils, exhibit decreasing 5^S and '̂ Sr/'̂ Sr values with 

distance from coast (Fig. A.5). However, 5^^S and *^Sr/*®Sr values are significantly 

lower than values from soil gypsimi/anhydrite along the Antofagasta transect at a 

comparable distance from the coast. For example, all samples within 50 km of the coast 

along the Antofagasta transect, except those downwind from salars or to the north of the 

main breach in the Andes, have 8^S values >14 %o and receive >50 % of their sulfiir 

from the Pacific (Equations (2)). In contrast, only one sample from the Tocopilla 

transect sample G 3 from an elevation of 880 m and 12 km from the coast, has a 5^S 

value >14 %o. ^^Sr/^Sr ratios of soil ^sum along the Tocopilla transect also indicate a 

relatively minor, and periiaps an even lower input of marine Sr than marine S to soils. 
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Sample G 3 returned a *'Sr/*®Sr values 0.707763, indicating negligible input of marine Sr. 

The declining *^Sr/®^Sr ratios away from the coast, however, is suggestive of some 

marine influence of Sr in soils (Fig. A.5). 

The significant differences between soils along the Antofagasta and Tocopilla 

transects demonstrate the strong blocking effect of the Coastal Cordillera, preventing the 

incursion of marine aerosols associated with the coastal fog. The relatively low 5^S 

value +12.096a for sample G 1, at 450 m in elevation and 8 km from the coast, is likely 

the result of local weathering of volcanic rocks in the Coastal Cordillera. This sample 

was from a thin (< S cm) gypsic horizon that contained <10% gypsum. 

4.3.2.3 Llano de la Paciencia transect Soil gypsum/anhydrite samples along the Llano 

de la Paciencia transect exhibit 5 '̂*S and *'Sr/®^Sr values that are close to the averages of 

S.5%0 and 0.70749 determined for Andean groundwater and salars (Fig. A.6). Two 

samples, AT 312 and AT 314, have 6 '̂'S values of+8.3 and +11.0%o, which are above 

average for most Andean weathering. ^^Sr/'̂ Sr values from soil gypcrete (2500-2800 m) 

and soil carbonates (3000-3200 m) in the Eastern Cordillera Domeyko and Andes are 

slightly lower than the average value determined for Andean weathering (Figure 6). 

The 5 '̂*S and ''Sr/*^Sr values for soil gypsiun/anhydrite and soil carbonate along 

this transect suggest that S and Sr are derived from Andean weathering, and possibly 

some in situ weathering of bedrock in this wetter region of the Atacama. The high 5 ̂ S 

of samples AT 312 and AT 314 may reflect surface weathering of marine shales, or be 

the result of salts derived from the Salar de Atacama. Slightly lower *^Sr/*^Sr values of 

soil gypsum/anhydrite and soil carbonate could also be the result of surficial bedrock 
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weathering. However, it is not possible to distinguish between the relative contributions 

of local dust versus in situ bedrock weathering in most areas. 

5. ORIGIN OF SOIL SALTS IN THE ATACAMA 

Our results demonstrate that there are multiple source regions for pedogenic salts 

in the Atacama. The proximity of soils to local dust and aerosol sources, such as salars or 

to regions that are influenced by marine coastal fog, significantly influence the sources 

and deposition rates of salts in these soils. In this section, we use our 5^8 and '̂ Sr/®®Sr 

evidence from soil gypsimi/anhydrite and soil carbonate in conjunction with results from 

previous studies to evaluate the contribution of the various source regions to Atacama 

soils across the landscape. 

Marine aerosols associated with the coastal fog, present between -^300-1000 m in 

this region of the Atacama (Schemenauer et al., 1987), have long been considered a likely 

source for sulfur, nitrogen, calcium, and other elements foimd in Atacama soil salts 

(Ericksen, 1981; Searle and Rankin, 1993; Berger and Cooke, 1997). However, there has 

been no strong evidence to support this argument. Our 8^S and *^Sr/*®Sr results from 

soils along the Antofagasta transect are the first conclusive evidence to demonstrate a 

significant marine influence to Atacama soils. This influence, however, is restricted to 

locations where the coastal fog can penetrate inland, i.e. where the Coastal Cordillera is 

<1000 m. This excludes areas in the Atacama where soils contain high levels of nitrate, 

perchlorate, and iodate. 

The upwelling coastal waters of Chile contain high concentrations of nutrients and 

dissolved species: 9.12 SO4; 0.8 NO3; 1.8 CI; 4.81 Na; 0.37 K; 0.96 Ca; 0.62 Mg; (ppm) 
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(Schemenauer and Cereceda, 1992). These chemical species are incorporated into coastal 

fog by sea spray and the outgassing of chemical species such as hydrogen sulfide, which 

forms on the sea floor by bacterial reaction (Watson, 1988). As the fog moves inland 

over the Atacama, it evaporates and deposits all dissolved species. Annual average flux 

rates of coastal fog at 700 m are 3 L/m^/day (Cereceda et al., 1997). Studies of the 

coastal fog have also identified a large, yet unquantified, component of marine aerosols 

that are deposited as dry deposition (Schemenauer and Cereceda, 1992). Assimiing these 

values, one m^ of soil gypcrete at 700 m takes ~ 1.9 Ma to form (assimiing Ca is the 

limiting ion, 10 % slope, 1.7 g/ml bulk density, and 50 % pore space). This is probably a 

maximum age because it does not account for dry deposition of marine aerosols. 

Bedrock of the Andes and Cordillera Domeyko contain significant suifiir, 

calcium, chlorine, and others elements found in Atacama soil salts. Surface weathering 

in the Atacama is limited due to low temperatures at high elevations and low precipitation 

at low elevations. However, there is a significant chemical alteration in the subsurface 

from ground water-rock interactions. Because only one stream in the central Atacama 

flows into the Pacific, the Rio Loa with a discharge of ~1 m^/s, ground water mostly ends 

up in salars and eventually evaporate depositing all salts. Studies of a core from the Salar 

de Atacama (-3000 km^) show that evaporitic salts are deposited at rate of m/lOOO 

years (Bobst et al., 2001). 

Our results suggest that salts derived from the evaporation of ground water in 

locations where the water table is close to the surface, such as salars, are the main source 

of Ca, S, and likely many other salts found in Atacama soils. Two lines of evidence 
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support this conclusion. First, the average 5 and *'Sr/'®Sr values that we found for 

Atacama and Andean ground water closely matches values found in non-coastal soil 

gypsum/anhydrite and carbonate. Second, soils downwind &om salars receive large 

quantities of salar-derived salt, as indicated by 5 ^**8 and ®^Sr/®^Sr values. At present, we 

are not able to distinguish the relative role of Andean water-rock interactions, the 

incorporation of volcanic gases in groundwater, and water-rock interactions of 

groundwater with local bedrock in the Atacama. All of these sources may provide 

significant dissolved species to Atacama ground water. 

Two other sources for dissolved salts in Atacama soils that have been suggested are 

salts dissolved in precipitation (Berger and Cooke, 1997), and direct deposition of 

volcanic emissions associated with volcanic eruptions (Searie and Rankin, 1993; Berger 

and Cooke, 1997). We do not believe these processes contribute significant amounts of 

salts to Atacama soils. Precipitation in the core of the Atacama is extremely low 

(<Smm/yr), and therefore salts dissolved in precipitation (Risacher and Fritz, 1991) are 

negligible compared to those in ground water discharging into streams and onto salars. 

There have been numerous volcanic eruptions in the Andes since the mid-Miocene, such 

as the 1995 eruption of Volcan Lascar. However, almost all ejecta associated with the 

1995 eruption of Lascar was transported into Argentina by strong westerly winds. 

Therefore, we suggest that most sulfur and other elements associated with these eruptions 

are transported to the east, away &om the Atacama. 

We favor eolian transport as a means of dispersing salts across the Atacama. Some 

early researchers and Searl and Rankin (1993) suggest that capillary action of ground 
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water and/or Andean flooding can form Atacama salt deposits. Flooding or elevated 

ground water levels, however, could not have played a role in the formation of deposits 

that formed on hilltops or mesas. Also, salt deposits on the alluvial fans from the Coastal 

Cordillera are located well above any water table fluctuations that may have occurred 

during the Pleistocene. 

The dry deposition of extralocal atmospheric particulates on this extremely dry, 

stable land surface has been suggested as an important source of nitrogen, and periiaps of 

perchlorate and iodate in the nitrate deposits (Claridge and Campbell, 1968; Ericksen, 

1981; B5hlke et al., 1997). Ericksen (1981) ultimately rejected dry deposition of non

local atmospheric particles because the explanation necessitated accumulation times of l-

2 Ma years, which he believed was too long. However, recent analyses of 5 '̂ O in nitrate 

by Bdhlke et al. (1997) found 6 '̂ Oninate values of between +31 and +50%o (V-SMOW), 

providing strong evidence for an atmospheric source for the nitrates in the Atacama 

Desert. It is very likely that the iodate and perchlorate associated with the nitrate in these 

deposits are also atmospheric in origin. 

6. CONCLUSIONS 

The presence of thick, well-developed soils in the Atacama Desert that contain a 

variety of soluble salts is clearly the result of prolonged hyperaridity in the Atacama and 

extremely stable land surfaces. The type and origin of salts in soils in the Atacama varies 

according to distance from local dust sources, rates of local versus extralocal dust 

deposition, and 3) precipitation gradients. We suggest that most salts in Atacama soils 

result from groundwater-bedrock interactions both along ground-water flowpaths from 
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the Andes and in regional aquifers within the Atacama. These salts are deposited in 

salars when groundwater discharges onto the surface or moves to the surface by capillary 

action and evaporates, leaving behind all dissolved solutes. These salts are then 

transported to soils by eolian processes. Most salts are transported to soils downwind 

(east) of salars by westerly winds in the Atacama, but lesser amounts of salar salt are also 

transported to soils in all directions by local wind gusts. The similar values of both 5^S 

and ^^Sr/^^Sr values of ground water and soil gypsum/anhydrite and calcium carbonate 

found in this study, and evidence for high deposition rates of salar salts to soils east of 

salars (downwind), support these conclusions. Although volcanic emissions and salts 

dissolved in precipitation would have similar and *'Sr/*®Sr values to those found 

among inland Atacama gypcretes, we do not think that these processes contribute 

significant amounts of salts to soils in the Atacama. 

Another significant source of local salts to Atacama soils is marine aerosols 

associated with the coastal fog that is present between ~300-1000 m along the Chilean 

coast. The input of marine aerosols to Atacama soils, however, is restricted to locations 

where the coastal fog can penetrate inland, i.e. locations where there is a breach in the 

Coastal Cordillera. This input of marine aerosols to soils is visible in the decreasing 5^S 

and ^^Sr/^Sr values with distance from coast of soil gypsum/anhydrite along our 

Antofagasta transect, where there is a breach in the Coastal Cordillera, and a minor trend 

of decreasing isotopic values in our Tocopilla transect, where the Coastal fog is mostly 

blocked by the Coastal Cordillera. Soils that are both directly downwind from salars and 
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within the influence of the coastal fog possess 5 '̂*S values similar to salars, indicating 

greater deposition rates of salar salts to these soils. 

Soils with the lowest local-dust deposition rates in the hyperarid core of the 

Atacama contain the greatest proportions of extralocal dust. We suggest that this region 

corresponds to the areas containing high-grade nitrate soils, which have been identified as 

being mostly of atmospheric origin (Bdhlke et al., 1997). These areas are generally 

located on the leeward side of the Coastal Cordillera and upwind of salars and receive 

very little rainfall. Outside these settings, high input of marine or local salar salts will 

tend to dilute atmospheric nitrate fall-out, producing low nitrate concentrations in soils. 

Perchlorate and iodate ions, which are found in association with nitrate in soils, are also 

probably of atmospheric origin. The relative proportion of local versus atmospheric Ca 

and S in these soils is undetermined. We suggest that most Ca and S comes from the 

Andes, although significant atmospheric Ca and S may be present. 
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Table 1 Location, 5 and *^Sr/'̂ Sr values of water, evaporite, and soil salts 

Sample # elevation 
(m) 

latitude longitude (W) 
(S) 

Distance 
from 

Coast 
5^S "Sr/"Sr 'Description 

water samples 
At64Q 2500 22'19' 68° 35' 170 •6.8 Rio Salado 
At106 2500 22' 19' 68° 35" 170 0.707625 Rio Salado (mollusk) 
At641 3200 22° 45' 68° 04' 200 +8.7 Rio Puritama 
At642 2600 23° 48' 68° 07' 200 •••7.6 RioTuldn 
At41 2600 23° 48' 68° 07' 200 0.707575 Rio Tuldn (mollusk) 
At63 2600 23° 48' 68° 07' 200 0.707566 Rio Tuldn (tufa) 

Salar and lake salts 
At386 4350 23° 31' 67° 41' 280 ••7.6 0.707600 Laguna Lejia 
At390 4200 23° 31' 67° 36' 300 ••2.9 Salar de Agua Caliente 
At398 4350 23° 45' 67° 47' 280 ••5.3 0.707341 Laguna Miscante 
At25 2350 23° 38' 68° 21' 200 ••2.8 0.708210 Salar de Atacama 
At643 2950 24° 35' 68° 56' 160 +6.5 0.707961 Salar de Punta Negra 
At310 2325 23° 11' 68° 31' 200 •4.5 0.706682 Salar (Llano de la 

Paciencia) 
At239 500 23° 48' 70° 16' 20 +5.4 0.706844 Salar del Canmen 
At250 665 23° 39' 70° 04' 40 •3.0 0.707469 Salar de Navidad 
At644 2500 22° 55' 68° 10' 190 •3.7 Cord, de la Sal (vein) 

Soil Gypsum (Anto^asta transect) 
At245 425 23° 40' 70° 22' 4 •18.3 Stage 1 
At243 785 23° 42' 70° 21' 6 •17.1 0.708739 Stage 2 
At241 710 23° 42' 70° 18' 8 •16.6 Stage 2 
At247 575 23° 45' 70° 17' 17 •18.1 stages 
At619 550 23° 44' 70° 16' 15 •18.1 Stage 3 
At620 565 23° 43' 70° 15' 15 •7.4 Stage 3 
At234 665 23° 35' 70° 13' 17 •12.4 stages 
At621 685 23° 30' 70° 11' 22 •14.1 Stage 3 
At249 710 23° 45' 70° 10' 25 •16.9 0.708440 Stage 3 
At252 675 23° 46" 70° 04' 35 •15.7 0.708267 Stage 3 
At254 710 23° 47' 69° 59' 45 •12.4 stages 
At256 785 23° 50' 69° 54' 55 •13.3 stages 
At623 715 23° 47- 69° 46' 60 •7.5 stages 
At624 715 same same 60 •7.9 Stages 
At625 715 same same 60 •8.1 stages 
At626 715 same same 60 •8.1 stages 
At258 845 23° 53' 69° 49' 65 •10.9 0.707607 stages 
At260 915 23° 55' 69° 46' 75 •11.8 Stage 2 
At262 1105 23° 59' 69° 41' 80 •10.6 Stages 
At264 1305 24° 02' 69° 35' 90 •6.2 0.707363 stages 
At267 1505 24° 04' 69° 30' 100 •7.5 stages 
At274 2220 24° 11' 69° 17* 120 •7.5 Stage 1 
At278 3095 24° 14' 68° 57 155 •5.2 Stage 1 
At280 3100 24° 14' 68° 50* 165 •6.6 Stage 2 
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Table 1 (coBtinucd) Location, 5^S, and '^Sr/^'Sr values of water, evaporite. and soil salts 87c_/86 

Distance 
»^Sr/"Sr Sample # elevation latitude longitude from S'̂ S »^Sr/"Sr 'Description 

(m) (S) (W) Coast 
At282 2980 24° 14' 68° 47' 175 +6.1 0.707210 Stage 1 
At283 3340 24° 13' 68° 38' 185 +6.3 Stage 3 
At288 3410 24° 09' 68° 28' 205 +7.2 vein 
At292 3050 24° 06' 68° 19" 220 +5.4 Stage 2 

Soil Gypsum (Tocopilla 
transect) 
G1 450 22° 05' 70° 09' 8 +12.0 Stage 1 
G3 880 22° 06' 70° 07' 12 +14.0 0.707763 Stage 3 
G5 1020 22° 06' 70° 05' 15 +10.9 Stage 3 
G7 1210 22° 06' 70° 02' 20 +10.5 0.707116 Stage 3 
G9 1380 22° 09' 69° 59' 23 +7.0 Stage 3 
Gil 1420 22° 13' 69° 57' 25 +9.2 0.706989 Stage 3 
G13 1450 22° 15' 69° 53' 32 +8.1 0.707015 Stage 3 
G15 1470 22° 16' 69° 50' 43 +7.8 stages 
G17 1330 22° 16' 69° 45' 50 +8.7 Stage 3 
G19 1240 22° 16' 69° 41' 55 +8.5 Stages 
G21 1210 22° 16' 69° 38' 65 +6.0 stages 
G25 1200 22°11' 69° 37' 65 +4.1 stages 
G27B 1150 22° 06' 69° 38' 65 +5.9 stages 
G28 1130 22° 07' 69° 38' 65 +7.1 stages 

Soil Gypsum (Llano de la Pacienca 
transect) 
At299 2850 23° 17' 68° 49' 158 +5.6 Stage 1 
At302 2900 23° 22' 68° 48' 160 +4.3 0.707071 Stages 
AtS06 2985 23° 22' 68° 42' 171 +5.5 
At308 2555 23° 21' 68° 38' 178 +6.6 stages 
At309 2520 23° 17' 68° 36' 180 +5.4 surface 
AtS12 2400 23° 05' 68° 29' 193 +8.3 stages 
At314 2450 23° 03' 68° 27' 196 +11.0 0.707072 Stage 1 
At326 2850 22° 49' 68° 21' 207 +5.6 stages 
Soil CartMnate 
At1S 3075 22° 41' 68° 29' 193 0.706971 Stages 
At 92 3200 22° 35' 68° 27' 196 0.707161 stages 
At13b<250) 3100 22° 21' 68° 21' 190 0.707185 stages 
At 329 3180 22° 46' 68° 23' 203 0.707034 stages 

* Stage 1 through stage 3 development is modified from soil carbonate descriptions firom 
the American Southwest (Gile et al., 1981); Stage 1 - soil gypsum coatings and partial 
filling of void space with gypsum. Stage 2 - soil gypsum completely filling void space 
and between 5 cm to SO cm thick, Sts^e 3 - soil gypsum completely filling void space and 
> 50 cm thick. 
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Figure A.1 Topographic map of the central Atacama Desert (22°-25°S), Chile, with 
sample locations and areas of high-grade nitrate deposits. Inset identifies the location of 
the Atacama Desert in South America. 
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Figure A.2 Physical characteristics of Atacama soils. A) Typical soil surface devoid of 
plants and surficial drainage patterns, B) The top of a costra soil horizon that is activeLE 
being eroded by wind deflation. Polygonal costra blocks are 25-50 cm in diameter. C) 
Exposed upper 3 m of a well-developed Atacama soil downwind fix)m the Salar de 
Navidad. This soil is primarily gypsum with large fracture infillings of halite. D) Soil 
gypsum from the eastern Cordillera Domeyko. 
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Lower section of figure is the topographic profile along this transect with the elevation of 
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APPENDIX B 

LATE QUATERNARY PALEOHYDROLOGY OF THE CENTRAL ATACAMA 
DESERT (22<'-24«S), CHILE 
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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 hyperarid 

Atacama Desert. Wetlands, which are often found along the base of the Andes, mark 

locations where the water table intersects the land surface. Paleowetland deposits at these 

locations, which are present as terraces between 3-20 m above modem wetlands, record 

past water-table heights along the Andean front and are used to reconstruct changes in 

ground-water discharge. Paleowetland deposits in the central Atacama Desert (22°-24°S) 

record a major (>15.4-9 ka B.P.) and moderate (8-3 ka B.P.) episode of high water tables. 

Elevated water tables result from increased ground-water discharge and ultimately 

enhanced recharge in the Andes. The concordance of results from three separate 

hydrologic systems suggests that changes in ground-water discharge and recharge are 

regional and reflect climatic fluctuations. This interpretation is supported by close 

agreement with other paleoclimatic records in the region. Periods of greater ground

water discharge are separated by episodes (9-8 and 3-0 ka B.P.) of significant ground 

water lowering and stream incision, implying greatly diminished discharge. 

The central Atacama and Andes (22°-24° S) receive precipitation mainly fit)m 

moist air masses transported from the Amazon Basin by the South American Sununer 

Monsoon (SASM). Increases in ground-water recharge are therefore thought to reflect an 

increase in the frequency and/or moisture content of SASM air masses crossing the 

Andes. Fluctuations in SASM precipitation have previously been linked to summer 

insolation in the Southern Hemisphere. The wettest period in the central Atacama 
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(>15.4-9 ka B.P.), however, coincides with an austral summer insolation minima at 12 ka 

B.P., suggesting that regional summer insolation is not a dominant influence on the 

SASM. Instead, intensification of the SASM may be linked to extra-regional forcings 

such as the Walker Circulation. 

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

INTRODUCTION 

The tropics are thought to play a fundamental role in climate change due to their 

ability to force rapid changes over broad regions of the earth (Cane and Clement, 1999; 

Clement and Cane 1999; Kerr, 2001). Notwithstanding this importance, tropical 

paleoclimatic studies are sparse compared to those at higher latitudes. This has 

encouraged a reliance on global methane concentrations (Severinghaus and Brook, 1999) 

and coupled ocean-atmosphere circulation models (Bush and Philander, 1998; Hosteller 

and Mix, 1999; Pinot et al., 1999) for inferences about past tropical oceanic and 

atmospheric circulation. Well-dated records of tropical precipitation are becoming 

increasingly necessary to constrain models, to isolate source regions for global methane, 

and ultimately to determine the relationship of past circulation changes both among 

separate regions in the tropics and between the tropics and high latitudes. 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 Basin, central Andes, and Altiplano. Continental heating in summer drives deep 
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convection over the Amazon Basin, bringing moisture into this region from the equatorial 

Atlantic via the trade winds (Fig. B.l). The trades are deflected southeast once they 

reach the Andes, creating a low-levei northwesterly jet that transports tropical moisture 

from the Amazon towards the Gran Chaco (20°-25'' S) (Nogu^s-Peagle, 1997; Zhou and 

Lau, 1998). A thermal low develops over the Gran Chaco as maximum solar heating 

migrates 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). 

Southern Hemisphere seasonal insolation has been presumed to be the dominant 

control on the intensification of the SASM over orbital time scales (Martin et al. 1997, 

Seltzer et al., 2000, Cross et al., 2000; Baker et al., 2001a; 2001b; Bobst et al., 2001). 

High lake levels and glacial advances during the Last Glacial Maximum (LGM) in the 

central Andes led researchers to suggest that the summer insolation maxima at 25 ka B.P. 

intensified the SASM (Seltzer et al., 2000; Baker et al., 2001b). On the Bolivian 

Altiplano (15°-22''S), lake desiccation and glacial retreat by -14 ka B.P. have been 

attributed to the summer insolation minima at -12 ka B.P. (Servant et al., 199S; Clayton 

and Clapperton, 1997; Sylvestre et al., 1999, Baker et al., 2001a; 2001b). These inferred 

wet and dry periods are out of phase with many paleoclimatic records from the Amazon, 

which identify a dry LGM and wet late Glacial and Holocene (Ledru, 1993; Colinvaux et 

al., 1996; Harris and Mix, 1998). This discrepancy led Martin et al. (1997) to argue that 

decreased summer insolation values limited the southward expansion of the SASM, 

causing the most southern tropics and northern subtropics to desiccate while parts of the 

Amazon Basin became wetter due to a prolonged sununer wet season. 
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Paleoclimatic records from the Pacific slope of the central Andes and Atacama 

(22°-24°) can be used to test these hypotheses linking seasonal insolation effects to 

SASM intensity. In this region, paleoclimatic records should reflect drying between 13-

10 ka B.P. if this model of summer insolation forcing over the South American tropics is 

correct. Most regional records, however, identify a wet period from ~16-9 ka B.P., 

coincident with the austral summer insolation minimum (Grosjean, 1994; Grosjean et al., 

1995; Geyh et al., 1999; Betancourt et al., 2000). This wet phase, which is generally 

concordant with records from the Amazon, was also demonstrated to result from sununer 

precipitation (Betancourt et al., 2000). There is no obvious reason why the Amazon and 

Atacama should be wettest during the late Glacial/early Holocene while the intervening 

Bolivian Altiplano experienced maximum wetness during LGM and subsequent drying 

after 14 ka B.P. 

In this paper we present evidence from well-dated fossil "spring and fluvial 

wetland deposits that document the timing of wet and dry phases in the central Atacama 

Desert. This evidence calls into question whether paleoclimatic boundaries existed 

between the Amazon and Altiplano, and between the Atliplano and central Atacama, and 

suggests that regional summer insolation is not the dominant control on SASM 

intensification. These results have important implications regarding the forcing 

mechanisms for climate change in the tropics, and climatic teleconnections between the 

Northern and Southern Hemispheres. 
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STUDY AREA 

The Atacama Desert, perhaps the driest place on earth, is located between the 

central Andes and Pacific Ocean in southern Peru and northern Chile (Fig. B.l). The 

core of the Atacama receives virtually no precipitation (<S mm/yr), does not support 

vascular plants, and probably has been unaffected by Quaternary climate change. Along 

eastern and upper margin of the Atacama (~2600 m), however, vegetation expanded and 

contracted across this boundary in step with fluctuations in saline and fresh-water lake 

levels and stream and ground-water discharge (Betancourt et al., 2000). Changes in 

stream and ground-water discharge are preserved in conspicuous paleowetland deposits 

that mark past water-table heights along ground-water flowpaths from the Andes to 

aquifers in the Atacama. 

We studied paleowetland deposits at several locations in the central Atacama 

Desert (22°-24° S) of Chile (Fig. B.2). Tilomonte Springs (23° 47' S, 68 °05' W, -2500 

m), a complex of springs and related streams and wetlands, is located in the southeast of 

the Salar de Atacama Basin near the base of the Andes. The Rio Loa (22° 20' S, 68° 40' 

W, -2500 m) and Rio Salado (22° 20' S, 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 combined results fi»m these study areas, plus a 

reinterpretation of paleowetland deposits previously reported at Quebrada Puripica 

(Grosjean et al., 1997), provide a regional record of paleohydrologic changes. 
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Precipitation in the Central Atacama 

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 region occurs mostly during the austral sunmier (December through March) (DJFM) 

and ranges from ~25 mm/yr at the base of the Andes (-2500 m) to ~150 mm/yr above 

4000 m (Fig. 3A) (Direccion General de Agua, Chile). Stations below -3000 m, 

however, can receive up to 40% of their annual precipitation during winter from Pacific 

source regions (Fig. 3B) (Vuille and Ammann, 1997; Vuille and Baumgarteer, 1998; 

Vuille. 1999), whereas stations above - 3000 m receive over 85% of their annual 

precipitation during DJFM (Fig. 3C-E). This seasonal precipitation pattern for stations 

above 3000 m matches that of stations on the Bolivian Altiplano to the north, e.g., 

Sajama at 18° S (Fig. 3F), and suggests that the same large-scale changes in atmospheric 

circulation responsible for precipitation over Sajama (Hardy, 1998; Vuille et al., 1998; 

Vuille, 1999) are also dominant in the central Atacama (22°-24*' S). South of - 25° S, 

winter precipitation from the Pacific dominates. 

Summer precipitation on the southern Altiplano and central Atacama is directly 

linked to solar heating on the Altiplano and the location and strength of the Bolivian High 

(Aceituno and Montecinos, 1993; Vuille et al., 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 al., 

1983; Lenters and Cook, 1997). An intensification and southward displacement of the 
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Bolivian High disturbs middle and upper tropospheric westerly wind flow and allows for 

enhanced easterly flow and increased moisture influx fixim the interior of the continent. 

Weakened and northward displacement of the Bolivian High is usually associated with 

dry periods on the Altiplano. Altiplano climate, especially in the western region, has also 

been linked to the Southem Oscillation (SO) and tropical SSTs, with cooler atmospheric 

temperatures, a southward displacement of the Bolivian High, easterly wind anomalies, 

and above average precipitation occurring during La NiAa events (Aceituno, 1988; 

Ronchail, 1995; Vuille, 1999; Vuille et al., 2000). In contrast. El Niflo events are 

associated with warmer atmospheric temperatures, a northward displacement of the 

Bolivian High, westerly wind anomalies, and below average precipitation. 

ANALYSIS OF PALEOWETLAND DEPOSITS 

Wetlands form where the modem water table intersects the land surface. Our 

study areas on the Rio Lea and Rio Salado are part of the Chiu Chiu marshes, located at 

the juncture of the Andes and the Calama Basin (Fig. B.2). Both the Rio Loa and Rio 

Salado flow through the Chiu Chiu marshes and are gaining streams fed by ground water 

(Aravena and Suzuki, 1990). Tilomonte Springs and Quebrada Puripica are located on 

the steep Pacific slope of the Andes and represent surficial expressions of ground-water 

flowpaths that go from recharge areas at high elevations to aquifers in the Atacama 

Desert. Hence, water tables are higher at these locations than areas immediately adjacent. 

At Tilomonte, ground water is pushed to the surface by a subsurface constriction, causing 

the formation of extensive springs and wetlands. 
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Streams in these hydrologic systems are small (1-3 m wide), shallow (<1 m deep), 

low-energy, and contain an abimdance of hydrophyllous vegetation such as pampa 

grasses (Cortaderia) and sedges (Fig. B.4). Phreatophytes are dominant in areas away 

fix>m the main stream channel where the water table is below the surface. Sediment 

assemblages associated with wetlands include diatomite, organic mats, tufa (CaCOs), and 

sinter (SiOa) along the main steam channel, diatomite and organic mats in local 

depressions, and silts and sands in overbank deposits (Fig. B.4). Sand and gravel bars are 

occasionally present in the main channel. 

Faleowetland deposits, which are generally found on the margin of modem 

wetlands, generally consist of fining-upward sequences containing alluvial sand and 

gravel, silt, biogenic deposits such as organic mats and diatomite, and chemical 

precipitates such as tufa and sinter. The presence of thick (>S0 cm) biogenic deposits and 

chemical precipitates in paleowetland deposits clearly mark past water table heights. 

Also, these thick, often finely-laminated (2-5 cm), deposits indicate that water table rise 

preceded sedimentation. 

We suggest the increase in the height of the water table around wetlands is the 

result of greater discharge along unconfined ground-water flowpaths. Based on Darcy's 

Law, an increase in the cross-sectional area of the flowpath results in greater groundwater 

discharge if the hydraulic gradient and hydraulic conductivity are held constant. The 

hydraulic gradient of these unconfined groundwater systems in our study area can be 

constrained because the past height of the water table is marked for several kilometers 

along streams by paleowetland deposits. The hydraulic conductivity also remains 
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relatively constant since paleowetland deposits are composed of the same sediment 

assemblage (silt and sand) in all units. 

Several advantages of using paleowetland deposits as paleoclimatic proxies 

include: 1) they can be dated due to abundant vascular plant material, 2) numerous 

exposures allow unit descriptions and ages to be replicated at a given site, and 3) 

wetlands are common in the Atacama and records can be easily replicated at numerous 

localities. Some of the limitations of paleowetland deposits are caused by the lack of 

exposure of the basal sections of deposits and stream erosion. The basal portions of 

paleowetland deposits are often not exposed, and therefore the initiation of water table 

rise can be difficult to constrain. Channel migration of small streams also cause minor 

unconformities and prevents these deposits from recording short-term climatic 

fluctuations. Also, when paleowetland deposits are confined within stream channels that 

experience large discharge events, entire units can be eroded. Questions regarding 

hydrologic response times and the influence of local (geomorphic / 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 deposits must be related to regional climatic fluctuations. 

Paleowetland deposits of similar ages were found within our study areas at 

Tilomonte, Rio Salado, and Rio Loa (Fig. B.2). Paleowetland deposits of similar age 

have also been described at nearby Quebrada Puripica (Grosjean et al., 1997), and are 

used in the discussion of past hydrologic changes in central Atacama. We divided these 

paleowetland deposits in the central Atacama into the following time-stratigr^hic units 
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based on over sixty AMS analyses and stratigraphic relationships: Unit A (>44 000 

'̂ C yr B.P.), Unit B (12 800-8 100 '̂ C yr B.P.), Unit C (7 400-3 000 yr B.P.), and 

Unit D (<2 000 '"C yr B.P.). 

LABORATORY METHODS 

Radiocarbon samples from paleowetland deposits were pretreated and 

cryogenically purified at the University of Arizona's Desert Laboratory, then submitted 

to the NSF -University of Arizona Accelerator Mass Spectrometry Laboratory. Samples 

were first hand picked to isolate the best material for dating and to remove secondary 

rootlets. Samples were then treated in hot (~70°C) 2 M HCl for > I hour to remove all 

CaCOs, 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 

pretreatment (A fraction) was separated by filtration while humates (B fraction) were 

precipitated by acidification and separated by centrifliging. All samples were combusted 

at 900° C with CuO and silver foil, then cryogenically purified. 

PALEOWETLAND DEPOSITS 

Dating of Paleowetland Deposits 

Various terrestrial organic materials are preserved in the paleowetland deposits 

studied, including organic mats, carbonized wood, plant fragments, and organic material 

encased within tufas. These materials were all dated as a test of their internal 

consistency. All ages in this section are reported in ^*C yr B.P., whereas ages in the 

discussion section have been calibrated (Stuiver and Reimer, 1993; Stuiver et al., 1998) 

and are presented in calendar years (ka B J*.). Radiocarbon ^es are listed in Table 1. 
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Two main sources of potential error in dating of organic material in 

paleowetland deposits are: 1) reservoir effects, which are caused by ground waters 

that are depleted in dissolved inorganic from either volcanic CO2 or waterrock 

interactions with carbonates, and will yield ages that are too old, and 2) contamination by 

younger organic matter from secondary vegetation, which will cause 'V ages to be too 

young. Stream waters in the Atacama are known to be depleted in '̂ C, with water firom 

the Rio Loa and Rio Tulw containing < 25 pmc (percent modem carbon) and < 10 pmc 

respectively (Fritz et al., 1978; Aravena and Suzuki, 1990). Low concentrations in 

ground water, which likely results from the input of volcanic CO2, will influence the 

age of vegetation drawing CO2 direcUy fi:om ground water, such as blue-green algae and 

other aquatic vegetation, but will not affect the age of terrestrial vegetation growing 

within wetlands that metabolize atmospheric COi. Because bulk organic matter did not 

yield dates that are consistently older than carbonized wood from terrestrial vegetation 

within these deposits, we argue that reservoir effects are either uncommon or minor. 

Secondary rootlets are visible in some organic mats within the deposits studied, 

particularly near the tops of sections, and were found to be a significant source of 

contamination in a few samples. Contamination by secondary organic material was 

found to influence 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. Bulk organic matter residue from tufas digested in HCl was found to 

suffer from secondary rootlet contamination in several cases (AT 372A, AT 181 A, AT 

111A2). This was clearly identified when a matched pair of bulk organic matter and 
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carbonized wood encased within a single tufa sample (AT 111 A) returned ages of 19 240 

± 170 '''C yr B.P. for bulk organic matter and 41 400 ± 1700 yr B.P. for carbonized 

wood. A sample of disseminated carbonized wood (AT 484) also was found to contain 

secondary contamination when the A fraction yielded an age of 22 470 yr B.P., 

whereas the B fraction dated to >48 000 yr B.P. A small sample of organic material 

(AT 480A) within a diatomite was found to be contaminated with younger organic 

material when the A fraction yielded an age of 13 585 ± 80 yr B.P. and carbonized 

wood in an organic mat from a different location of the same unit yielded infinite '**0 

ages (AT 476A, AT 476B, AT 209B). 

To minimize contamination by younger particulate organic material, we focused 

on dating the humate fraction (B fraction) of most samples (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 organic mat humates were dated within 

one section (e.g. Station 7,), 2) humate and residue fractions of organic mats yielded the 

same age (AT 188A and B), and 3) modem humates from an organic mat yielded an age 

of 105 ''*C yr B.P. In some cases, however, humate fractions of organic mats were 

slightly contaminated by yoimger 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 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 2400-2600 m (Fig. B.5). Rio Tul^ which 
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bisects Tilomonte, is a deeply incised (10-15 m) perennial 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 

generally have catchments below 3000 m. Within many of these intermittent stream 

channels ground water surfaces for short distances (<50 m). Travertine and paleowetland 

deposits at Tilomonte record a long history of ground-water discharge and water table 

fluctuations. Travertine deposits, likely Middle to Late Pleistocene in age, are generally 

< I m thick and form a surface cap over a large area of Tilomonte. Paleowetland 

deposits, encompassing Units A, B, C, and D, are located north of Rio Tulan at Tarajne 

between 2550-2600 m, within the incised channel of Rio Tulan between 2500-2650 m, 

and south of Rio Tulw between 2500-2550 m (Fig. B.5). 

Unit A 

Paleowetland deposits that are beyond the range of analysis (Unit A) are 

located to the south of Rio Tulin, between 2500 and 2550 m (Fig. B.5). The deposits 

generally consist of a sequence of diatomite and fine-grained sediments in the basal 

portion (lower 2 m), whereas the upper three to five meters is composed of silty sands. 

Deposits are currently close to the modem water table and are therefore heavily cemented 

with secondary salts and support large areas of phreatophyte vegetation, which hindered 

attempts to map and collect samples. Two ''*C ages, fi»m St. 34 (AT 375B) and St 61 

(AT 633B), both ftom a depth of -550 cm, yielded ages of 37 000 ± 860 yr B.P. and 

39 900 ± 1200 yr. B.P. A sample from St 34 at -450 cm depth, however, yielded an 
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age of 7 365 ± 60 yr. B.P. Although no obvious unconformity was visible in the 

field, this may be the base of the mid-Holocene wetland unit (Unit C) described below. 

UnitB 

Paleowetland deposits dating to the late Glacial/early Holocene (Unit B) are 

located at Tarajne (Figs. B.S & B.6). Radiocarbon ages firom Unit B range fix)m 12 820 

''*C yr B.P. to 8 115 ''*C yr B.P. A 2.8-m thick section (St. 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. B.7). This section contained one thin (2 cm) organic mat at a depth of -110 

cm (AT 360B) that yielded an age of 12 820 ±110 '''C yr B.P. The 1.7 m of deposits 

below this, containing several diatomites and tufas, indicate that the water table was high 

in this region prior to 12 800 yr B.P. A section located ~ 1.6 km north of Rio Tul^ 

(St. 29) contains a SS-cm thick organic mat resting upon a white diatomite (Fig. B.7). 

Radiocarbon ages from the bottom and top of this organic mat yielded ages of 10 330 ± 

75 '"C yr B.P. (AT 362B) and 9 775 ± 60 '"C yr B.P. (AT 364B), respectively. The 

presence of a thick white diatomite below the organic mat identifies a high water table in 

this area well before the formation of the organic mat. 

Three sections located ~ 1 km north of Rio Tul^ were mapped and '**€ dated. A 

90-cm thick section (St. 4) contains gleyed 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 33 A) yielded an age of 8 700 ± 65 '''C yr B.P., while an organic mat at -5 cm (AT 

35 A) gave an age of 8 115 ± 80 '''C yr B.P. Three organic mats in St.3, just south of St 

4, yielded ages of 12 650 ± 95 yr B.P. (AT 29B) at-165 cm, 12 285 ± 80 yr B.P. 
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(AT 30B) at -140 cm, and 8 640 ± 65 (AT 31 A) at -25 cm (Fig. B.7). A section ~ 100 m 

downstream from St. 4 (St 31) yielded ages of 12 740 ± 80 (AT 367B) at -205 cm, 10 

330 ± 75 (AT 371B) at -50 cm, and 6 430 ± 55 (AT 372A) at -10 cm. The age on the 

upper organic mat was on residual organic matter from within a tufa, and is likely 

contaminated by young rootlets. Modem Tessaria roots were observed in the top of this 

section. 

Unit C 

Paleowetland deposits dating to the mid-Holocene, Unit C, are located in small 

tributaries north of Rio Tul^ and within Rio Tul^ between 2525 m and 2625 m, and 

just to the south ~2500 m (Fig. B.5). These deposits date from ~ 7 400 yr B.P. at the 

base of the unit to ~ 3 000 yr B.P. at the top. Unit C deposits within Rio Tulw are ~ 

11 m above modem stream level (Figs. B.8 & B.9). Above ~2550 m, Rio Tul^ is 

incised > 15 m and only resistant portions of Unit C deposits remain, forming a 

conspicuous ledge. The former location of deposits, however, is marked by a reduced 

weathering rind on the volcanic bedrock up to +11 m in Rio Tul^ whereas above this 

the bedrock is oxidized. Below ~2550 m, the bedrock channel is less incised and Unit C 

deposits are located above the bedrock channel (Fig. B.8). Deposits in this area are 

extremely well preserved even though they are quite loose and erodable. 

Our best-dated section from these deposits is St. 7 located at 2530 m (Figs. B.5 & 

B.9). Ten AMS radiocarbon dates on organic mat humates, carbonized wood, and 

organics encased within tufas securely date this profile to the mid-Holocene, from 7 400 

± 60 yr. BJ». (AT 51B) to 3 140 ± 55 yr. BJ>. (AT 63A). This section grades 
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&om coarse sand and gravel near the base to silt and fine sand, organic mats, diatomite, 

sinter, and tufa in the upper portion of the section (Fig. B.9). Mesquite (Prosopis) roots 

in the upper 20 cm of the section (AT 61 A) yielded an age of 1 275 ± 45 ''*C yr B.P. This 

age represents a minimum age for the drop of the water table because Mesquites typically 

grow several meters above the water table. Some of the paleowetland deposits to the 

south of Rio Tulw are also probably of mid-Holocene age. These deposits can be traced 

laterally from Unit C deposits along Rio Tul^. Unit D 

Paleowetland deposits dating to <2 000 yr B.P., Unit D, were found at only 

one location at Tilomonte. A section (St. 9) located ~2 m above the modem stream level 

of Rio Tulw contains a thick (>40 cm) organic mat at the base (AT 75B), which lies 

below a clear unconformity. Humates from this organic mat retumed an age of 6 615 ± 

55 '''C yr B.P. (Fig. B.9). Humates from an organic mat at -50 cm (AT 76B), above the 

unconformity, yielded an age of 330 ± 35 ''*C yr B.P. and buried reeds (AT 80A) from a 

depth of -28 cm yielded an age of 830 ± 45 '''C yr B.P. The age on the buried reeds is 

thought to be the most reliable age and provides a minimum age for the termination of 

-11 m of incision that occurred in Rio Tulw after the deposition of Unit C. The age of 

330 ± 35 '̂ C yr B.P. is too young, possibly due to the presence of young humates, which 

also may influence the age of 6 615 ± 55 '''C yr B.P. 

Summary 

Paleowetland deposits at Tilomonte provide a detailed record of water table 

changes over the last 13.0 ka B.P. The water table was highest between >12.8 and 

8.1 '"*€ ka B.P. when the area of Tarajne supported perennial wetlands. Between 8.1 and 
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>7.4 '•*C ka B.P., the water table dropped significantly. By 7.4 ka B.P., however, 

channel incision had ended and sediment was aggrading within Rio Tul^. Between 7.4-

3.0 ka B.P. the water table along Rio Tul^ was 8-11 m above modem stream level. 

Sometime after ~ 3.0 ka B.P. and before 0.8 ka B.P. Rio Tulw incised through 11 

m of deposits to its modem level. Unit D deposits, -0.8 ''*C ka B.P., identify a minor 

increase of - 2 m in the water table at this time. 

Rio Salado 

The Rio Salado is a perennial stream located -ISO km north of Tilomonte (Fig. 

B.2). The Rio Salado originates at >4000 m in the Andes and becomes perennial at 

-3500 m. At the intersection with the Caiama depositional basin (-2500 m) it switches 

from a bedrock-incised channel with a steep longitudinal gradient to a low-energy 

meandering stream that intersects the water table. Both modem and paleowetland 

deposits begin at this intersection and continue beyond the junction of the Rio Salado and 

Rio Loa (Fig. B.2). Our study area consists of an - 8 km reach of the Rio Salado from 

the beginning of the modem wetland deposits to just upstream of the Rio Loa confluence 

(Fig. B.IO). Two paleowetland units. Units A and C, occur as inset terraces that are up to 

+20 m and + 10 m above modem stream level, respectively (Fig. B.l I). 

Unit A 

Unit A deposits, > 44 000 '''C yr B.P., are located between -10 and 20 m above 

modem stream level (Fig. B.l 1). Unit A deposits are not all contemporaneous in age, but 

were deposited during several separate episodes of wetland accumulation likely spanning 

the Middle and Late Pleistocene. It is possible to separate at least three individual units 
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by the presence of major unconformities and distinctive beds within these deposits at 

some locations. Because most of these units are similar in appearance and beyond the 

age of dating, it was not possible to further resolve these deposits in the field. On the 

north bank. Unit A is heavily cemented with secondary salts (gypsum and halite) and 

forms a flat surface clearly visible in aerial photographs (Fig. B.IO). On the south bank, 

across from Laguna Chiu Chiu and to the east of this location, the youngest deposits of 

Unit A deposits are present (Sts. 23 and 58). These deposits are identifiable by a 

conspicuous 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 dating (AT 476A, 

AT 476B, AT 209B). Young ages of 13 585 ± 80 '̂ C yr B.P. (AT 480A) and 19 240 ± 

170 '''C yr B.P (AT 111 A2) are the result of contamination by secondary vegetation. 

Unite 

Mid-Holocene Unit C deposits are almost continuous along the Rio Salado for the 

entire range of our study area (Fig. B. 10). The top of these deposits ranges between 6-10 

m above modem stream level and are inset against older. Unit A, deposits (Fig. B.12). At 

most locations, the mid-Holocene sequence consists of 3-4 m of sand and gravel at the 

base of deposits capped by a pronounced 2-3 m section of finely-laminated (2-5 cm) 

diatomites and organic mats at the top of the section (Figs. B.l 1 & B.12). 

Unit C deposits on the Rio Salado date from ~6 210 to 4 000 yrs B.P. (Fig. 

B.l I) (Table 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 (St. 21) buried by rockfall debris. The humate and residual 
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fraction of the organic mat yielded ages of 3 905 ± 45 (AT 188B) and 4 015 ± 45 (AT 

188A) '̂ C yr B.P and the carbonized wood (AT 196A) returned an age of 3 875 ± 80 

yr B.P. An organic mat (AT 185B) near the base of the finely-laminated diatomite 

section yielded an age of 5 900 ± 60 yr B.P. at St. 21. This agrees well with a date of 

5 855 ± 55 '̂ C yr B.P. on an organic mat (AT 143B) at the base of the finely-laminated 

diatomite at St. 18. An attempt to date organic matter encased within tufa at the base of 

St. 21 (AT 181 A) was unsuccessful; the '"'C age of 3 190 ± 45 '''C yr B.P. is much 

younger than organic mats higher in the section indicating contamination by secondary 

organic matter. An organic mat (At 513B) at the base of St. 60 yielded an age of 6 210 ± 

60 '̂ C yr B.P. 

Summary 

Paleowetland 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 

sometime prior to 44.0 '''C ka B.P. No evidence of late Glacial/early Holocene 

paleowetland deposits (Unit B) was found at Rio Salado. These deposits may have been 

eroded, have not yet been located, or are buried beneath Unit C deposits. Sometime prior 

to 6.2 ka B.P., the Rio Salado incised to at least its modem level. Unit C deposits are 

extensive and are associated with a water table that was ^-8 m higher than modem level. 

The beginning of aggradation of Unit C occurred ~6.2 ka B.P. The upper 2-3 m of 

this unit consists of a section of finely-laminated organic mats and diatomite that was 

deposited between 5.9 and 4.0 ka B.P (Fig. B.l 1). The nature and age of this upper 

portion of Unit C deposits clearly shows that the water table was stable and at a 
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significantly higher level during this period. Sometime after 4.0 '''C ka B.P. the Rio 

Salado incised through Unit C deposits to at least its modem level. 

Rio Loa 

The Rio Loa is the only perennial stream in this region of the Atacama that 

discharges into the Pacific Ocean. We sampled paleowetland deposits at three locations: 

1) at Chiu Chiu (22°0'S, 68°39'W), 2) ~100 km downstream from Chiu Chiu near Maria 

Elena (22° 16'S, 69° 33W), and 3) at Quillagua (2r37'S, 69°32'W), -170 km 

downstream from Chiu Chiu (Fig. B.2). Paleowetland 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. 13 A). At this 

location, a one-meter exposure of Unit A deposits, ~19 m above modem stream level, 

consists of white diatomite, tufa, and a thin brown silt with carbonized wood. A matched 

pair of humate and residual radiocarbon ages on this disseminated wood (AT 484) 

yielded ages of22 470 ± 260 '̂ C yr B.P. for the residual fraction and >48 000 '''C yr B.P. 

for the humate fraction. The younger age on the residual fraction is thought to reflect 

contamination by secondary organic matter. 

Unit C 

Unit C deposits are located on the Rio Loa at both the Chiu Chiu and Maria 

Elena locations (Fig. 13A, B). At Chiu Chiu Unit C is ~ 11 m above modem 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 of4 295 ± 55 *^C yr BP. on the humate fraction. 
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while humates from an organic mat at -40 cm (AT 12SB) gave an age of 3 270 ± SO 

yr B.P. (Fig. 13 A). At Maria Elena the top of Unit C is ~ 5 m above modem stream level 

and is composed mostly of alluvial sediment, with one 10 cm-thick diatomite near the top 

of the section. Two lenses of carbonized wood at depths of -95 cm (AT 418B) and -50 

cm (AT 4198) yielded ages of 3 750 ± 40 and 3 040 ± 50 '''C yr B.P. on bumate fractions 

(Fig. 13B). 

Unit D 

Unit D deposits are present at both Maria Elena and downstream at Quillagua 

(Fig. 13B, C). At Maria Elena, this unit is inset against Unit C deposits and is ~4 m 

above modem stream level (Fig. 13B). This unit is composed entirely of alluvial 

sediment and contains no organic mats, tufa, or diatomite. No material was found in this 

unit to radiocarbon date. At Quillagua (Fig. 13C), Unit D is --6 m above modem stream 

level and contains diatomite and organic mats, especially in the basal 4 meters. 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 of460 ± 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 I 395 ± 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 contamination by secondary organics. 

Summary 

Paleowetland deposits on the Rio Lea identify three episodes of elevated water 

tables. Unit A deposits represent a period >44.0 '"*0 ka BJ*. when the water table was 19 
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m higher than today at the Chiu Chiu locality. A second episode of high water tables 

occurred during the mid-Holocene, between >4.2-3.0 ka B.P. as evidenced by Unit C 

deposits 11 m above modem water level at Chiu Chiu and 5 m above modem at Maria 

Elena. Only the upper sections of these deposits are exposed and therefore the beginning 

age of aggradation of this unit is not defined. A final episode of high water tables. Unit 

D, occurred during the late Holocene and is documented by deposits 6 m above modem 

water level at Quillagua and 4 m above modem water level at Maria Elena. The age of 

Unit D is not well constrained, but the age of 1 395 ± 50 '''C yr B.P. firam the top of the 

Quillagua section provides an age for the end of aggradation of this unit. 

Quebrada Puripica 

Quebrada Puripica is a perennial stream located between our study areas at 

Tilomonte and Rios Loa and Salado (Fig. B.2). Quebrada Puripica is a typical Andean 

stream with a deeply incised (~ 30 m) channel and limited modem discharge. Holocene 

deposits at the intersection of Quebrada Puripica and the tributary Quebrada Seca (- 3450 

m) date between 6 200 and 3 100 '"'C yr B.P. (Grosjean et al., 1997), the same age as Unit 

C deposits presented in this study. These deposits, however, were originally interpreted 

by Grosjean et al. (1997) as lacustrine/wetland deposits that formed as a result of episodic 

damming by debris-flows from Quebrada Seca, a deeply entrenched tributary. Grosjean 

et al. (1997) argued that the debris-flows dammed C^ebrada Puripica, creating temporary 

lakes/wetlands upstream from the Puripica/Seca junction. Further examination of this 

area (Rech and Pigati, 2000), however, identified the presence of Holocene wetland 

deposits over a 6-km reach of the stream, both upstream and downstream from the 
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confluence with Quebrada Seca. Therefore, the Puripica deposits are thought to be 

paleowetiand deposits akin to the ones presented in this study. 

SYNTHESIS OF RECORDS 

The combined paleowetiand records fix>m Tilomonte, Rio Salado, Rio Loa and 

Quebrada Puripica record a coherent story of water-table fluctuations in the central 

Atacama (Fig. B.14). Water tables were highest > 44.0 '̂ C ka B.P. (> 44.0 ka B.P.) and 

are identified by deposits of Unit A that are up to 20 m above modem water level on the 

Rio Salado and Rio Loa. No paleowetiand deposits dating to the LGM were foimd in the 

study area. This could either be the result of erosion or due to low water tables at this 

time. A second period of high water tables is associated with Unit B deposits at 

Tilomonte and happened during the late Glacial/early Holocene. These deposits date 

between >12.8-8.1 'V ka B.P. (> 15.4-9.0 ka B.P.). This is the only time when water 

tables were high enough to support extensive wetlands at Tarajne. Late Glacial/early 

Holocene deposits were not found on Rio Tuldn at Tilomonte, or along Ri'os Salado and 

Loa. This may be the result of subsequent erosion of Unit B deposits in streams that 

experience large discharge events. 

The end of the early Holocene was marked by a period between ~8.1 - 7.4 ka 

B.P. (9.0-8.2 ka B.P.) when water tables dropped significantly and streams incised. The 

inset relationship of the mid-Holocene unit. Unit C, on Rio Salado and Rio Tulm 

indicates that streams incised to approximately modem levels prior to the deposition of 

Unit C. After this period of incision, water tables began to rise by 7.4 ka B.P. Unit C 

deposits at Rio Tulan (+11 m), Rio Salado (+8 m), Rio Loa (+6 to +11 m), and Quebrada 
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Puripica (between +5 to +32 m) all identify significantly higher water tables during the 

mid-Holocene. Unit C deposits range in age from 7.4 to -3.0 '̂ C ka B.P. (8.2-3.1 ka 

B.P.) at Tilomonte, 6.2 to 4.0 ka B.P. (7.1-4.3 ka B.P.) at Ri'o Salado, >4.3 to 3.0 

ka B.P. (>4.9-3.5 ka B.P.) at Rio Loa, and from 6.2 to 3.1 '̂ C ka B.P. (7.1-3.3 ka B.P.) at 

Quebrada Puripica. Basal portions 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 3 875 ± 80 ''*C yr B.P. (4.3 ka B.P.), preceded the 

end of deposition of Unit C at Rio Tul^ Rio Loa, and Quebrada Puripica by ~1000 

years. The reason for this discrepancy between records is unknown, but may be due to 

differences in the ground-water flowpaths and lag times of these distinct hydrologic 

systems. 

Water tables fell significantly sometime between ~ 3.0 ''*C ka B.P. (3.1 ka B.P.) 

and ~ 0.8 '•'C ka B.P. (0.7 ka B.P.), and perhaps as early as 4.0 '̂ C ka B.P. (4.3 ka B.P.) 

at Rio Salado. During this period the Rio Tul^ Rio Salado, Rio Loa, and Quebrada 

Puripica all incised through Unit C deposits. This period of erosion ended sometime 

prior to 0.8 ''*C ka B.P. (0.7 ka B.P.) at Rio Tul^ and prior to 1.4 '̂*C ka B.P. (1.3 ka 

B.P.) on Rio Loa at Quillagua. At other locations the age for the end of incision of Unit 

C deposits is not well constrained. Unit D deposits at Rio Tulw 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 if they represent 

regional or local processes. 

Implicatioii of water table change 
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The synthesis of paleowetland records from deposits at Tilomonte, Rio Salado, 

Rio Loa and Quebrada Puripica provide a detailed history of hydrologic changes in the 

central Atacama. Increased water table heights at these locations reflect enhanced 

ground-water discharge, which can only be supported by higher recharge and 

precipitation in the High Andes. Furthermore, the general concordance of records from 

different parts of the regional hydrologic system, including Andean streams (Quebrada 

Puripica, Rio Tulan), point-source springs (Tarajne), and water tables in the Calama basin 

(Rio Loa, Rio Salado), suggests a synchronous response to changes in regional recharge, 

notwithstanding major differences in size, gradients, and location of the hydrologic 

systems with respect to the recharge area. We therefore argue that this regional control 

must be climate, and that the response times of these separate hydrologic systems are 

short. A further test of this argimient is to compare our record of changes in ground

water discharge with other well-dated paleoclimatic records from the central Atacama. 

DISCUSSION 

Central Atacama Records 

Evidence from other paleoclimatic proxy records in the central Atacama (22°-

24°S) comes primarily from rodent middens (Betancourt et al., 2000; Latorre et al., 

2002), small Altiplano lakes (Grosjean, 1994; Grosjean et al., 1995; Valero-Garc« et al,, 

1996; Geyh et al., 1999; Grosjean et al., 2000), sediment cores from the Salar de Atacama 

(Bobst et al., 2001), and archaeological site density over time (Lynch and Stevenson, 

1992; Grosjean and Nuiiez, 1994; Grosjean et al., 1997) (Fig. B.14). 
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Fossil rodent middens located along the lower elevation limits of vascular plants 

in the central Atacama (-2700 m) identify periods of vegetation encroachment into the 

hyper-arid core of the Atacama Desert that are thought to result from increased 

precipitation (Betancourt et al., 2000; Latorre et al., 2002). High grass concentrations 

and species abundance in middens are thought to reflect wetter conditions fiom 16.2-10.5 

ka B.P. and slightly wetter conditions firom 7.1-3.9 ka B.P. The absence of middens 

between 35-22 ka B.P. and the low grass and species abundance in a midden dated to 22 

kaB.P. is thought to be indicative of a dry climate. 

Lakes on the Chilean Altiplano and salme salt pans from the Salar de Atacama 

provide additional evidence of regional changes in the hydrologic budget of the central 

Atacama. Lakes on the Chilean Altiplano record a wet late-Glacial/early-Holocene, 

hyperaridity during the mid-Holocene, and a return to modem climatic conditions during 

the late Holocene (Grosjean, 1994; Grosgean et al., 1995; Valero-Garc& et al., 1996; 

Geyh et al., 1999; Grosjean et al., 2000). Terrestrial macrofossils, archaeological 

charcoal, and peat provide the most reliable '''C results for lake highstands. Ten '"^C ages 

on terrestrial organic samples from six lakes/marshes between 23° and 25° S identify a 

lake level rise between 15.5-14.0 ka B.P., lake level maximum from 12.5-10.2 ka B.P., 

and lake regression between 9.3-8.9 ka B.P. (Geyh et al., 1999). This period of high lake 

levels correlates well with the age of Unit B from Tilomonte, dating between >15.4-9.0 

kaB.P. 

The evidence for mid-Holocene aridity from small lake records, however, is at 

odds with our data from paleowetland deposits. Evidence for mid-Holocene aridity in the 
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region comes primarily from Laguna Miscanti, where diatomaceous aragonite mud with 

gypsum, present in cores from a depth of ~3.75-2.0 m (Grosjean et al., 2000) and 

between 2.92-1.83 m (Valero-Garces et al., 1996) is thought to represent lake desiccation 

(Valero-CarcM et al., 1996; Grosjean et al., 2000). The chronology from Laguna 

Miscanti, however, involves significant and variable reservoir corrections ranging 

between 1 000 to 4 000 years, which makes the age of this record uncertain (Valero-

Garces et al., 1996; Grosjean et al., 2000). Paleowetland deposits from Quebrada 

Puripica were also reported to indicate mid-Holocene aridity due to side-canyon 

damming by debris-flows (Grosjean et al., 1997), however we disagree with this 

interpretation (Rech and Pigati, 2000). 

Cores from the Salar de Atacama, a predominately ground-water fed closed basin 

at the base of the Andes that receives discharge from Quebrada Puripica and our study 

area of Tilomonte (Fig. B.2), contain evidence of several periods of saline lakes in the 

salar over the last 100 ka B.P. (Bobst et al., 2001). The latter portion of this record, 

which overlaps with the wetland deposits presented here, indicates a perennial saline lake 

between 26.7-16.5 ka B.P., expanded saline mudflats from 16.5-15.3 ka B.P., and shallow 

saline lakes from 11.4-10.2 ka B.P. and 6.2-3.5 ka B.P. The presence of expanded saline 

mudflats from 16.5-15.3 ka B.P., indicative of greater surface discharge into the salar, 

and shallow to ephemeral saline lakes from 11.4-10.2 ka B.P. and 6.2-3.5 ka B.P agrees 

well with evidence of higher regional water tables indicated by wetland deposits during 

these periods. The identification of a wet LGM, however, is at odds with the wetland 

records. The discrepancy between records may be due to temperature effects on the large 
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(~ 3 000 km'), shallow lake, due to overflow from closed basins to the south (Bobst et al., 

2001), or gaps in the wetland records. 

The clustering of archaeological sites in the central Atacama during the early and 

late Holocene and the general lack of archaeological sites at low elevations during the 

middle Holocene (9.0-5.7 ka B.P., termed the Silencio Arqueologico), and site expansion 

during the late Holocene has been interpreted climatically (Grosjean and Nufiez, 1994, 

Grosjean et al., 1997). Although some parts of this record may be due to climate change, 

such as the beginning of the Silencio Arqueologico, technological innovations such as 

animal domestication and associated population expansions preclude this record from 

solely representing climate change in the central Atacama. 

Boliviaii and Peruvian Altiplano 

Evidence for past hydrologic budgets from the neighboring Altiplano of Bolivia 

and Peru comes mostly from the Lake Titicaca-Coipasa/Uyuni system and smaller lakes 

to the north. The Lake Titicaca-Coipasa/Uyuni system, located ~ 200-800 km north of 

the central Atacama (Fig. B. 1), is a series of intercoimected basins that at times coalesced 

into a series of lakes covering > 60,000 km^ (Wirrmann and Mourguiart, 1995). 

Paleorecords from this lake system have been used to represent regional and continental 

climatic trends (Sylvestre et al., 1999; Baker et al., 2001a). 

Lake Titicaca is a deep, fresh water lake located on the Altiplano between 16°-

17.5® S. Lake Titicaca currently overflows through the Rio Desaguadero spillway and 

feeds a series of connected basins including Lago Poopo, Salar de Coipasa and Salar de 

Uyuni. The location of the Rio Desaguadero spillway precludes Lake Titicaca from 
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attaining lake levels significantly greater than today, and therefore limits the sensitivity of 

this lake to increases in effective moisture (Wirrmann and Mourguiart, 1995). Sediment 

cores have been collected and analyzed from both deep (Baker et al., 2001a) and shallow 

areas (Wirrmann and de Oliveira Almeida, 1987; Ybert, 1992; Wirrmann and 

Mourguiart, 1995; Cross et al., 2000) of the lake. Lake level proxies, including benthic, 

planktonic, and saline diatom abundance, weight percent of CaCO, and 5 of organic 

matter, from a series of cores between 89-250 meters depth from Lake Titicaca provide a 

25 kyr B.P. record of lake level fluctuations (Baker et al., 2001a). Lake Titicaca was 

deep and overflowing from 25-15,13-11.5, from 10-8.5 ka B.P., and during multiple 

short periods during the late Holocene (Abbott et al., 1997), including today. Lake level 

was below the overflow level from 15-13, from 11.5-10, and from 8.5-5 ka B.P, with lake 

levels at least 85 m below modem between 6-5 ka B J* (Cross et al., 2000; Baker et al., 

2001a). Algae percent from Core TD (Ybert, 1992; Sylvestre et al., 1999) suggests that 

this lake level drop began prior to 10.8 ka B.P., while algae percent from core TDl 

suggests a lake level drop prior to 7.8 ka B.P. 

Chronologies of lake highstands from the evaporite lakes of Salar de 

CoipasaAJyuni and Lago Poop6, at the southern end of the Lake Titicaca system, have 

been reconstructed from '̂̂ Th/^U and '"^C ages on calcium carbonate fix)m tufa and 

mollusks (Servant and Pontes, 1978; Rondeau, 1990; Wirrmann and Mourguiart, 1995; 

Servant et al., 1995; Clayton and Cl^perton, 1997; Sylvestre et al,, 1999) and from a 

sediment core from Salar de Uyuni (Baker et al., 2001b). The oldest shoreline tufiis fi:om 

these evaporite lake basins date between 45-35 ka B.P. with ^®Th/^^ ages (Rondeau 
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1990) and around 38 ka B.P. with ''*C ages (Wirrmann and Mourguiait, 1995) and are 

argued to represent the Minchin highstand. The late-Glacial Paleolake Tauca has been 

dated from 19-14 ka B.P. with maximum lake levels between lS.5-14 ka B.P. by 

Syivestre et al. (1999) and from -16 ka B.P. to -13.6 ka B.P. with maximum lake levels 

from -15.5 until -13.6 ka B.P., (Clayton and Clapperton, 1997) (Fig. B.15). A minor 

lake phase, Coipasa, has been placed from 10.5-9.5 ka B.P. based on ages of 

stromatolitic crusts (Syivestre et al., 1999). Intercalated mud with diatoms and salt 

deposits from the Salar de Uyuni core (Baker et al., 2001b) provide a different 

chronology of high lake levels. The presence of mud with diatomite in this core has been 

interpreted as representing lake highstands dating from >50-38 ka B.P. (Minchin), from 

26-15 ka B.P. (Tauca), and an undated event thought to date - 12.5 ka B.P. (Coipasa). 

Detrital contamination of U-series ages and unknown ''*C reservoir corrections has 

hindered the interpretation of many of these records. 

Glacio-fluvial fan deltas in Salar de Uyuni and dust and anion concentrations 

from Sajama ice cap (18° S) provide additional evidence for the age of lake highstands in 

Salar de Coipasa/Uyuni. Concentrations of dust, sulfates, and chlorides in ice from 

Sajama are thought to originate from the Salar de Coipasa/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 within the ice provide age control at 

24 ka B.P. and between 5.6-0 ka B.P.; however, the age of the remainder of the core is 

only loosely constrained. Low concentrations of dust, chlorides, and sulfates suggest 

perennial water in Salar de Coipasa/Uyuni prior to 22 ka BJ*. (Minchin), from 21-15.5 ka 
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B.P. (?) and between 14-9.0 ka B.P. (Tauca) (Fig. B.15). After 9.0 ka B.P., a sharp 

increase in chlorides, sulfates, and dust suggest lake desiccation. Glacio-fluvial fan 

deltas south of Salar de Coipasa are contiguous with glacial moraines and show that last 

major glacial advance coincided with Paleolake Tauca (Clayton and Clapperton, 1997). 

A ''̂ C age on peat underlying glacial diamict provides a maximum age of 16.0 ka B.P. for 

this glacial advance. 

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 al., 1996), Carajas 

(Absy et al., 1991), and Salitre (Ledru, 1993), and firom the Amazon fan (Haberle and 

Maslin, 1999; Harris and Mix, 1999; Maslin et al., 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 (Colmvaux and De Oliveira, 2000) and from the 

Amazon fan (Haberle and Maslin, 1999) suggest only cooling, with minor vegetation 

changes between glacial and interglacial periods and do not indicate widespread aridity 

and a reduction in the area of tropical rain forests during the LGM. Lower lake-levels 

and decreased sediment deposition rates during the LGM at both Lake Pata (Colinvaux et 

al., 19%) and at Salitre (Ledru, 1993), however, suggest decreased lake budgets during 

this time. Evidence from the Amazon fan also suggests decreased discharge from the 



Amazon during glacial cycles and increased discharge during interglacials (Harris and 

Mix, 1999). 

Atmospheric methane concentrations trapped in polar ice cores (Chappellaz et al., 

1993; Brook et al., 1996; Steig et al., 1998) are thought to largely derive from decaying 

organic matter in wetlands, with 40%-70% of these wetlands located in tropical areas 

(Fung et al., 1991). This relation has led researchers to use concentrations of CH4 

trapped in polar ice cores as a proxy for the extent of wetlands at tropical latitudes 

(Chappellaz et al., 1993; Severinghaus and Brook, 1999), although high-latitude CH4 

sources may also contribute significantly to atmospheric methane (Nisbet, 1992). The 

record of atmospheric CH4 concentration from the Greenland ice cores over the last 20 ka 

identifies low methane concentrations during LGM, a drastic rise during the late Glacial, 

and high concentrations during the late Glacial and early Holocene, except during the 

Younger Dry as. Methane concentrations then markedly drop beginning ~ 8.2 ka B.P., 

remain low during the mid-Holocene, and then rise during the Late Holocene (Fig. B.IS) 

(Chappellaz et al. 1993; Blunier et al., 1995; Brook et al., 1996). Increased CH4 

concentrations from the late Glacial through early Holocene agree well with records of 

increased precipitation and discharge from the central Atacama and Amazon, and 

partially with the Tauca/Coipasa phases from the Altiplano. 

SUMMARY AND CONCLUSION 

Faleowetland deposits in the central Atacama Desert of northern Chile record a 

16-ka history of regional changes in ground-water discharge. The general concordance 

of results fix>m several contrasting hydrologic systems, and the agreement between these 
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records and most other paleoclimatic proxy records in the central Atacama, indicate that 

these deposits are recording regional changes in ground-water recharge tied to long-term 

changes in precipitation. 

The limited extent of alpine glaciers in the central Atacama during this time 

period precludes a significant influence of glacial meltwater on hydrologic budgets, 

which are thought to influence lake level heights in more glaciated regions of the 

Altiplano in Bolivia and Peru. Paleowetiand deposits from the central Atacama provide a 

firm chronology for the late Glacial/early Holocene wet phase in the central Atacama, 

>15.4-9.0 ka B.P., and indicate a wet mid-Holocene (8-3 ka B.P.), a period that was 

previously thought to be hyperarid. Both wet periods were terminated by pronounced dry 

periods, from 9-8 and 3-0 ka B.P., when water tables dropped and streambeds were 

incised. A complete lack of paleowetiand deposits dating to the LGM suggests that water 

tables were low during this period, although this also may be the result of subsequent 

erosion of wetland deposits. The discordance between LGM records fix>m large saline 

lakes such as the Salar de Atacama and Salar de Uyuni and records from small lakes, 

rodents middens, and wedand 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 

during the LGM. 

We argue that precipitation changes in the central Atacama are directly linked to 

large-scale atmospheric features related to convection over the Amazon Basin, the 

southerly transport of moisture from the Amazon, and the transport of moisture onto and 
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over the Altiplano. The late-Glacial/early-Hoiocene wet phase in the central Atacama 

supports the argument for increased tropical precipitation at this time as evidenced by 

increased Amazon discharge (Harris and Mix, 1998) and increased atmospheric methane 

concentrations in polar ice cores (Chappellaz et al., 1993; Brook et al., 1996; Steig et al., 

1998). Evidence of a wet late Glacial/early Holocene in the central Atacama is in 

agreement with results from the Amazon, and suggests that there was no major 

paleoclimatic boundary between the Amazon and Altiplano, nor between the Altiplano 

and central Atacama during the LOM and Holocene. 

The influence of tropical SSTs, the Walker Circulation, and other large-scale 

features of the tropical circulation system on the SASM are still poorly understood. 

There are many forcing mechanisms that may enhance the SASM. We agree with 

Sylvestre et al. (1999) and Kull and Grosjean (1999) in that local summer 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 easterlies and 

therefore tropical convection (Cane et al., 2000), and 3) non-linear responses to tropical 

insolation (Cane et ai., 2000). Discrepancies between paleorecords from key regions 

influenced by the SASM need to be resolved to gain a better understanding of the 

interactions between the SASM and other main features of the tropical circulation 

system. 
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Tabte 1 RADIOCARBON RESULTS FROM PALEOWETLAND DEPOSITS 
I ah M QamniA * .Qtatinn RAnfh MafArial ^ e H Wt Lab# Sample * Station Depth Material 5"Ct "C s.d. kaBP§ 

(cm) (%o) (cal yrs) 
Tilomonte 
Unit A AA37631 AT 375B 34 -550 organic mat -19.4 37 000 860 

AA41197 AT 6338 61 -550 organic mat -22.4 39 900 1 200 
Unit B (Tarajne) 

AA34484 AT364B 29 -35 organic mat -22.3 9 775 60 11 180 
AA34478 AT362B 29 -90 organic mat -16.8 10 330 75 12190 
AA31200 AT35A 4 -5 organic mat -20.9 8115 80 9 030 
AA31208 AT33A 4 -25 organics in tufa -25.1 8 700 65 9 580 
AA32653 AT31A 3 -25 organic mat -17.6 8 640 65 9 550 
AA32652 AT30B 3 -140 organic mat -12.6 12 285 80 14 270 
AA34723 AT29B 3 -165 organic mat -15.1 12650 95 14 875 
AA34730 AT360B 28 -105 organic mat -13.6 12 820 110 15440 
AA34848 AT372A 31 -10 organics in tufa (-25.0) 6 430 55 7 320 
AA34849 AT 371B 31 -50 organic mat -20.8 10 330 75 12200 
AA34728 AT367B 31 •205 organic mat -22.3 12 740 80 15 360 

Unit C (Rio Tul^n and adjacent areas) 
AA31204 AT63A 7 -10 organics in tufa -21.8 3140 55 3 360 
AA32657 AT60B 7 -20 organic mat -23.2 2 535 45 2 630 
AA31210 AT 61A 7 -35 root -22.5 1 275 45 1 200 
AA32661 AT58B 7 -60 carbonized wood -23.6 3 260 50 3470 
AA32651 AT57A 7 -130 carbonized wood -23.5 3 805 50 4 150 
AA32647 AT56A 7 -155 organic mat -24.8 3 955 50 4 410 
AA32656 AT55B 7 -180 organic mat -18.7 3 875 50 4 240 
AA32658 AT54B 7 -225 organic mat -23.4 4 875 50 5 590 
AA31197 AT52B 7 -270 organic mat -21.4 6 270 60 7180 
AA32660 AT51B 7 -325 organic mat -23.2 7400 60 8180 
AA32655 AT49B 6 -125 organic mat -24.3 2 460 65 2 410 
AA326S4 AT47B 6 -245 organic mat -23.4 3 240 50 3 430 
AA31211 AT81A 10 0 organics in tufa -23.2 2 840 55 2 910 
AA31199 AT82B 10 -150 organic mat -24.0 5 780 60 6 520 
AA37630 AT379A 34 -450 organic mat -14.4 7 365 60 8170 

Unit D (Rio Tuldn) 
AA31196 AT BOA 9 -28 reeds -23.4 830 45 700 
AA37636 AT76B 9 -50 organic mat (-25.0) 330 35 310 
AA31202 AT75B 9 -120 organic mat -22.8 6615 55 7 480 

Rib Salado 
Unit A 

AA32646 AT111A1 14 -50 

1 1
 8

 -24.7 41 400 1 700 
AA32794 AT111A2 14 -50 organics in tufa -25.2 19 240 170 
AA35154 AT476A 23 -195 carbonized wood -25.0 >44 300 
AA37632 AT476B 23 -195 organic mat -13.4 >49 000 
AA37634 AT209B 23 -195 organic mat -12.3 >49 000 
AA3S158 AT480A 58 -170 dispersed -24.5 13 585 80 

organics 
Unite 

AA38634 AT503A 18 -105 carbonized wood -25.3 4 130 40 4 670 
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Table l(continued) RADIOCARBON RESULTS FROM PALEOWETLAND DEPOSITS 
2"/^ '*0 a H In Lab# Sample# Station Deptti 

(cm) 
Material 5»C 

(*.) 
'"C s.d. ka8P§ 

(cal yrs) 

AA37638 AT474B 18 -210 organic mat -25.0 5 900 60 6 700 
AA3120S AT 1438 18 -210 organic mat -24.4 5 855 55 6650 
AA31207 AT 1338 17 -20 organic mat -24.7 4 085 50 4 550 
AA31206 AT 1368 17 -150 organic mat -24.8 4 285 60 4 830 
AA31209 AT 1378 17 -180 organic mat -24.1 4 335 50 4860 
AA32659 AT 1388 17 -270 organic mat -24.1 4 185 55 4 730 
AA34479 AT196A 22 0 cartxsnized wood •23.6 3 875 80 4 240 
AA34854 AT 1888 21 -30 organic mat -24.9 3 905 45 4 320 
AA348S5 AT188A 21 -30 organic mat •24.7 4 015 45 4 430 
AA37628 AT 189A 21 •95 organic mat -25.4 4180 50 4 730 
AA37637 AT 1858 21 -220 organic mat (-25.0) 5 900 60 6 700 
AA34729 AT 181A 21 -565 organics in tufa -16.2 3190 45 3 380 
AA41196 AT 5138 60 -550 organic mat -22.2 6 210 60 7 090 

Modem organic mat 
AA34724 AT 2268 0 organic mat -15.1 105 45 25 

Unit A 
Chiu Chiu AA37629 AT 4848 61 -80 carbonized wood -24.3 >48 000 

AA37627 AT484A 61 -80 carbonized wood -24.0 22 470 260 
Unite 
Chiu Chiu AA31203 AT 1258 16 -40 organic mat •23.6 3 270 50 3470 

AA31195 AT 1278 16 -250 organic mat -25.2 4 295 55 4 840 
Maria Elana AA34847 AT 4198 62 -50 carbonized wood -24.1 3 040 50 3 220 

AA34483 AT 4188 62 -95 carbonized wood -21.0 3 750 40 4090 
Quillagua AA35152 AT422A 63 -215 carbonized wood (-25.0) 1 395 50 1290 

AA37633 AT424A 63 -405 organic mat •12.8 240 50 215 
AA34851 AT425A 63 -465 organic mat -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. 
t Values in parentheses indicate an assumed S '̂ C value. 
§ Calendar age intercept, or in the case of multiple intercepts, a range midpoint (1 sigma) was calculated. 
Calibrated ages are in calendar years before 1950, and were obtained using Method A of Calib 4.1.2 (intcal 
98 dataset). A southern hemisphere correction of 24 years was applied. 
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Figure B.1 Summer atmospheric circulation patterns responsible for the transport of 
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Figure Location of spring and wetland sites in the central Atacama Desert, Chile. 
Inset of Andean Altiplano (I5°-30°S) with locations of key paleoclimatic records. 
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Figure B.5 Aerial photograph of Tilomonte Springs. Tarajne (Unit B) paleowetland 
deposits are located to the north of Rio Tulw between 2550-2600 m. P^eowetland 
deposits (Unit A/C) are visible to the south of Rfo Tul^ just above 2500 m. Unit C 
deposits are also located along and just to the north of Rfo Tulan. Unit D is only present 
at one location along Rio Tuldn. Circles and associated numbers represent mapped 
sections. 
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Figure B.6 View of Unit B paleowetland deposits at Tarajne (Stations 27 and 28) from 
the north. Tilomonte oasis observable in the background. Prominent dark ridge in 
background is the midden site Lomas de Tilocalar (Betancourt et al., 2000; Latorre et al., 
2002). 
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Figure B.7 Cross-section of Unit B deposits at Tarajne, 2580 m. Ages in ''*C yr B.P. 



119 

Figure B.8 View of Unit C deposits situated 11 m above modern stream level along Rio 
Tulan. 
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Figure B.10 Aerial photogr^h of Rio Salado identifying extent of Unit C deposits and 
station locations. 
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Figure B.12 Photograph of Unit C deposits at Rio Salado, ~10 m thick, with finely-
laminated 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. 
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Figure B.13 Cross-sectional relations of paieowetland units on the Rio Loa at A) Chiu Chiu, B) Maria 
Elena, and C) Quillagua. Ages in '̂ C yrs B.P. 
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APPENDIX C 

RE-EVALUATION OF MID-HOLOCENE WETLAND DEPOSITS AT 

QUEBRADA PURIPICA, NORTHERN CHILE 
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ABSTRACT 

During the middle Holocene (8-3 cal ka), wetland deposits accumulated along 

streams with emergent water tables in the central Atacama I>esert (22-24"$), producing a 

stratigraphic unit that can be mapped and correlated across different basins and 

gecmorphic settings. Wherever mapped. Unit C (our terminology) incorporates thick 

sequences of diatomite and organic mats, and is exposed several meters above any late 

Holocene or active wetlands. The origin and paleoclimatic significance of Unit C is 

under debate. One camp suggests they developed under a regime of falling lake and 

ground-water levels (Grosjean et al. 2001), whereas we believe these deposits formed 

during a period of rising ground-water levels and increased vegetation cover (Quade et al. 

2001). The debate is embedded in broader discussions about geomorphic processes in 

ground-water-fed streams, as well as the history and forcing of climate variability in the 

central Andes and the tropics. 

Both the central Atacama and Andes are remote, with few opportunities for different 

researchers to examine the same site. One exception is the sequence of mid-Holocene 

wetland deposits at the confluence of Quebrada Seca and Rio Puripica. Grosjean et al. 

(1997) initially suggested that the deposits accumulated in temporary lakes, which 

formed when debris flows fix>m a side canyon ((^brada Seca) dammed the main 

channel (Rio Puripica) during a period of drought and reduced streamflow. In our revisit, 

however, we determined that these are not lacustrine but wetland deposits similar to those 

(Unit C) we have mapped elsewhere in the central Atacama (Betancourt et al., 2000; 

Rech et al., 2002). Disagreement remains about the climatic interpretation of these 
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wetland deposits. Grosjean now maintains that, in deep canyon systems such as Rio 

Puripica, local ground-water rises and wetland deposits "aggrade" when stream power 

and channel erosion is reduced during prolonged dry spells. However, Unit C outcrops in 

many environments, not just steep canyons, and therefore must represent increased 

recharge and higher ground-water levels throughout the region. 

KEYWORDS wetlands, ground-water levels, central Atacama Desert, 

paleocUmate, middle Holocene 
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INTRODUCTION 

Wetlands form when the water table hitersects the ground surface, resulting in the 

formation of seeps, flowing springs, wet meadows, and marshes. Wetlands produce 

characteristic deposits, including diatomite, organic mats and tufas, which can be mapped 

and dated to reconstruct past fluctuations in the heights of local water tables. 

Paleowetland deposits have been studied in arid and semi-arid regions of the world, 

including the Sinai Desert, Egypt (Gladfelter, 1990), Mojave Desert and Great Basin, 

USA (Haynes, 1967; Quade, 1986; Quade and Pratt, 1989; Quade etal., 1995; 1998), and 

Central Asia (Madsen et al.. 1999). Wetland deposits enjoy several advantages over 

other types of paleohydrologic records. They oflen contain abundant terrestrial plant 

matter that can be readily radiocarbon dated, free of '''C reservoir or hard-water effects 

common in other aquatic-based carbon systems such as lakes. Moreover, periodic drops 

in the water table lead to extensive erosion and exposure of paleo-wetland deposits, 

allowing many sections to be described and dated without recourse to coring. 

In the central Atacama Desert (22-24°S) of northern Chile, both modem wetlands and 

paleowetland deposits occur along ground-water flow paths that begin with recharge in 

the High Andes (>3500 m), where precipitation averages ~100 to 200 mm/yr, and end in 

basin aquifers within the hyperarid Atacama Desert (~2500 m), where precipitation is 

<10 mm/yr (Fig. C.l). In the mountains, wetlands often form within deeply incised 

canyons, where the water table is exposed, or where constrictions along ground-water 

flowpaths force water to the surface. Wetlands at the base of the Andes commonly form 

in ground-water discharge areas where stream channels intersect regional aquifers. 
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We have mapped and dated paleo-wetland deposits (Rech et ai., 2002) at Tilomonte, 

Rio Salado, and Rio Loa (Fig. C.l) in the central Atacama. Three main wetland units are 

present in these areas, and all follow a tegular chronological pattern: Unit A - deposits 

beyond the range of '''C dating, located - 20 m above modem stream level at Tilomonte, 

Rio Salado, and Rio Loa; Unit B - deposits that date fh)m >12.8-8.1 kyrs B.P. 

(>15.4-9.0 cal kyr B.P.), located in areas that today do not support modem wetlands 

(Tarajne at Tilomonte); Unit C - deposits that date from ~7.4-3 '"'C kyrs B.P. (~8.2-3.2 

cal Icyrs B.P.), located between 6-11 m above modem stream levels; Rio Tulw at 

Tilomonte 7.4-3.0 '"C kyrs B.P. (8.2-3.2 cal kyr B.P.), Rio Salado 6.2-4.0 '̂ C kyrs B.P. 

(7.1-4.3 cal kyr B.P.), and Rio Loa >4.2-3.2 '̂ C kyrs B.P. (>4.8-3.5 cal kyr B.P.) (Fig. 

C.2); Unit D - deposits that are <2 ''*C kyrs B.P. (<2.0 cal kyr B.P.) and are ~2 m above 

modem stream level at Rio Tul^ and ~6 m above modem stream level at Rio Loa at 

Quillagua. We have interpreted all units as representing elevated water tables and greater 

ground-water recharge than today (Betancourt et al., 2000; Rech et al., 2002). 

Here we focus on what we believe are additional outcrops of Unit C (mid-Holocene -1-^ 

'**0 yrs B.P.) at Quebrada Puripica, previously described by Grosjean et al. (1997). 

Our re-evaluation of the Puripica deposits was instigated by its synchroneity and 

apparent similarity to various exposures of Unit C elsewhere, and Grosjean et al.'s (1997) 

interpretation that the Puripica deposits formed during a dry middle Holocene. Quebrada 

Puripica is a deeply entrenched canyon on the Pacific slope of the Andes, ~25 km 

northeast of Salar de Atacama and between the Tilomonte and Rios Salado/Loa 

paleowetland sites (Fig. C.l). Grosjean et al. (1997) reported that mid-Holocene (6.2-3.1 
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'•*C kyr B.P.; 7.1-3.3 cal kyrs B.P.) deposits formed at ~3500 m as a result of "episodic 

debris flows from the low-elevation valley (Quebrada Seca) [that] dammed the Puripica 

River and created local ponds, shallow lakes, and wetlands upstream of the alluvial cone 

in the Puripica Valley" (Grosjean et al., 1997:241). According to Grosjean et al. (1997), 

a generally-dry climate and reduced streamflow allowed the debris-flow dams to persist 

on the mainstem, forming an 'ecological refuge' for otherwise stressed Archaic human 

populations. This interpretation of the Holocene deposits from Quebrada Puripica has 

been cited widely as evidence for mid-Holocene aridity in the central Atacama (e.g., 

Grosjean, 1997; Schwalb et al., 1999, Grosjean et al., 2000, Messerli et al., 2000). The 

Puripica deposits have also been used to constrain the age of lake chronologies (Grosjean 

et al., 1995), infer the relationship between climate variability and debris flow 

frequencies (Trauth et al., 2000), provide boundary conditions for climate models (Kull 

and Grosjean, 1998), and correlate advances in himian technologies to climate (Grosjean 

and NuAez 1994; Grosjean et al., 1997; Messerli et al., 2000). Based on an initial visit to 

Puripica in July 1999, we returned m July 2000 to measure and map the sequence of 

wetland deposits that outcrop both upstream and downstream of the purported side-

canyon danuning at the RJo Puripica-Quebrada Seca confluence. 

METHODS 

We surveyed Quebrada Puripica from its confluence with (^brada Puritama (~3200 

m) to an elevation of -3600 m. We measured and sampled a series of sections from well-

preserved outcrops along Quebrada Puripica to determine the spatial, temporal, and 

stratigraphic relationships of the deposits. Geographic coordinates of station locations 
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were determined with a hand-held GPS with a horizontal accuracy of ~10 m and vertical 

accuracy of ± 30 m. Station elevations and the longitudinal profile were determined by 

GPS elevations and checked against 50 m contour lines on topographic maps. 

Samples for ''*C dating were collected from organic mats &om the top and the lowest 

exposed part of each section in order to constrain the age of the deposits. Samples were 

processed by standard procedures at the University of Arizona's Desert Laboratory (see 

Rech et al., 2002). Both carbonized wood and the humic acid fraction of bulk organic 

matter were dated at each station in order to test the ability of different organic fractions 

to return accurate ''*C ages, and to identify potential sources of contamination. 

Carbonized wood refers to plant remains that retain most of there primary physical 

structures and have not degraded into organic weathering products (i.e. humic acids). 

Calibrated ages reported here were calculated using CALIB 4.3 (INTCAL 98 dataset). 

Method A (Stuiver and Reimer, 1993; Stuiver et al., 1998) and include a 24-year 

Southern Hemisphere correction. 

RESULTS 

Distribution of Deposits 

Holocene deposits occur along a ~6-km reach of C^ebrada Puripica that runs fix>m 

just upstream of the confluence with Quebrada Puritama (~32S0 m) to >l km above the 

junction with Quebrada Seca (-3580 m) (Fig. C.3a). Deposits appear to be preferentially 

preserved on the interior of meanders, where stream power is lowest These deposits 

gradually thicken upstream, with the tops of sections only 2 and 5 m above modem 

stream level at Stations 1 and 2, respectively, culminating in a height of 32 m above 
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modem stream level at Station 6 (Fig. C.3). The thickness of the deposits then decreases 

upstream from Station 6, with deposits 12 m (St. 8) and 5 m (St. 10) above modem 

stream level. Additional units were observed upstream of Station 10, but were not 

measured or sampled. 

Dating of Different Organic Fractions 

Matched pairs of carbonized wood and humic acids displayed large differences in 

content (Table 1). Humic acids retumed ages from 6S(X) ''*C years younger than, to 5000 

years older than, associated carbonized wood (Table 1). These results indicate that 

there is significant, and variable, humic acid contamination in organic material at 

Quebrada Puripica. In general, ages on the humic acid fraction of samples were 

lower than bulk organic matter ages in lower half of the deposits (AT 519, 537,538, 

548), whereas they exceeded those of bulk organic matter in the upper portion of the 

deposits (AT 521, 528, 529, 547,530,533,539,542) (Table 1). Young ages for the 

humate fractions of organic mats are thought to be the result of secondary contamination 

by humic acids, primarily during subsequent water table rises. The older ages of humic 

acids from the upper portion of wetland sections remain unexplained (Unit C discussed 

below). 

Due to the variability of the contamination in the bulk organic matter at Quebrada 

Puripica, we limit the discussions below to ages obtained from carbonized wood, unless 

otherwise noted. ages obtained from carbonized wood show good stratigraphic 

ordering and are in agreement with previously reported ages (Grosjean et al., 1997). One 

exception (AT 522) was identified in which duplicate ages of carbonized wood from 
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the same level yielded very different ages; 2530 ± 50 '"^C yrs B.P. for AA38728 and 6775 

± 65 '̂ C yrs B.P. for AA42517. We suggest the younger age is likely the product of 

contamination by secondary rootlets. 

Sedimentology and age of deposits 

We identified three time-stratigraphic units of deposits at Quebrada Puripica 

based on the ages of carbonized wood and the stratigraphic relationships of the 

deposits: Unit C dates from -7.0-2.7 kyrs B.P. (~7.9-2.8 cal kyrs B.P.), Unit Di dates 

from -2.4-1.4 '̂ C yrs B.P. (-2.6-1.3 cal kyrs B.P.), and Unit Eh, dates -500 '''C yrs B.P. 

(~ 500 cal yrs B.P.) (Fig. C.4). 

The deposits along Quebrada Puripica are composed primarily of sand, silt, 

gravel, diatomite (composed of diatom tests and various concentrations of inorganic silt), 

and organic mats. Units of sand and silt are generally massive in structure. The lower 

sections of deposits typically have high concentrations of sand and gravel, whereas the 

upper sections are generally fine-grained and contain numerous units of diatomite and 

organic mats. Bedding of deposits is parallel to the slope of the stream. 

Unite 

Mid-Holocene (Unit C) deposits dating from 6.2-3.0 '"^C kyrs B.P. (7.1-3.3 cal 

kyrs B.P.) were first reported at the junction of Quebrada Puripica and Quebrada Seca 

(Fig. C.3) (Grosjean et al., 1997). Unit C deposits were identified at all stations except I 

and possibly 3 (Station 3 was not sampled) (Figs. C.3 & C.4). Several sections also have 

younger units inset against Unit C deposits. This is clearly identified at Station 9, where 
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Unit Di is inset within Unit C (Fig. C.5). At other locations, unconformities were not 

visible in field exposures, but are inferred firom ages of carbonized wood. 

Carbonized wood from a depth of 1.55 m (from top of section) at Station 2 (AT 

519A) yielded an age of 7075 ± 45 '̂ C yrs B.P. Carbonized wood from a depth of 0.65 

m (AT 521 A) returned an age of 520 ± 50 '"'C yrs B.P., and is thought to represent Unit 

Di. Carbonized wood (AT 522A) at the base of Station 4 (-6.1 m) returned an age of 

6775 ± 65 ''*C yrs B.P. (AA42517). Carbonized wood from the top of this section (-0.10 

m) yielded an age of 2160 ± 40 '''C yrs B.P. (AT 528A), indicating the upper portion of 

this section is likely composed of Unit Di deposits, assuming no rootlet contamination. 

Carbonized wood from a depth of 18.8 m at Station 5 (AT 537A) yielded an age 

of6850 ± 60 '•'C >TS B.P. and carbonized wood from -2.8 m (AT 536A) returned an age 

of 1730 ± 50 ''̂ C yrs B.P. The upper portion of this section is thought to be composed of 

Unit Di deposits. Carbonized wood from a depth of 19 m at Station 6 (AT 538A) yielded 

an age of 4920 ± 55 '"^C yrs B.P. The basal 13 m of this section has been eroded. 

Carbonized wood from the top of this section (-0.1 m) yielded an age of 2780 ± 40 '̂ C 

yrs B.P. Carbonized wood recovered at Station 8 returned ages of 3385 ± 40 '̂ C yrs B.P. 

from -9.2 m (AT 548A) and 1815 ± 35 '̂ C yrs B.P. from -1.2 m (AT 547A). The ^e of 

3385 ''*C yrs B.P. appears to be too young for the age/depth relationship of Unit C, yet it 

is clearly too old for Unit Di. We suggest that contamination of Unit C-aged material by 

younger organics is the most likely cause of this discrepancy. Carbonized wood from 

Unit C deposits at Station 9 returned ages of4275 ± 45 '̂ C yrs B.P. from -2.5 m (AT 
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533A) and 2695 ± 40 '̂ C yrs B.P. from -0.4 m (AT 530A) (Fig. C.5). Bulk organic 

material from organic mats at Station 10 returned ages of 3240 ± 40 '''C yrs B.P. from -

2.0 m (AT 545A) and 2950 ± 40 yrs B.P. from - 0.1 m (AT 544A). 

Units Di and D: 

Evidence of two late Holocene deposits (Units Di and Da) was also found at 

Quebrada Puripica. Unit Di was identified by cross-cutting relations and ages at 

Station 9 (Fig. C.5). Carbonized wood from a depth of 2.75 m (AT 539A) returned an 

age of 2510 ± 45 ''*C yrs B.P. and carbonized wood from a depth of 0.5 m yielded an age 

of 1435 ± 40 '•'C yrs B.P. Unit Di deposits are thought to overlie Unit C at Stations 5, 8, 

and 9, and possibly Station 4. Station 1 is composed entirely of Unit Dz deposits. 

Carbonized wood from a depth of 0.8 m (AT 534A) yielded an age of490 ± 45 '''C yrs 

B.P. and wood from a depth of 0.1 m (AT 535A) returned an age of 525 ± 45 ''*C yrs 

B.P., statistically indistinguishable. Unit D2 deposits appear to overlie Unit C deposits at 

Station 2. 

DISCUSSION 

The Puripica Deposits 

Our re-mapping and re-dating of the deposits at Puripica provides critical additional 

information about the age and distribution of the deposits, and leads us to a 

fundamentally dififerent view of their origin, compared to that of Grosgean et al. (1997). 

The key difference is that we identified wetland deposits at many localities downstream 

of the intersection of Quebrada Puripica and Quebrada Seca, whereas Grosjean failed to 

recognize them. Grosjean et al. (1997) did recognize the thick wetland deposits above 
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Quebrada Seca, which led him to suggest that debris flows feeding out of Quebrada Seca 

occasionally blocked Quebrada Puripica and created small temporary lakes and marshes 

above the intersection. Such debris flow damming is in fact common throughout the 

Andes (Trauth et al., 2000; Placzek et al., 2001). Grosjean et al. (1997) go on to suggest 

that the debris flow deposits and wetland deposits located upstream were eroded when 

non-torrential river discharge (base flow) increased. 

The actual distribution of the deposits does not support this explanation for the 

paleowetlands at Puripica. The presence of mid-Holocene (Unit C) deposits upstream 

and downstream of the proposed side-canyon danuning location indicates Unit C cannot 

be the result of temporary lakes or marshes created by debris flows from Quebrada Seca. 

In addition, individual debris flow units identified by Grosjean in Quebrada Seca are not 

thick enough to dam Rio Puripica and create a temporary lake, nor is the canyon deep 

enough to create a closed basin encompassing the Holocene deposits upstream (C. 3b & 

C.4). 

The spau'al patterns of the deeply dissected paleowetland deposits at Puripica are 

much like those we have seen in other sites in the Atacama, which we attribute to 

episodes of higher ground-water levels during the mid-Holocene. At other sites, modem 

wetlands are situated in valley bottoms where the water table is exposed and supports 

small streams, ponds, and marshes. Unit C deposits, composed of wetland sediments, are 

positioned 6-10 m above modem wetlands. The magnitude of each high water table 

episode at Puripica can be constrained by the ages on carbonized wood. Ground

water levels were highest during the deposition of the Unit C, which began aggrading 
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-7.0 '"'C kyrs B.P. (7.9 cal kyrs B.P,) and reached a maximum of 32 m above modern 

stream level around 2.7 ''*C kyrs B.P. (2.8 cal kyrs B.P.). Water tables then dropped 

dramatically and Unit C deposits were incised. Although the full depth of incision is 

unknown, the base of Unit Di dates to 2.5 '̂ C kyrs B.P. (-2.6 cal kyrs B.P.) and is 2.5 m 

below the top of Unit C deposits (9.2 m above modem stream level) at Station 9. This 

reflects a minimum water table drop of ~ 25% of the maximum mid-Holocene water table 

height. 

Water tables rose again during the deposition of Unit Di, which reached a maximum 

level around 1.4 kyrs B.P. (-1.3 cal kyrs B.P.). Ages of 1.8 and 1.7 kyrs B.P. 

(1.7 and 1.6 cal kyrs B.P., respectively) on the upper portions of wetland deposits at 

Stations 8 and 5 indicate that this period of water table rise reached a height of ~22 m 

above modem stream level. Evidence of Unit Di is lacking from the two highest sections 

of Unit C deposits (St. 6, Grosjean et al. 1997: Fig. 3), suggesting that water table heights 

at this time did not did not reach the maximum levels associated with Unit C. Unit D2 

dates to -500 yrs B.P. (-500 cal yrs B.P.) and represents a maximum water table 

height of 5 m at downstream locations. Archaeological evidence and a constmcted dam 

upstream from Station 2 makes it difGcult to ascribe water table changes during this 

period to natural or human causes. 

The gradual thinning of wetland deposits upstream and downstream from Station 6 

appears to reflect stream adjustment from a bedrock, non-graded system to a sediment-

filled, graded system. Based on the stratigraphic relationships and ages, it appears 

water tables first rose rapidly in the most deeply entrenched areas. Station 6, just 



140 

downstream from the Seca/Puripica intersection, appears to be the most incised portion of 

the stream. A more detailed survey is needed to accurately portray the longitudinal 

profiles from these separate states of equilibrium. 

Unlike lake systems (temporary or otherwise), wetlands need not be hydrologically 

closed, and therefore are in line with deposition above and below the Puripica/Seca 

junction. We suggest the modem system, with wetlands along Puripica and dry alluviiun 

in Seca (Fig. C.6), is an analog for the alluvial/debris flow deposits described above. As 

ground-water levels increased along Quebrada Puripica, local base level rose and allowed 

alluvial sediments from Quebrada Seca to accumulate at this jimction. 

Causes of Changes in Water Table Elevations 

Our view of the causes for the aggradation and/or erosion of wetland deposits 

along ground-water flowpaths in the central Atacama follows the "base-level model" 

established in North America decades ago (Bryan, 1941; Antevs, 1954; Haynes, 1968; 

Karlstrom, 1988; Waters and Haynes; 2001). In wetland environments, dense vegetation 

and the cohesiveness of wet, fine-grained sediments make wetland deposits relatively 

resistant to erosion when water tables are high. In contrast, when water tables are low, 

phreatic vegetation dies, rendering fine-grained, unconsolidated deposits much more 

susceptible to water-erosion and deflation. Dry, loose material is easily incised, which 

then channelizes water flow and increases its erosive power. This model is used widely 

in studies fit)m the southwestern United States to interpret stratigraphic records from 

paludal environments (e.g.. Waters and Haynes, 2001). 
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In contrast to the base-level model, others have suggested that an increase in size 

and frequency of stream discharge events leads to increased stream channel erosion 

during wet periods, whereas during dry periods hillslopes are de-vegetated and stripped, 

and sediment accumulates in channels (Hall, 1977). Using this model Grosjean (2001) 

postulated that water tables all over the central Atacama rose as a direct response to 

channel filling by alluvial sediments during an arid mid-Holocene, when the size and 

frequency of stream discharge events were diminished. 

We see several difBculties with this view. First, if this model is to be used to 

interpret mid-Holocene wetland deposits, it must be applied equally to wetland deposits 

of all ages in the central Atacama. This includes late glacial/early Holocene wetland 

deposits formed along stream channels (C^ebrada La Higuera, Quebrada Guata Guata, 

and Quebrada Chaco; Rech et al., 2001, forthcoming) when both Grosjean and others 

argue for wetter conditions than today (Grosjean, 1994; Geyh et al., 1999; Betancourt et 

al., 2000; Latorre et al., 2002; Rech et al., 2002). Second, Grosjean (2001) argues that 

water table rise occurred as a result of the infilling of channels with alluvial sediments. 

The central Atacama wetland deposits contain thick sequences of paludal and biogenic 

material, as opposed to sediments that have been stripped from hillslopes. The presence 

of thick (>2 m), finely-bedded (1-5 cm) sequences of diatomite and organic mats (e.g. 

Rio Salado (Rech et al., 2002; Fig. 2B) are not the result of channel filling followed by a 

water table rise. Finally, alluvial terrace formation in ephemeral streams is a complex 

process and numerous factors contribute to the dynamic equilibrium of these systems 

(Schumm and Hadley, 1957; Cooke and Reeves, 1976; Bull, 1997). In contrast, mid-



142 

Holocene wetland deposits are located in marshy environments with an emergent water 

table. Therefore processes controlling the deposition and erosion of material in alluvial 

systems are not the same as those controlling paludal environments. 

We suggest that high water tables and the accimiulation of wetland deposits in the 

central Atacama is directly linked to enhanced precipitation and ground-water recharge 

above -3500 m in the Andes. In unconfined ground-water systems, increased ground

water fluxes can be accommodated by raising the water table and increasing the cross-

sectional area of the aquifer. Several factors can modulate the amount of ground-water 

recharge that occurs in this area, including precipitation, daytime temperatures. 

vegetation, and surface roughness on steep Andean slopes. Precipitation in this region 

occurs primarily (>8S%) during the austral sunmier months of December through March. 

Precipitation occurs mostly as snowfall above ~4000 m, which is then melted by 

relatively high daytime temperatures. In contrast, occasional winter precipitation events 

mostly sublimate and therefore have little effect on ground water recharge (Vuille, 1996) 

Vegetation also has an important influence on ground-water recharge rates. 

Increases in summer precipitation can have little impact on ground-water recharge due to 

the uptake of soil water by plants during the growing season. However, two important 

factors mitigate this negative feedback on ground-water rechai^e in the Atacama. First, 

the upper limit of vegetation (excluding cushion plants) is -4300 m. Thus increases in 

sunmier precipitation in high-elevation areas lacking plants are not mitigated by losses to 

vegetation and can therefore have large impacts on rates of ground-water recharge. 

Second, the lower limit of vegetation is controlled by precipitation (Villagrw et al.. 
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1981). Increases in precipitation along the Pacific slope of the Andes leads to an increase 

surface cover and density of vegetation at lower elevations, and consequently an increase 

in the surface roughness of hillslopes, causing greater ground-water infiltration. 

However, greater vegetation cover will also enhance ground-water uptake by vegetation. 

The net effect at lower elevations is likely a more modest increase in ground-water 

recharge than at higher elevation during periods of enhanced precipitation. In summary, 

the negative feedbacks between summer precipitation, ground-water recharge, and 

vegetation are largely offset in the Atacama by the lack of vegetation at high elevations, 

and steep de-vegetated slopes at lower elevations, allowing fluctuations in summer 

precipitation to be recorded in the fluxes of ground-water recharge. 

COMPARISON WITH OTHER MID-HOLOCENE RECORDS IN THE 

CENTRAL ATACAMA 

Holocene environmental records from the central Atacama come fit>m sediment 

cores from the low-elevation (2350 m) Salar de Atacama (Bobst et al., 2001), the high 

elevation (4140 m) Lagima Miscanti (Valero-Garc^s et al., 1996; Grosjean et al., 2000), 

and rodent middens from low-elevation hillslopes (2SOO-3100 m) (Betancourt et al., 

2000; Latorre et al., 2002). These records provide important information for testing our 

model of accumulation of wetland deposits during wetter intervals. 

The Salar de Atacama is a 3000 km^ salar (playa) located at the base of the Andes 

(Fig. C.l). Ground water from Tilomonte and Rio Tul^ and Quebrada Puripica, 

discharge into the aquifer within this basin. Today, the water table in the Salar de 

Atacama is just beneath the surface of the salar. During the mid-Holocene (6.2-3.5 cal 
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kyrs B.P.), the Salar de Atacama supported a perennial, shallow, saline lake. This 

interpretation is based on the presence of patchy primary halite from a depth of 5.0-2.7 m 

(Bobst et al., 2001). This level has been dated to 5.4 ± 2.7 cal kyrs B.P. based on a 

234u/230Th isochron age on salt from a depth of 4.2 m and assuming constant 

sedimentation rates. The timing of elevated ground-water levels in the Salar de Atacama 

is contemporaneous with high water tables along ground-water flowpaths as seen in our 

wetland sequences, supporting our interpretation of enhanced ground-water discharge at 

this time. 

Rodent middens between 2500-3100 m in elevation in the central Atacama have 

been used to identify past migrations of vegetation assemblages downslope in response to 

periods of enhanced precipitation (Betancourt et al., 2000; Latorre et al., 2002). Mid-

Holocene vegetation assemblages from rodent middens at low-elevation sites contain 

greater species abundances and slightly higher grass percentages. Important species 

present in low-elevation rodent middens include Junellia, Krameria, and Echimpsis 

(Latorre et al., 2002). These species are found in the Tolar vegetation zone, which today 

is between 3200-4000 m, and represent downslope migrations of several hundred meters. 

A comparison between changes in hillslope vegetation and the accumulation of 

wedand deposits indicates water tables are relatively high and wetland deposits aggrade 

during periods of enhanced precipitation (Fig. C.7). However, after there is a sharp 

decreases in species and grass abundance in rodent middens (representing a significant 

decrease in precipitation), wetland deposits stop aggrading and water tables drop. The 

difference in timing between changes in hillslope vegetation and the drop in water levels 
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provide constraints on the response time of water tables along ground water flowpaths to 

changes in precipitation. Response times, however, are maximum ^es due to the 

discontinuous nature of the midden record, which only brackets the timing of major 

vegetation changes, and the addition of secondary organic matter to the tops of wetland 

sections, causing radiocarbon dates to be minimum ages. 

The most dramatic change in vegetation in the central Atacama occurred between 

lO.S-9.5 cal kyrs B.P. (Latorre et al., 2002). At this time, there was a sharp decline in 

grass percent and species abundance in middens. The subsequent drop in water tables 

occurred at ~9.0 cal kyrs B.P. at Tarajne (Betancourt et al., 2000; Rech et al., 2002), and 

was accompanied by a drop in lake levels in the region (Geyh et al., 1999). This suggests 

a maximum response time for ground water systems of 1.4 kyrs. Two other notable 

decreases in species and grass abimdance happened at 3.5 and 1.8 cal kyrs B.P. 

Subsequent water table drops occurred at ~3.0 and 1.3 cal kyrs B.P., suggesting response 

times of -0.5 and ~0.8 kyrs, respectively. The water table drop at Rio Salado happened 

at ~4.4 cal kyrs B.P. At present the cause for this early age of the water table drop 

compared to other records is unknown. It is important to note that response times of 

ground-water systems are not confined to wetlands, but influence all paleoclimatic proxy 

records that are recharged by ground water, including perennial lakes and salars. 

Cores from Laguna Miscanti contain a continuous Holocene record (Valero-Graces et 

al., 1996; Gro^ean et al., 2000). The cores contain clear evidence of low lake levels in 

the form of aragonite, gypsum, and desiccation cracks between 2.92-1.83 m in depth in 

one core (Valero-Gracds et al., 1996) and both the presence of gypsum and aragonite, and 
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the lack of aquatic vegetation, between 3.75 and ~2 m depth from a second core 

(Grosjean et al., 2000). The age of this dry interval has been estimated between 8000-

3000 cal yr B.P. based on reservoir-corrected ages and by comparison with records 

such as Puripica (Grosjean et al., 199Sb: 589). 

Modem lake water from Laguna Miscanti was reported to contain 45 percent modem 

carbon (pMC) (Valero-Grac^s et al., 1996), equating to an age of ~6600 '"'C yrs B.P. 

This study tentatively applied a 3-4 kyrs reservoir correction to the ages in this core. 

Grosjean et al. (2000) reported reservoir effects of 82.5 pmc (1550 yrs B.P.) for 

dissolved inorganic carbon, while living Rupia, an aquatic macrophyte, yielded an e^e of 

1230 yrs B.P. A reservoir correction of ca. 4000 years was found for aquatic organic 

matter at deeper (10 m) locations. In this study, variable ''*€ reservoir corrections, 

between 0 and 4000 years, were applied to the radiocarbon ages on the basis of lake level, 

with greater reservoir corrections applied during episodes of high lake level and lesser 

reservoir corrections applied during periods of low lake level. This scheme of variable 

reservoir corrections is based on the assimiption of enhanced lake water mixing with 

atmospheric CO2 in shallow lakes and diminished influence of atmospheric CO2 in 

deeper lakes (Geyh et al., 1999; Grosjean et al., 2000). This relationship is tenuous at 

best because shallow lakes in the Atacama are mostly fed by ground water, which can 

result in large '''C reservoir effects (~7-50 pmc) (Fritz et al., 1978, Aravena and Suzuki, 

1990). Until there is better age control for records from Laguna Miscanti, there is no 

compelling evidence for mid-Holocene aridity in these records. 

CONCLUSIONS 
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The accumulation of wetland deposits along Quebrada Puripica was produced by 

fluctuations in ground-water levels and not side-canyon damming as previously reported. 

Three separate time-stratigraphic units of wetland deposits were identified, indicating 

three separate episodes of elevated water tables: Unit C - -7.0-2.7 '''C kyrs B.P. (7.9-2.8 

cal kyrs B.P.); Unit Di- 2.5-1.4 '"^C kyrs B.P. (2.6-1.3 cal kyrs B.P.); and Unit D2 - ~500 

'•*C yrs B.P. (~500 cal yrs B.P.). The mid-Holocene unit (Unit C) represents the highest 

water table height attained, reaching a maximum of 32 m above modem stream level. 

Unit DI also represents a major rise in ground water levels, >22 m above modem, yet did 

not attain the maximum levels attained during the mid-Holocene. Unit D2 represents a 

water table increase of ~5 m compared to modem, but is limited to downstream locations. 

We suggest that each of these periods of high water tables represent enhanced 

precipitation in the central Atacama, causing greater ground-water recharge and 

discharge, and that subsequent drops in water tables are associated with regional 

droughts. Units C and Dt have been identified previously in the central Atacama (Rech 

et al., 2002) and are clearly regional phenomena. Although the basal age for Unit Di was 

unknown, carbonized wood from the upper portion of wetland deposits on the Rio Loa at 

Quillagua dated to 1395 ± 50 yrs B.P. (1.3 cal kyrs B.P.), in good agreement with the 

the age of 1435 ± 40 yrs B.P. (1.3 cal kyrs B.P.) from deposits at Puripica. 

We agree with Geyh et al., (1999) that hydrological records indicate the late 

Glacial/early Holocene wet phase ended around 9 cal kyrs B.P. and hyperarid conditions 

commenced at this time in the central Atacama. However, we disagree that this drought 

lasted until 3 cal kyrs B.P. as previously suggested (Grosjean 1997, Grosjean et al.. 
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1997). Instead, we suggest a regional drought appears to have only lasted ~1 kyr, until 

~8 cal kyrs B.P, and that climate during the mid-Holocene (8-3 cal kyrs B.P.) in the 

central Atacama was wetter than today and relatively stable. In contrast, the late 

Holocene was relatively drier than the mid-Holocene and was subject to several regional 

droughts (e.g., at ~ 3.0,1.3, <0.5 cal kyrs B.P.). These results agree with other well-

dated environmental records in the region. 

At this time, we do not know why there are such large discrepancies between 

mid-Holocene records from the central Atacama and those from the northern region of 

the central Andes, such as Lake Titicaca (e.g.. Cross et al. 2000, Baker et al., 2001). 

Discrepancies may result from temperature effects during the mid-Holocene, or 

differences in synoptic climatologies from the northern and southern portions of the 

central Andes. Clearly, more well-dated paleoclimatic proxy records are needed in the 

region to resolve this issue. The extreme, and highly variable, contamination of humic 

acids on radiocarbon dates from Quebrada Puripica highlights the need for testing 

possible sources of '̂ C contamination in all ground-water systems in the central Andes. 
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Table 1 QUEBRAOA PURIPICA RADIOCARBON DATES 

Lab# Sample# Station 'Depth Material 513C "C s!d! "C *Cal 
(m) age yrs 

B.P. 
AA42522 AT 535A 1 •0.10 carbonized wood •24.5 525 45 525 
AA38735 AT 535B 1 -0.10 bulk humic acids -25.6 740 50 +215 
AA42521 AT534A 1 -0.80 cartMnized wood -22.8 490 45 510 
AA38734 AT534B 1 -0.80 bulk humic acids •23.3 480 50 -10 
AA42516 AT 521A 2 -0.65 carbonized wood •23.9 520 50 525 
AA38726 AT 5218 2 -0.65 bulk humk: acids -23.5 5115 50 +4595 
AA38751 AT519A 2 -1.55 carbonized wood -22.6 7075 45 7900 
AA38725 AT 5198 2 -1.55 bulk humic acids -22.1 1550 40 i -5525 
AA42518 AT 528A 4 0.10 carbonized wood -24.6 2160 40 2120 
AA38728 AT 5288 4 0.10 bulk humic acids •21.5 3255 45 +1095 
AA42517 AT522A 4 -6.10 cartMnized wood -25.9 6775 65 7600 
AA38727 AT522A 4 -6.10 carbonized wood -23.5 2530 55 
AA42523 AT536A 5 -2.80 cartwnized wood •23.8 1730 50 1580 
AA38736 AT 5368 5 -2.80 bulk humic acids -27.1 680 50 -1050 
AA42524 AT 537A 5 •18.80 carbonized wood -22.4 6850 60 7670 
AA38737 AT 5378 5 -18.80 bulk humic acids -26.9 570 50 i -6280 
AA42519 AT 529A 6 -0.10 cart)onized wood -24.5 2780 40 2850 
AA38729 AT 5298 6 -0.10 bulk humk: acids -23.7 3570 50 +790 
AA42525 AT 538A 6 -19.00 carbonized wood -24.6 4920 65 5610 
AA38738 AT 5388 6 •19.00 bulk humk: acids -25.7 620 50 i -4300 
AA42528 AT547A 8 -1.20 carbonized wood -24.3 1815 45 1710 
AA38744 AT547A 8 -1.20 bulk humic acids -24.1 1550 35 

O
 1 

AA42529 AT548A 8 -9.20 cart>onized wood •23.9 3385 50 3610 
AA38744 AT 5488 8 -9.20 bulk humic acids •23.3 3790 40 1 +180 
AA42520 AT530A 9A -0.40 carbonized wood -23.5 2695 40 2770 
AA38730 AT 5308 9A -0.40 bulk humic ackls -24.6 3000 45 +305 
AA38752 AT 533A 9A -2.50 cartxjnized wood -22.2 4275 45 4830 
AA38733 AT 5338 9A •2.50 bulk humic acids -21.6 4365 40 +90 
AA42527 AT542A 98 -0.50 carbonized wood -22.2 1435 40 1305 
AA38740 AT 5428 98 -0.50 bulk humic acids -25.1 5965 45 +4530 
AA42526 AT539A 98 •2.75 carbonized wood -21.8 2510 45 2590 
AA38739 AT 5398 98 -2.75 bulk humic ackjs -26.5 6835 65 +4325 
AA38742 AT544A 10 -0.10 bulk humic acids •24.7 2950 40 3135 
AA38743 AT545A 10 -2.00 bulk humic ackls -20.6 3240 40 3420 
* Dq)th from top of section 
t age buk tunic acut - age caeanudMood; boxed ages indicates samples from the lower portion 
of section 
§ Method A, Stuiver and Reimer, 1993. A 24 year Southern Hemisphere correction was 
applied to all samples. The middle intercept was used when there were multiple intercept ages. 
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Figure C.l Location of Quebrada Piiripica, other wetiand deposits, and key 
paleoclimatic proxy records in the central Atacama Desert (22®-24°S), Chile, central 
Andes. 
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Figure C2 Mid-Holocene wetland deposits firom the central Atacama: A, B) Rio 
Salado- 62-4.0 kyrs BJ^. (7.1-4.3 cal Iqrrs B.P.) in age and 6-10 m above modem 
stream level; C, D) Rio Tul^ at Tilomonte- 7.4-3.0 yrs B.P. (8.2-3.2 cal yrs B.P.) in 
age and ~10 m above modem stream level; E) Quebrada Puripica- 6.2-3.1 'X yrs B.P. 
(7.1-3.3 cal yrs B.P.) in age and from 4 to 32 m above modem stream level. 
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LATE^LACIAL AND HOLOCENE WETLAND DEPOSITS IN THE 
NORTHERN ATACAMA DESERT (18°-21°S), CHILE 
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ABSTRACT 

Disagreement between climatic records from the central Atacama (22-24*' S) and 

those from the Altiplano (16-20° S) to the north has led some researchers to suggest that 

a paleoclimatic boundary separated these adjacent regions. To determine if climatic 

records from the northern Atacama matched records from the Altiplano, and thus support 

the hypotheses of a climatic boundary, we mapped and dated fossil spring and wetland 

deposits in the northern Atacama to reconstruct late Glacial and Holocene ground-water 

recharge in the Atacama. Fossil spring and wetland deposits, which are located around 

modem springs and wetlands, are common surficial deposits in the Atacama Desert. 

These deposits generally consist of alluvial silt and sand, diatomite, organic mats, and 

sometimes tufa. We studied wetland deposits from four separate hydrologic settings to 

reconstruct fluctuations in the height of local water tables: Zapahuita Springs (18.3°S, 

3SOO m) - a small point-source spring; Quebrada la Higuera (18.6°S, 3S00 m) - a high-

elevation drainage with isolated wetlands; Quebrada Tana (19.S°S, 1200 m) - a low-

elevation drainage that flows into the Pacific; Quebrada Guataguata (20.1°S, 2050 m) - a 

low-elevation drainage with isolated wetlands. 

We identified the following time-stratigraphic units of paleowetland deposits: 

Unit B (>13.8-10.2 cal kyrs B.P.) represents the highest episode of local water tables. 

Unit C (>5.9-4.8 cal kyrs B.P. and a second episode dating from 4.8-2.8 cal kyrs B.P.), 

and Unit D, which is composed of several episodes of deposits that are <3000 years old. 

These units closely match the age of paleowetland deposits to the south, despite large 

differences in hydrologic settings, distance from recharge areas, and geographic location. 
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We therefore argue that these deposits reflect regional changes in the height of water 

tables that are tied to episodes of enhanced ground-water recharge and discharge. These 

results imply that the northern Atacama (18-21'' S) experienced a similar history of late 

Glacial and Holocene climate change as the central Atacama ((22-24° S). The cause for 

the disagreement between late Glacial and Holocene climatic records from the Atacama 

and adjacent Altiplano is unknown. 
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INTRODUCTION 

The central Andes (10°-30*'S) are strategically located to address many fundamental 

questions concerning the past behavior of atmospheric circulation systems over South 

America. Paleoclimatic records from the central Andes have been used as proxies for 

tropical convection over the Amazon (Baker et al., 2001a), for ENSO behavior during the 

Holocene (Rodbell et al., 1999), and for the location of the westerlies during the Last 

Glacial Maximum (LGM) (Thompson et al., 2000). The need to understand climate 

change in South America, and the tropics and Southern Hemisphere in general, has 

caused a proliferation in paleoclimatic research in the central Andes. Yet, there are still 

many basic paleoclimatic questions that are unresolved. For example, there is no 

consensus as to whether it was wetter (Baker et al., 2001a, Bobst et al., 2001; Thompson 

et al.l998; 2000) or drier (Geyh et al., 1999; Grosjean et al., 2000) than today during Last 

Glacial Maximum (LGM), or wetter or drier during the mid-Holocene (Grosjean 2001; 

Quade et al., 2001). There are also disagreements as to whether the Younger Dryas, or 

Deglacial Climatic Reversal, influenced this region (Thompson et al, 1998; Rodbell, 

2000; Rodbell and Seltzer, 2000). When records from the central Andes are interpreted as 

proxies for tropical convection, or of ENSO variability, these unresolved paleoclimatic 

questions have significant consequences for our understanding of how atmospheric 

circulation systems respond to forcing mechanisms. 

Discrepancies among paleoclimatic records, which come from lake sediments, glacial 

moraines, ice caps, rodent middens, paleowetlands, and many other deposits, may be in 

part due to the sensitivity of these very di£ferent records to environmental change. Or 
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discrepancies between records may also result from di£ferences in synoptic climatologies 

over the central Andes. Regional effects on atmospheric circulation patterns between the 

north and south-central or the eastern and westem portions of the Andes may explain 

some of the differences in paleoclimatic records. 

One of the largest regional discrepancies among paleoclimatic records is between the 

northern Altiplano of Peru and Bolivia around Lake Titicaca (~16° S) and the central 

Atacama and Chilean Altiplano (22°-24'' S). Records from Lake Titicaca suggest wettest 

conditions during LGM, diminished precipitation into the Holocene, with maximum 

aridity during the mid-Holocene (Cross et al., 2000; Baker et al., 2001a). In contrast, 

records from the central Atacama mostly suggest a dry LGM, a wet late Glacial/early 

Holocene, and moderately wetter conditions during the mid-Holocene (Geyh et al. 1999; 

Betancourt et al. 2000, Rech et al., 2002). Important discrepancies, however, do exist in 

both regions. For example. Lake Aricota (Placzek et al., 2001), located on the Pacific 

slope of the Andes 130 km southwest of Lake Titicaca, contains a mid-Holocene 

highstand that is apparently contemporaneous with lake levels >85 m below modem at 

Lake Titicaca (Cross et al., 2000). In the central Atacama, sediment cores from the Salar 

de Atacama identify maximum lake levels during LGM (Bobst et al., 2001), and 

arguments for mid-Holocene aridity have been made on the basis of cores from Laguna 

Miscanti (Valero-Graces et al., 1996; Grosjean et al., 2000). 

We analyzed wetland deposits in the northem Atacama Desert (18^-21" S) (Figure 

D. 1) to determine whether differences in climatic records between on the northem 

Altiplano (~l5''-20® S) and the central Atacama (22''-24® S) could be the result of 
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contrasting paleoclimatic histories, or if they in part may result from various sensitivities 

of climatic records to environmental factors. If differences in paleoclimatic records are 

largely the result of regional climatologies, then the wetland record from the northern 

Atacama should resemble records from Lake Titicaca and other nearby locations. If, 

however, contrasting paleoclimatic records are largely the result of the sensitivity of 

individual records to environmental factors, then the wetland record from the northern 

Atacama should be in agreement with wetland chronologies constructed from the central 

Atacama (Rech et al., 2002; Rech et al., submitted). 

SPRING AND WETLAND DEPOSITS 

In northern Chile, precipitation in the High Andes during austral summer 

recharges ground-water systems that flow down the Pacific slope and into aquifers within 

the hyperarid Atacama Desert. Surficial expressions of these ground-water flowpaths 

exist as springs, marshes, and small wetlands. Deposits located around these settings 

generally consist of diatomite, organic mats, silt, sand, and sometimes tufa. The presence 

of thick sequences of diatomite and organic mats in wetland deposits indicate that these 

materials were deposited in pereimial standing water. We use the past height of wetland 

deposits to identify former water-table heights, which we interpret to represent 

fluctuations in recharge and discharge of groimd water during the late Glacial and 

Holocene. The use of wetland deposits as indicators of ground-water discharge in the 

Atacama has been discussed previously (Rech et al., 2002; Rech et al., submitted). 

Fossil spring and wetland deposits were mapped and dated at four study areas in 

the northern Atacama Desert: 1) Zapahuita Springs (3500 m)- a small point-source 
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spring, 2) Quebrada la Higuera (3500 m) - a high-elevation drainage with isolated 

wetlands, 3) Quebrada Tana (1200 m) - a low-elevation drainage with wetiands near the 

Coastal Cordillera, and 4) Quebrada Guataguata (2050 m) - a low-elevation dry stream 

with isolated wetlands (Figure D. 1). Here we present the age and stratigraphy of deposits 

after a brief discussion on ''̂ C dating organics in these systems, then combine the results 

to construct a regional synthesis of water-table fluctuations. 

Stratigraphic sections of wetiand deposits were mapped and dated by AMS '''C to 

reconstruct water-table fluctuations at each study area. The lack of basal exposure of 

some sections, and the unknown amount of time necessary for ground-water levels to rise 

above the subsurface at each study area, makes the start of ground water rise difRcult to 

constrain. Ages from the base of sections therefore represent minimum ages for periods 

of enhanced ground-water recharge and discharge. Ages &om the top of sections, 

however, constrain drops in the water table and have better age control. In streams that 

experience large discharge events weUand deposits can be eroded. Therefore, a lack of 

wetiand deposits can indicate either low ground-water levels or a chronological gap in the 

record due to subsequent erosion. Results among study areas in the northern Atacama are 

compared and combined with ground water chronologies already constructed in the 

central Atacama (22°-24°S) (Rech et al., 2002; Rech et al., submitted). 

RESULTS AND DISCUSSION 



168 

Dating of spring/wetland deposits 

Several kinds of organic material were collected from wetland deposits for '''C 

analysis. Organic samples were first examined macroscopically to look for possible 

contaminants and identify the best material for dating. Selected organics were then 

pretreated, cryogenically purified, and graphitized by standard procedures at University 

of Arizona's Desert Laboratory (see Rech et al., 2002). Graphite samples were submitted 

to University of Arizona-NSF Accelerator Mass Spectrometry Facility for analysis. 

Radiocarbon ages are presented in years B.P. and calibrated to calendar years (cal yrs 

B.P.) with Method A, CALIB 4.1.2, intcal 98 dataset (Stuiver and Reimer, 1993; Stuiver 

et al., 1998) (Table I). 

Atacama wetland deposits contain several types of organic material, including 

organic mats, pieces of carbonized wood found within organic mats and in fine-grained 

deposits, organics encased within tufas, and sometimes archaeological charcoal. Humic 

and acid residues of all types of organic matter were dated to identify possible sources 

of contamination in each material and organic fraction. The letter '̂ A' at the end of 

sample designations signifies an age on the acid residue fraction, whereas 'B' indicates 

an age determination on the humic acid fraction. 

Previous results from Atacama wetland deposits have found no indications of 

reservoir effects that are common in small lakes in the Atacama (Geyh et al., 1998). 

However, two sources of secondary carbon have been found to contaminate samples; 1) 

roots and other organic material associated with secondary vegetation, which causes * V 
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age deteraiinations to yield ages that are too young, and 2) the addition of mobile humic 

acids in locations that experienced subsequent water table rises, also causing age 

determinations to return ages that are too young (Rech et al., 2002; Rech et al., 

submitted). Anomalously old humic acids were also found in some samples at Quebrada 

Puripica (Rech et al., submitted), but no evidence of contamination of older humic acids 

has been found elsewhere. 

Roots and other secondary organic material was also found to be a source of 

contamination in some organic. This was clearly identified by matched pairs of ages 

on humic acids and the acid residue fraction of three organic mats, where the acid residue 

fraction was 565 (AT 463), 1540 (AT 550), and 2240 (AT 434) '"'C years younger than 

the humic acid residue fractions (Table 1). In many other cases, good agreement between 

the age of humic acid and acid residue fractions suggest little contamination by roots (AT 

454, Stations 1 and 3 from Zapahuita Springs) (Table 1). 

Age and stratigraphy of deposits 

We assign similar unit designations to wetland deposits in the northern Atacama 

as applied to the central Atacama with a few modifications (Rech et al., 2002; Rech et al., 

submitted). Designations from the central Atacama are as follows; Unit B- late 

Glacial/early Holocene (>12.8-8.1 kyrs B.P.; >15.4-9.0 cal kyrs B.P.), Unit C- mid-

Holocene (7.4- ~3.0 kyrs B.P.; 8.0- ~3.0 cal kyrs B.P.), and Unit D- late Holocene, 

which was divided up into units Unit Di- 2.4-1.3 ''*C kyrs B.P. (2.6-1.4 cal kyrs B.P.) and 

Unit Di- <1.0 '*C yrs B.P.; <1.0 cal yrs B.P.). 
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Zapahuita Springs (18° 20' S, 69° 34'W) 

Zapahuita Springs is a small point-source spring located -3500 m on the Pacific 

slope of the Andes, ~50 km east of Mt. Sajama (Figure D.l). The active springs are 

located on the east slope of a mountain that has a summit -4000 m. Paleospring units are 

clearly visible as whitish deposits around the spring vent (Figure D.2) and consist mostly 

of fine-grained sediment and organic mats (Figure D.3). Two sections from these 

deposits were '̂ C dated (Figure D.3). The acid-residue fraction (A fraction) of organic 

mats at depths of-190 cm, -160 cm, and -95 cm from Station 1 (St. I) returned ''*C ages 

of 4325 ± 55,4280 ± 55, and 2990 ± 50 '̂ C yrs B.P., respectively. Humic acids from 

three organic mats from depths of-140 cm, -80 cm, and at the surface at another location 

(St. 3) returned ages of4340 ± 50,3815± 45, and 2755 ± 50 yrs B.P. (Figure D.3). 

On the basis of these ages, Zapahuita spring deposits can be correlated with Unit C 

deposits. 

Quebrada la Higuera (18° 39' S, 69° 33' W) 

This study area is located ~ 35 km south of Zapahuita springs on an unnamed 

tributary of Quebrada la Higuera (Figure D. 1). Hereafter we will refer to this study area 

as Quebrada la Higuera. The tributary is a dry stream that drains a high valley (~3500 m) 

in the Andes (Figure D.4). Our study area is located where the stream breaches these 

mountains on the west end of the valley, causing the valley to become constricted and 

forcing ground water to the surface where is supports a small area of wetlands. Several 
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units of paleowetland deposits at this location identify episodes of elevated water tables 

dating from the late Glacial through the Holocene (Figures D.4 and D.5). 

Unit B Late-Glacial/early Holocene wetland deposits date from >10,385 to 8,480 yrs 

B.P. at Quebrada la Higuera. Unit B deposits are confined to upstream locations, and 

many of these deposits are covered by an Archaic archaeological site. Oeposits contain 

thick (~2 m) sections of diatomite in some locations, indicating more extensive wetlands 

than exist today. Two well-dated sections (Sts. 1,6) provide our best chronological 

control of Unit B at Quebrada la Higuera (Figure D.S). Humic acids from two thin 

organic mats in St. 1, at depths of-120 cm and -95 cm, yielded ages of 10,385 ± 60 

yrs B.P. and 9,880 ± 75 '̂ C yrs B.P., respectively. The age of 10,385 ± 60 provides a 

minimum age for the initiation of water table rise associated with Unit B deposits. 

Archaeological charcoal from a depth of -45 cm at St 1 returned an age of9,090 ± 75 

'''C yrs B.P., representing a minimum age for the end of aggradation of Unit B at this 

particular location. Radiocarbon ages from Station 6, located - 400 m upstream from St. 

1, provides similar ages for Unit B deposits. Radiocarbon ages on organic mats at -160 

cm, -135 cm and -20 cm, and on carbonized wood at -110 cm, returned ages of9,380 ± 

180,9,525 ± 55,935 ± 55, and 9,210 ± 55 yrs B.P., respectively. The youngest age 

from Unit B deposits is from an acid residue fraction of an organic mat, which yielded an 

age of 8480 ± 65 '"'C yrs B.P. (AT 452A). This age may be too young due to 

contamination by roots. 
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Unit C Mid-Holocene Unit C dqMsits are largely absent from Quebrada la Higuera. 

Only one location (St 9) of deposits was found to be of similar age to Unit C deposits 

elsewhere. Humic acids from organic mats at a depth of-110 cm and -40 cm returned 

ages of3260 ± 50 and 3085 ± 45 yrs B.P., respectively. This only corresponds to the 

very end of aggradation of Unit C at most other locations. 

Unit D Three separate units of deposits at Quebrada la Higuera date to the late Holocene 

and comprise most of the deposits at our study area (Figure D.4). Late Holocene deposits 

were designated Units Du, Dib, and D2 (Figures D.4 & D.5). Carbonized wood (AT 

441A) from the base (-290 cm) of Unit Du returned a '''C age of 2970 ± 50 '''C yrs B.P. 

and the acid residue fim;tion of an organic mat (AT 445A) near the top of this section (-

40 cm) yielded an age of 1800 ± 55 '̂ C yrs B.P. (Figure D.5). Humic acids fitjm organic 

mats in Unit Dib at depths of-130 cm, -115 cm, and -40 cm returned ages of 1755 ± 40, 

1650 ± 50, and 1485 ± 50 yrs B.P. (Figure D.5). Humic acids and the acid residue 

fraction of organic mats at the base (-530 cm, -550 cm) of Unit D2 returned ages around 

1200 '''C yrs B.P. (Figure D.5). The acid residue fraction of an organic mat at -280 cm 

from this section (St. 5) retumed an age of 780 ± 40 yrs B.P., and carbonized wood 

(AT 445A) from -50 cm yielded an age of 380 ± 75 '''C yrs B.P. 

Summary Several episodes of deposition, including largely wetland facies of diatomites 

and organic mats as well as alluvium, are present at Quebrada la Higuera. The oldest 

deposits (Unit B) date from > 10.4 to -9.0 kyrs B.P. Unit B deposits occur in 

upstream locations, contain the thickest sequences of diatomite, and are interpreted to 

represent the highest local water levels. No deposits were found between the ages of ~ 
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9.0 and 3.3 '''C kyrs B.P. Deposits of this age are either not exposed, were eroded, or 

were never present at this location. Only one section of deposits, which date from -3.3 to 

3.1 '•*€ kyrs B.P., overlap in age with mid-Holocene Unit C deposits found elsewhere in 

the Atacama. It is unknown if this section represents the very top of Unit C deposits that 

are mostly eroded or are not exposed, or whether this section encompasses the extent of 

Unit C deposits at Quebrada la Higuera. Several episodes of deposition occurred during 

the late Holocene and are recorded by Units Du (3.0-1.8 '''C kyrs B.P.), Unit Dib (1.75-

1.5 ''*C kyrs B.P.), and Unit Di (1.2-0.4 '̂ C kyrs B.P.). These deposits are likely 

associated with periods of elevated water levels at downstream locations, i.e., smalller 

rises in water level than those that occurred during Unit B. Increased water levels at 

downstream would have caused aggradation of alluvial sediments at upstream locations. 

Quebrada Tana (19" 27' S, 69° 56' W) 

Quebrada Tana, located ~ 130 km south of Zapahuita springs, is a drainage that 

runs from the Andes to the Pacific Ocean (Figure D.l). The stream is perennial in the 

Andes but then switches to a dry streambed in the interior of the Atacama, between 

-1500-2000 m. However, once the stream nears the Coastal Cordillera and Pacific 

Ocean, the longitudinal profile of the stream becomes steeper and ground water surfaces. 

Paleowedand deposits are present along C^ebrada Tana ~30 km east of the Pacific 

Ocean, and just east of the Coastal Highway, at an elevation ~ 1200 m. 

Two prominent paleowetland terraces are present at Quebrada Tana. A high 

terrace is located ~10 m above modem stream level and is covered by a dense scatter of 
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archaeological material (Figure D.6). The lower terrace reaches a height of ~6 m above 

modem stream level. Humic acids fix)m an oi^anic mat from the lowest exposed section 

of the high terrace (Unit C) yielded a '''C age of 5,160 ± 50 yrs B.P. (-625 cm) and 

the acid residue fraction from an organic mat at -125 cm returned an age of 4,370 ± 45 

'''C yrs B.P. (-125 cm) (Figure D.7). A matched pair of ages on humic acids and the 

acid residue fraction of an organic mat at a depth of 530 cm yielded ages of4,865 ± 60 

and 4,065 ± 65 ''*C yrs B.P., respectively. These results suggest contamination by 

secondary roots associated with dense phreatophytic vegetation at the base of the deposits 

(Figure D.6). An archaeological comhusk from 5 cm below the surface and in a 50-cm-

thick archaeological horizon yielded an age of 560 ± 40 yrs B.P., indicating 

settlement on the terrace well afrer its formation. The high terrace at Quebrada Tana is 

therefore associated with Unit C and was deposited from >5160 yrs B.P., because the 

base of this deposits is not exposed, to 4370 ''*C yrs B.P. Organic mats from the base 

and top of the lower terrace, yielded '"'C ages of485 ± 50 and 185 ± 40 '"'C yrs B.P., 

respectively (Figure D.7). This deposit is associated with Unit Da. 

Quebrada Guatagmta (20° 04' S, 69° 22' W) 

Quebrada Guataguata is a small drainage located east of Iquique and just to the 

northeast of the small town of Mamifia, ~ 200 km south of our most northern study area 

(Figure D.l). Quebrada Guataguata begins -3500 m in the Andes and ends in the Pampa 

del Tamarugal (-1000 m). Our study area is a small section of the stream around 2050 

m, where ground water surfaces and supports a small wetland. Paleowetland deposits at 
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this location and at other locations upstream from this area mark past ground water 

levels. We mapped and collected samples from three outcrops that reach a maximum 

height of ~7 m above modem stream level, and which are located at the modem wetland 

(St. 1), - I km upstream (St 2), and ~2 km upstream (St. 3) (Figure D.8). 

Wetland deposits at St. 1 are late Glacial/early Holocene in age (Unit B). Humic 

acids from an organic mat at a depth of 145 cm yielded a ''*C age of 11,790 ± 90 '"*0 yrs 

B.P. Organic residue from a tufa near the top of this section yielded an age of 7,115 ± 55 

'''C yrs B.P., however, this age is probably a minimum age due to significant 

contamination by secondary organic matter found in other samples of organic tufa residue 

(Rech et al., 2002). The second outcrop of deposits (St. 2), located ~ 1 km upstream, is 

mosdy composed of sand and gravel (Figure D.8). A matched pair of ''*C ages from 

humic acids and the acid residue fraction of an organic mat (-65 cm) yielded ages of 

9,890 ± 70 '"*€ yrs B.P. and 7,650 ± 70 '"'c yrs B.P., respectively. The much younger age 

on the acid residue fraction is likely the result of contamination by secondary organics. 

These deposits are also assigned to Unit B. The dominance of alluvial sediments in this 

outcrop, and lack of diatomite and tufa, suggests that these deposits are the result of 

channel filling upstream from the wetland location. During periods of elevated water 

levels, aggradation would have occurred dtie to the local rise in base level. Deposits at 

St. 3 are also predominately alluvial and likely the result of elevated water levels 

downstream (Figure D.8). Carbonized wood near the top of this section retumed an age 

of4245 ± 55 '̂ C yrs B.P., indicating deposition contemporaneous with Unit C deposits at 

Quebrada Tana. 
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Atacania water-table fluctuations 

The concordance of results &om fossil spring and wetland deposits from the four 

contrasting hydrological systems studied in the northern Atacania is used to construct a 

regional record of water table changes. However, the wetland and spring systems used in 

this study are much smaller in scale those used in the central Atacama to reconstruct 

water tables (Rech et al., 2002), and as a result they contain a less complete record. 

Therefore, the relative magnitude of some episodes of elevated water tables is difficult to 

gauge. In this section we summarize the age of the separate episodes of elevated water 

tables, distinguish the relative magnitude of events when possible, and then com()are the 

northern Atacama water table record with records from the central Atacama (22°-24°S) 

(Rech et al., 2002; Rech et al., submitted). 

The oldest wetland deposits (Unit B) in the northern Atacama Desert were 

deposited during the late Glacial/early Holocene. Deposits of this age are present at 

Quebrada la Higuera and Quebrada Guataguata. Unit B deposits at Quebrada la Higuera 

are dated from >10.4 to ~ 9.0 '"^C kyrs B.P. (>12.3-10.2 cal kyrs B.P.), and may persist 

until 8.5 '"^C kyrs B.P. (9.5 cal kyrs. B.P.). At this location. Unit B deposits reflect more 

elevated water tables than those associated with subsequent episodes (Unit C and D). At 

Quebrada Guataguata, Unit B deposits date from >11.8 '"'C kyrs B.P. (13.8 cal kyrs B.P.) 

to >7.1 '"^C kyrs B.P. (>7.9 cal kyrs B.P.). This minimum age is based on a age 

determination on organic residue from a tufa, which has been shown to return ages 

that were several thousand years too young due to contamination by secondary organic 

matter (Rech et al., 2002). 
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Mid-Holocene deposits (Unit C), although not all contemporaneous in age, were 

found at all four of our study areas. Deposits at Quebrada Tana are dated from >52 to 

4.4 '''C kyrs B.P. (>5.9-4.9 cal kyrs B.P.). The bottom of the Tana deposits are not 

exposed. At Quebrada Guataguata, only the top of mid-Holocene deposits was dated, 

yielding an age of4245 ± 40 ''*C yrs B.P. (4.8 cal kyrs B.P.), the same as the uppermost 

deposits from Quebrada Tana. Mid-Holocene deposits from Zapahuita Springs date from 

4.3-2.8 '•*€ kyrs B.P. (4.8-2.8 cal kyrs B.P.). The uppermost ~ 1 m of a section of mid-

Holocene deposits from Quebrada la Higuera date from 3.3-3.1 '**€ kyrs B.P. (3.5-3.3 cal 

kyrs B.P.). 

A full series of late Holocene wetland deposits are preserved at Quebrada la 

Higuera. Unit Diawas deposited from 2.97-1.80 '̂ C kyrs B.P. (3.1-1.7 cal kyrs B.P.), 

Unit Dib from 1.8-1.5 '"^C yrs B.P. (1.7-1.3 cal kyrs B.P.), and Unit D2 from 1.2-0.4 '"^C 

kyrs B.P. (1.2-0.4 ^*C kyrs B.P.). Each episode of aggradation and high water tables was 

separated by an interval of lower water tables and stream incision. 

A comparison between water table fluctuations from the northern and central 

Atacama shows many similarities (Figure D.9). Deposits from the late Glacial/early 

Holocene (Unit B) are represented in the central Atacama by the Tarajne deposits at 

Tilomonte Springs and by deposits at Quebrada Guataguata and Quebrada la Higuera in 

the north. The initiation of water table rise is not well constrained at these locations, but 

minimum ages range from >12.4, >l 1.8, >10.4 kyrs B.P. (15.4,13.8,12.3 cal kyrs 

B.P.) for the respective study areas. The major water table drop at the end of the 
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Pleistocene is well dated at Tarajne and Quebrada la Higuera to between 9.0-8.1 kyrs 

B.P. (10.1-9.0 cal kyrs B.P.). 

There are several complete and well-dated sections of mid-Holocene Unit C 

deposits in the central Atacama (Figure D.9). Deposits at Rio Tulan and Quebrada 

Puripica both range fix)m ~7 to ~3 '''C kyrs. The top of deposits fix)m Rio Salado, 

however, are slightly older, at ~4 '""C yrs B.P. There are two clear episodes of Unit C 

deposits in the northern Atacama. The first episode of water table rise initiated prior to 

-5.1 '''C kyrs B.P. and ended around 4.3 '''C yrs B.P.(4.8 cal kyrs B.P.) (Figure D.9). 

The second episode of water table rise occurred from ~4.3- ~3 '̂ C yrs B.P. (4.8-3.2 cal 

kyrs B.P.). We suggest that the termination of wetland deposits ~4.3 in the northern 

Atacama and ~4.0 in the central Atacama at Rio Salado were the result of the same 

regional decline in water tables. However, this perturbation, which caused water tables to 

drop in some locations yet not others, was not large enough to affect all hydrologic 

systems. 

The number of wetland deposits and frequency of water table fluctuations during 

the late Holocene in the northem Atacama was at first unexpected. Deposits at 

Tilomonte Springs, Rio Salado, and Rio Loa, which are all at the base of the Andes 

(~2SOO m) and contain minimal or no evidence of water table changes during the late 

Holocene. However, analysis of deposits at Quebrada Puripica (Rech et al., submitted), 

located at 3500 m in the Andes, revealed a large water table rise from 2.5-1.3 ''*C yrs B.P. 

and a lesser water table rise ~0.5 '"'C yrs B.P. The high-elevation study area of Quebrada 

la Higuera (3500 m) in the northem Atacama also contains evidence of late Holocene 
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water table fluctuations that are of similar age (Figure D.9). We suggest that these high-

elevation study areas, which are closer to recharge areas, are more sensitive to 

fluctuations in ground water recharge and therefore may be responding to lesser-

magnitude water table fluctuations. 

Quebrada de los Burros (18° 1', 70® 50' W) 

Evidence of water table fluctuations in the northern Atacama/southem Peruvian 

Desert, also comes from wetland deposits at Quebrada de lo Burros (Fontugne et al., 

1999), located northwest of Tacna just a few kilometers from the coast at an elevation of 

200 m. Quebrada de los Burros is a small valley on the western slope of the Coastal 

Cordillera. At the base of the valley springs support permanent wetlands. Today the 

valley is incised ~2.5 m, exposing paleowetland deposits that mark past water tables 

heights, coiluvium deposits, and debris flow deposits. This region is subject to flooding 

and debris flows during El Nifio events. 

A well-dated section, the "corral cross-section", consists of 14 organic-rich layers, 

i.e. organic mats, interbedded with sand. The 1.25-m thick sequence of organic mats and 

sands over- and underlie debris flow deposits. Seven '̂ C ages on organic-rich layers 

range between 7,320 ± 80 and 3,220 ± 50 '''C yrs B.P., with no stratigraphic inversions. 

Fontugne et al. (1999) also reported two other cross-sections, although these sections 

contain thick sequences of anthropogenic material and their interpretation is less clear. 

Radiocarbon ages from these sequences range firom 8730 ± 70 to 3700± 40. 
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Fontugne et al. (1999) suggest that the spring water in Quebrada de los Burros is 

recharged &om coastal fog (garua), that organic-rich layers represent occasional ponding 

of water (100-500 years), and that in general the Quebrada de los Burros provides 

evidence for an extremely dry mid-Holocene with a lack of El Nifio induced debris flow 

deposits. We suggest, however, that coastal fog is not a likely source for spring water at 

Quebrada de los Burros. Although there are significant levels of coastal fog in this area 

during winter, there is no evidence for fog recharging aquifers in this area. We suggest 

that the origin of spring water is ground water recharged from the Andes. As such the 

series of organic mats and sands do not represent occasional ponds but rather indicate 

elevated water tables during this entire period. The deposits are therefore the result of 

wetter conditions and enhanced ground-water recharge in the Andes. 

The age of the Quebrada de los Burros "corral section," (7.3-3.2 '̂ C kyrs B.P.) 

matches well with wetland deposits in the central Atacama such as Rio Tulan (7.4-3.0 '̂ *0 

kyrs B.P.), Quebrada Puripica (7.0-2.7 '"C kyrs B.P.), and Rio Salado (6.2-4.0 kyrs 

B.P.). Fontugne et al. (1999) compared the age of organic-rich layers to those at 

Quebrada Puripica (Grosjean et al., 1997) to argue for an out-of-phase relationship 

between these records, representing opposing climatic forcing mechanisms. However, 

many of the interbedded deposits at Quebrada Puripica are diatomite, indicating high 

water tables during the entire mid-Holocene. We therefore argue that the mid-Holocene 

records &om the central and northern Atacama are in phase, suggest conditions wetter 

than today, and indicate the influence of the same climatic forcing mechanism over this 

entire region. 
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Summary and climatic interpretations 

The combined results of wetland deposits from the central and northern Atacama, 

which are the result of fluctuations in ground-water recharge and precipitation on the 

Pacific slope of the Andes, suggest the following history of water-table fluctuations 

(Figure D.9). The highest water tables, associated with the greatest precipitation, were 

during the late Glacial/ early Holocene (Unit B), and date from >12.8-8.1 kyrs B.P. 

(15.4-9.0 cal kyrs B.P.) in the central Atacama and from >l 1.8-9.0 '"'C kyrs B.P. (>13.3-

lO.l cal yrs B.P.) in the northern Atacama. Water tables then dropped significantly and 

were low between ~8.5-7.0 yrs B.P. (9.5-8.0 cal kyrs B.P.). Water tables then rose 

and were higher than today, associated with moderately wetter conditions, during the 

mid-Holocene (7-3 ''*C kyrs B.P.) (8-3 cal kyrs B.P.). However, at three locations, water 

tables dropped around 4.3 '''C kyrs B.P. (4.9 cal kyrs B.P.), suggesting a modest decrease 

in ground-water recharge (centennial scale drought?) that caused water tables to decline 

in some areas. The late Holocene was characterized by lower water tables than during 

the mid-Holocene; however, there were also episodes of much higher water tables than 

today, especially at high elevations (~3500 m). An interesting aspect of the late 

Holocene is the frequency of water table fluctuations. We attribute these fluctuations to 

local changes in the water table likely caused by an increase in the frequency of regional 

droughts. 
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COMPARISON OF OTHER PALEOHYDROLOGIC RECORDS 

Records of late Glacial and Holocene hydrology located between S in 

the central Andes and Atacama includes small lakes (Abbott et al., 1997a,' 2000; Placzek 

et al., 2001), Lake Titicaca (Wirrmann and Mourguiart, 1995; Abbott et al., 1997b; Cross 

et al., 2000; Baker et al., 2001a), the Rio Desaguadero (Baucum and Rigsby, 1999), and 

the Salars Coipasa and Uyuni (Servant et al., 1995; Clayton and Clapperton, 1997; 

Sylvestre et al., 1999; Baker et al., 2001b; Fomari et al., 2001). 

Lake Aricota (17° 22' S, ~7l° W) is a small (7.5 km^) lake located on the western 

slope of the Andes (2800 m), -130 km southwest of Lake Titicaca. The lake formed as a 

result of massive debris flows (4.5 km^) that dammed the valley. Evidence for elevated 

Holocene lake levels come from fossil lacustrine deposits that are above the modem (pre-

drawdown) lake level. Terrestrial organic matter in the lacustrine deposits identify a mid-

Holocene high-stand from >7.1 to -2.8 cal kyrs B.P. and a lesser high-stand(s) around 1.7 

and 1.4 cal kyrs B.P. (Placzek et al., 2001). This evidence of Lake Aricota high-stands 

correlates with wetland records from the Atacama. 

Lake Taypi Chaka Kkota (16° 13' S, 68° 21' W), located on the westem slope of 

the Cordillera Real at 4300 m, is a glacial fed lake that is buffered from dry-season draw

down by the perennial input of glacial meltwater (Abbott et al., 2000). The analysis of 

multiple proxies from a sediment core indicate that between 6.2-2.3 cal kyrs B.P. Lago 

Taypi Chaka Kkota experienced its shallowest Holocene lake levels due to the lack of 

input &om glacial meltwater (Abbott et al., 2000). 
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Lake Titicaca is a deep, fresh water lake located on the Altiplano between 16°-

17.5° S. Lake Titicaca currently overflows through the Rio Desaguadero spillway and 

feeds a series of connected basins including Lago Poopo, Salar de Coipasa and Salar de 

Uyuni. Lake-level proxies, including benthic, planktonic, and saline diatom abundance, 

weight percent of CaCOs, and 6 '̂ C values of organic matter, from a series of cores 

between 89-250 meters depth from Lake Titicaca provide a 25 ky record of lake-level 

fluctuations (Baker et al., 2001a). Lake Titicaca was deep and overflowing from 25-15, 

13-11.5. from 10-8.5 cal kyrs B.P., and during multiple short periods during the late 

Holocene (Abbott et al., 1997), including today. Lake level was below the overflow level 

from 15-13. from 11.5-10, and from 8.5-5 cal kyrs B.P, with lake levels at least 85 m 

below modem between 6-5 cal kyrs B.P (Cross et al., 2000; Baker et al., 2001a). Others 

have argued for both older ages for the initiation of lake-level drop during the mid-

Holocene and younger ages for its termination. Percent algae from Core TD (Ybert, 

1992; Sylvestre et al., 1999) suggests that this lake-level drop began prior to 10.8 cal kyrs 

B.P., while algae percent from core TDl suggests a lake-level drop prior to 7.8 cal kyrs 

B.P. Wirrmann and Mourguiart (1995) suggest the mid-Holocene Titicaca lowstand 

lasted from 8.1-3.6 cal kyrs B.P. Alluvium and lake deposits exposed in cut banks on the 

northern RJo Desaguadero (Baucum and Rigsby, 1999) record two high-water levels, 

between 4.5-3.9 and from 2.2-2.0 cal kyrs B.P. A single terrace on the southem Rio 

Desaguadero indicates deposition from >7.0 to ~3.2 cal kyrs B.P., a similar age to 

elevated water tables in the Atacama. 
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Chronologies of lake highstands from the evaporite lakes of Salar de 

Coipasa/Uyuni, at the southern end of the Lake Titicaca system, have been reconstructed 

from ^°Th/^U and ages on calcium carbonate from tufa and moUusks (Wirrmann 

and Mourguiart, 1995; Servant et al., 1995; Clayton and Clapperton, 1997; Sylvestre et 

al.. 1999) and fix>m sediment cores from Salar de Uyuni (Baker et al., 2001b; Fomari et 

al., 2001). Paleolake Tauca has been dated from 19-14 ka B.P. with maximum lake 

levels between 15.5-14 ka B.P. by Sylvestre et al. (1999) and from ~16 ka B.P. to -13.6 

ka B.P. with maximum lake levels from -15.5 until -13.6 cal kyrs B.P, (Clayton and 

Clapperton, 1997). A minor lake phase, Coipasa, has been placed from 10.5-9.5 cal kyrs 

BJ*. based on '"'C ages of stromatolitic crusts (Sylvestre et al., 1999). Two cores from 

the Salar de Uyuni each give different ages for the Tauca highstand. Intercalated mud 

with diatoms and salt deposits from the Salar de Uyuni core (Baker et al., 2001b) suggest 

the Tauca event was from 26-15 cal kyrs B.P., and an undated event thought to be the 

Coipasa event - 12.5 cal kyrs B.P. A second core from Salar de Uyuni (Fomari et al., 

2001) suggests the Tauca was from 16-12 cal kyrs B.P., although '"^C ages from this core 

have very large standard deviations. 

CONCLUSIONS 

Paleowetland deposits preserved at four hydrologic settings in the northern 

Atacama (18°-21° S), as well as deposits previously reported from Quebrada de los 

Burros (200 m), are in general agreement with wetland records fit)m the central Atacama 

(Rech et al., 2002; Rech et al., submitted). The combined records of all wetland deposits 

suggest the following sequence of water-table fluctuations between 18''-24° S in the 
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Atacama. Water tables were highest during the late Glacial/early Holocene (>15.4^9.5 

cal kyrs B.P.) and then fell drastically from 9.5-~8 cal yrs B.P. Water tables recovered 

during the mid-Holocene and were significantly higher than today between ~8-3 cal kyrs 

B.P. However, several mid-Holocene wetland deposits point to a drop in water tables 

-~4.5 cal kyrs B.P. We interpret this as a regional drought (centennial?) that was large 

enough to affect ground-water levels in some hydrologic systems, but not others. The 

late Holocene was characterized by several episodes of water table fluctuations that are 

best recorded by ground-water systems at high elevations (3500 m). High-elevation 

ground-water systems are closer to recharge areas and therefore are more sensitive to 

moderate changes in ground-water recharge. 

We interpret episodes of elevated water tables that we are able to correlate 

regionally as representing periods of enhanced ground-water discharge and recharge, and 

ultimately greater precipitation along the Pacific slope of the Andes. In turn, we identify 

each period of low water tables with decreases in ground-water recharge and 

precipitation. The sequence of paleowetland deposits from the Atacama therefore 

suggest: wettest conditions during the late Glacial/ early Holocene (>15.4—9.5 cal kyrs 

B.P.), a major drought from ~9.5-8 cal kyrs B.P., wetter conditions firom 8-3 cal kyrs 

B.P., but with a lesser regional drought ~4.5 cal kyrs B.P. and a more severe drought ~3 

cal kyrs B.P., and generally drier conditions during the late Holocene with a greater 

frequency of regional droughts. 

The main control on precipitation over the Pacific slope of the Andes is the 

transport of moist air masses onto the Altiplano, which is related to tropical sea surface 
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temperatures (SSTs), the El Niilo-Southem Oscillation phenomenon (ENSO), the Walker 

Circulation in general (Vuille et al., 2000), and low-level heating that induces afternoon 

precipitation. We suggest that wet phases during the late Glacial and Holocene in the 

Atacama occur when atmospheric circulation systems resemble La Ni9a conditions and 

that dry conditions are associated El Nifio-like conditions. We also propose that 

centennial scale variability may play an important role in destabilizing water tables, as in 

the late Holocene. 

The good agreement between records in the central Atacama and the northern 

Atacama and southern Peru suggests there are no climatic boundaries between the north 

and southern Altiplano and that precipitation associated with the mid-Holocene wet phase 

is not the result of winter precipitation from the Pacific. Furthermore, the good 

agreement between wetland records and Lake Aricota (Placzek et al., 2001) shows that 

small lake and wetland records are responding similarly to climate changes. The notable 

difference between mid-Holocene hydrologic records from the western slope of the 

Andes that indicate wet conditions and records from the eastern Altiplano that show dry 

condition during the middle Holocene may indicate that there are important differences 

between controls on precipitation over these areas as suggested by Vuille et al. (2000). 
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TABLE 1 RADIOCARBON DATES FROM NORTHERN ATACAMA WETLANDS 
Study Lab* Sample# Station 'Depth Material 8"C "e s.d. §Calyrs 
Area (cm) (%.) age B.P. 

Zapahuita Springs 
Unite AA34844 ATA-A 1 -95 organic mat -23.7 2990 50 3120 

AA34845 ATB-A 1 -160 organic mat -24.7 4280 55 4830 
AA34846 Aie-A 1 -190 organic mat -23.7 4325 55 4850 
AA348S3 ATI-B 3 0 organic mat -23.3 2755 50 2820 
AA35153 ATH-B 3 -80 organic mat -24.3 3815 45 4150 
AA34850 ATG-B 3 -140 organic mat -24.2 4340 50 4860 

Quebrada la HigiMra 
Units AA34477 AT439A 1 -45 charcoal -21.4 9090 75 10220 

AA34480 AT438B 1 -95 organic mat -23.8 9880 75 11230 
AA42248 AT 4378 1 -120 organic mat -24.1 10385 60 12250 
AA34852 AT452A 4 -70 organic mat -24.2 8480 65 9490 
AA42044 ATS56B 6 -20 organic mat -23.2 9295 55 10450 
AA38622 AT553A 6 -110 carbonized wood -24.6 9210 55 10320 
AA42043 AT 5528 6 -135 organic mat •23.6 9525 55 10720 
AA42247 AT550A 6 -160 organic mat -22.2 7840 50 8590 
AA41198 ATS50B 6 -160 organic mat -24.1 9380 180 10570 
AA42047 AT 5638 7 -20 organic mat -23.5 9170 60 10241 
AA42046 AT 5618 7 -100 organic mat -24.5 9635 55 10980 
AA42045 AT 5598 7 -180 organic mat -24.5 10200 60 11840 

Unite AA42051 AT 5708 9 -40 organic mat -24.3 3085 45 3290 
AA42051 AT 5698 9 -110 organic mat -24.7 3260 50 3470 

Unit Dia AA34725 AT445A 2 -45 organic mat -23.9 1800 55 1710 
AA34726 AT 441A 2 -290 carbonized wood -20.2 2970 50 3120 
AA34727 AT 451A 3 -80 peat -28.7 1985 45 1910 

Unit Dib AA42050 AT 5678 8 -40 organic mat -24.9 1485 50 1340 
AA42049 AT 5658 8 -115 organic mat -24.2 1650 50 1530 
AA42048 AT 5648 8 -130 organic mat -25.7 1755 40 1650 

Unit 02 AA34481 AT-461A 5 -50 carbonized wood -24.2 380 75 400 
AA3S156 AT458A 5 -280 organic mat -24.7 780 40 670 
AA42040 AT454A 5 -530 organic mat -27.7 1200 35 1060 
AA42041 AT 4548 5 -530 organic mat -28.7 1270 35 1175 
AA42042 AT 4558 5 -550 organic mat -28.1 1225 35 1130 

Quebrada Tana 
Unite AA420S6 AT 4678 1 -20 comhusk -10.3 560 40 540 

AA35155 AT466A 1 -125 organic mat -26.0 4370 45 4870 
AA37635 AT464A 1 -350 organic mat -22.5 4630 55 5310 
AA42257 AT463A 1 -530 organic mat -24.8 4065 45 4490 
AA42055 AT 4638 1 -530 organic mat •23.8 4865 60 5590 
AA42054 AT 4628 1 -625 organic mat •26.2 5160 50 5910 

Unit Da AA351S7 AT472A 2 -100 organic mat -24.3 185 40 140 
AA34486 AT-4688 2 -590 organic mat -25.2 485 50 510 
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TABLE l(continued) RADECXTARBON DATES FROM NORTHERN ATACA^ WETLANDS 

Study Lab# Sample# Station 'Depth Material "C s!d  ̂ §Calyrs 
Area (cm) (%o) age b.P. 

Quebrada Guataguata 
AA3514g AT430A 1 -5 tufa residue -21.8 7115 55 7910 
AA42053 AT428B 1 -145 organic mat -23.2 11790 90 13820 
AA42249 AT434A 2 -65 organics -18.9 7650 70 8410 
AA41195 AT434B 2 -65 organics -24.4 9890 70 11230 
AA38633 AT433A 3 -15 carbonized wood -18.4 4245 40 4828 

* Depth from top of section 
§ Method A, Stuiver and Reimer, 1993; Stuiveret al., 1998. A 24 '''C year Southern Hemisphere 
correction was applied to all samples. The middle intercept was used when there were multiple intercept 
ages. 
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Figure D.l Location of paleowetland deposits in the Atacama Desert and other regional 
paleoclimatic records. 



Figure D.2 Photograph of Zapahuita Spring deposits. 
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Figure D.4 Map of study area on Quebrada la Higuera with location of wetland deposits 
and cross-sections of deposits (looking downstream). 
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Figure D.5 Stratigraphic sections from Quebrada la Higuera study area. All ages are in 
'"•C yrs B.P. 



Figure D.6 Photograph of Unit C deposits at Quebrada Tana. 
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APPENDIX E 

WETLAND DEPOSITS AS QUEBRADA CHACO (25" S), CHILE: EVIDENCE 
FOR THE TIMING AND SPATIAL EXTENT OF THE LATE GLACIAL/EARLY 

HOLOCENE WET PERIOD 
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ABSTRACT 

Channel deposits in Quebrada Chaco, currently a dry stream, are 3 to 5-m thick 

and contain alluvial sediments (silt, sand, gravel) and wetland facies (diatomite, tufa, 

organic mats). We studied the age, sedimentology, and stratigraphy of channel deposits 

along a 20-km reach of Quebrada Chaco and along four of its main tributaries between 

2700 m and 3300 m. Thirty AMS '̂ C ages, mostly on carbonized wood, provide good 

age control for these deposits. The oldest channel deposits are undated and lie beneath a 

clear unconformity. Younger channel deposits date between 20,800 and 10,200 cal kyrs 

B.P., with the majority of deposits dating between 15,400-10,200 cal yrs B.P. The 

sedimentology of channel deposits range from mostly diatomite and organic mats to 

mainly alluvial sediments with a few beds of organic mats. Sequences of diatomite and 

organic mats are interpreted as marshes/wetlands that were supported by much higher 

levels of ground water than are currently in the drainage. The deposition of alluvial 

sediments in the channel is also probably the result of higher ground water levels, causing 

a local rise in the base level of the drainage. 

The majority of wetland deposits in Quebrada Chaco and its tributaries, dating 

between 15,400-10,200 cal yrs B.P., are in good agreement with Late Glacial/early 

Holocene (LG/EH) wetland and other records to the north that indicate an enhancement 

in the South American Summer Monsoon at this time. The initiation of aggradation of 

deposits at -20,800 cal kyrs B.P., however, indicates a much earlier rise in ground-water 

levels than at areas in the Atacama to the north. The cause for this earlier age of ground-
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water is not known, but may be the result of enhancement or northward migration of 

Westerly storm tracts during the Last Glacial Maximum. 
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INTRODUCTION 

Paleoclimatic records from the central Andes and Atacama Desert contain 

important information for reconstructing climate change in tropical and subtropical South 

America. However, discrepancies between the various proxies complicates inferences 

about the nature and forcing mechanisms of climate change in the region. Sediment 

cores from large lakes (Lake Titicaca, Baker et al., 2001a) and dry lakes (Salar de Uyimi, 

Baker et al., 2001b; Bobst et al., 2001) suggest wettest conditions between 25-15 cal yrs 

B.P., coinciding with maximum summer insolation values, and generally drier conditions 

during the late Glacial and early Holocene when summer insolation values were at a 

minimum. This has led researchers to suggest that orbital forcing of local simuner 

insolation is the dominant control on precipitation over this region and on tropical 

convection over South America (Martin et al., 1997; Baker et al., 2001a; 2001b; Bobst et 

al., 2001). Yet, records in the Atacama from small lakes (Geyh et al., 1999; Grosjean et 

al.. 2000), wetlands (Rech et al., 2002, Appendix D), and rodent middens (Betancourt et 

al., 2000; Latorre et al., 2002) show no evidence of a wet period from 25-15 cal yrs B.P. 

Instead, these records suggest wettest conditions during the late Glacial and into the early 

Holocene, when summer insolation values were at a minimimi, leading researchers to 

suggest extra-local controls on regional climate change (KuU and Grosjean, 1999; 

Betancourt et al., 2000; Rech et al., 2002). 

The Atacama IDesert is located on the west side of the central Andes (Figure E. 1) 

and, north of 25° S, receives precipitation mostly from air masses spilling over the Andes 
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during austral summer when the South American Summer Monsoon is most intense. 

Records from small lakes and paleolake spillways (Geyh et al., 1999) suggest wettest 

conditions from -15-9 cal yrs B.P., termed the late Glacial / early Holocene (LG/EH) wet 

phase. In a study of wetland deposits and rodent middens, Betancourt et aL (2000) also 

found the LG/EH to be the wettest period recorded and attributed it to increased summer 

precipitation. The LG/EH wet phase is mostly out-of-phase with records from the Salares 

Coipasa and Uyuni which suggest a wet phase (known as Tauca) from 25-15 cal yrs B.P. 

(Baker et al., 2001b) or from 19-15 cal yrs B.P. (Sylvestre et al., 1999), a dry event 

{Ticana) from 15-11 cal yrs B.P., and a minor wet phase from -10.5-9.5 cal yrs B.P. 

(Sylvestre et al., 1999). This raises questions as to whether the Late Glacial / early 

Holocene wet period is synonymous with the Coipasa event, and if so, where are records 

of the Tauca event in the Atacama. 

Here we present new evidence of the LG/EH wet period from Quebrada Chaco 

(-25.5° S) and its tributaries. The late Glacial /early Holocene wet period is now well 

defined at three locations in the Atacama spanning a distance of - 800 km ((^ebrada la 

Higuera 18.7° S; Tilomonte Springs 23.8° S; and now Quebrada Chaco 25.5° S), and has 

firm age control with over 50 AMS ages on terrestrial organics. 

STUDY AREA 

Quebrada Chaco (25.5° S) is located in periiaps the driest sector of the Atacama 

Desert, along the modem boundary between summer tropical precipitation to the north 

and winter subtropical precipitation to the south. There are no precipitation stations in 
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this immediate area, but precipitation probably ranges from <20 mm below -2500 m and 

up to 100-150 mm above 3500 m. Today, this area is thought to receive slightly greater 

amounts of summer precipitation than winter precipitation. 

Quebrada Chaco is a dry stream that drains the Pacific slope of the Andes, 

between -5000-2000 m, and discharges into the Rio Taltal and eventually into the Pacific 

Ocean. Beginning around 3750 m, the drainage becomes a deeply incised (20-40 m). 

Although there is no perennial stream flow today, there is a series of springs in Quebrada 

Chaco Norte at - 3400 m that supports small pools of water, and at many locations 

ground water is pushed near to the surface by constrictions in the valley walls, creating 

patches of phreatic vegetation. We studied channel deposits over a - 20-km reach of 

Quebrada Chaco and several of its tributaries between 2750 m and 3500 m (Figure E.2). 

METHODS 

We measured detailed stratigraphic sections of exposed deposits at twelve 

locations in our study area, including deposits along the mainstem channel (Q.Chaco) and 

all of its major tributaries between 2750-3500 m. Organic material was collected from all 

sections, pretreated by standard procedures (see Rech et al., 2002) and AMS '̂ C dated at 

the University of Arizona-NSF Accelerator Mass Spectrometer Facility. Most 

radiocarbon ages are on carbonized wood (i.e. woody fragments that retain their primary 

structure) from terrestrial vegetation, and therefore are not influenced by '̂ C reservoir 

effects. Calibrated ages reported here were calculated using CALIB 4.3 (INTCAL 98 
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dataset). Method A (Stuiver and Reimer, 1993; Stuiver et al., 1998) and include a 24-year 

Southern Hemisphere correction. 

RESULTS AND DISCUSSION 

Here we present the age (Table 1), stratigraphy and sedimentology of deposits 

located along the tributaries of Quebrada Chaco and then discuss those located in the 

mainstem channel. All station locations, representing detailed sections, are located on the 

map of the study area (Figure E.2), and stratigraphic sections are presented in Figure E.3. 

Quebrada Inconguasi 

Quebrada Inconguasi, which intersects Quebrada Chaco at ~2800 m, is a steep, 

deep (~3S m) canyon for 2-3 km upstream from the Chaco intersection. At ~3000 m the 

channel gradient becomes gentler and the valley is much less incised (~20 m). Here, 

exposed cut-banks of channel deposits are present that are S-7 m thick. Also at this 

location (between Stations 1 and 2; Figure E.2) modem ground water comes close to the 

surface and supports an isolated stand of phreatic vegetation. 

Detailed sections (Stations 1,2) were mapped at two locations (Figure E.2) and 

are presented in Figure E.3. At both locations the deposits are composed mostly of silty 

diatomite, diatomite, and organic mats. Five AMS '''C ages on carbonized wood from 

these deposits (Figure E.3) indicate that the deposits began to accumulate prior to 12,780 

± 70 "•C yrs B.P. (15,400 cal yrs B.P.) and end around 10,200 ± 60 ""C yrs BJ». (11,850 

cal yrs B.P.). 
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We interpret these deposits as representing a marsh or wetland environment. The 

thickness of diatomite and organic mat sequences indicate that these deposits formed in 

an environment of perennial standing water. Also, ages show that these marshes 

persisted for thousands of years. Because the deposits slope with the valley floor over a 

long distance (>1 km) they could not have formed in a small lake environment. The 

initial age of aggradation for these deposits is undetermined. 

Quebrada las Cenizas 

Quebrada las Cenizas intersects Quebrada Chaco around 3050 m and also 

contains channel deposits beginning about two kilometers upstream from the confluence. 

Ground water is not at or near the surface today anywhere along Quebrada las Cenizas. 

Channel deposits with beds of diatomite and organic mats are up to ~ 6-m thick and are 

present for several kilometers along Quebrada la Cenizea. We mapped three sections of 

the deposits (Stations 8,9, 10) (Figures E.2 and E.3). Deposits consist mostly of alluvial 

silt, sand, and gravel, but units of clay, diatomite, and organic mats are also present. 

Alluvial sediments range from poorly to well sorted, and are generally massive in 

structure. Some parallel bedding is present in sand and gravelly sand units. Clay units 

are generally 10- to 20-cm thick and locally contain diatomite. Diatomite and organic 

mats range between ~ 10 and 100-cm thick. A major unconformity is present near the 

base of Stations 9 and 10 (Figure E.3). Radiocarbon ages firom carbonized wood and 

organic mats near the top of all three sections returned ages between -10,000-10,500 '''C 

yrs B.P. (11,400-12,500 cal yrs B.P.). Carbonized wood from a depth of 560 cm in 
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Station 10 returned an age of 17,540 ±110 yrs B.P. (20,840 cal yrs B.P.). Deposits 

below the major unconformity are undated. 

We interpret the Cenizas deposits as wetland/alluvial sediments that were 

deposited when local water tables were high. The greater percentage of alluvial sediments 

at Cenizas as compared to Inconguasi may reflect either a higher influx of hillslope 

sediments or indicate an upstream location from the main wetland area, where alluvial 

sediments would have aggraded instep with rising water tables. 

Quebrada Chaco Sur and Norte 

Quebrada Chaco Sur and Norte intersect at ~3200 m and form Quebrada Chaco 

proper. Ground water is near the surface in both of these tributaries and supports 

extensive stands of phreatic vegetation. Along Quebrada Chaco Sur, a paleowetland 

terrace ~3 m above the modem channel is present for several kilometers. A detailed 

section (St. 12) of these deposits indicates that they are mostly composed of sands and 

gravel with beds of diatomite and organic mats (Figure E.3). Bulk organics and 

carbonized wood from three organic mats returned '̂ C dates of 13,520 ± 95,13,460 ± 70, 

and 13,150 ± 90 '''C yrs B.P., suggesting that these deposits began aggrading prior to 

13,500 '̂ C yrs B.P. (16,200 cal yrs B.P.) and until 13,150 '̂ C yrs B.P. (15,800 cal yrs 

B.P.). 

£)eposits along Quebrada Chaco Norte occur as isolated outcrops. An outcrop 

about 2 m thick is located ~3 km upstream fipom the junction of Chaco Norte and Sur. A 

section of these deposits (St 11) indicates that they ate composed mostiy of fine-grained 
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sediments, diatomite, and organic mats, as well as alluvial sands and gravel. Carbonized 

wood and bulk organic matter from organic mats returned dates of 12,440 ± 85,9,760 

± 50, and 9,055 ± 60 '̂ yrs B.P. in stratigraphic order, indicating that the deposits 

aggraded from >12,440 to 9050 yrs B.P. (>14,340-10,200 cal yrs B.P.). 

We interpret the deposits along Quebrada Chaco Sur and Norte as wetland and alluvial 

deposits that aggraded during a period of higher ground-water levels. 

Quebrada Chaco 

Exposed channel deposits are present along Quebrada Chaco from just below 

3000 m to the end of our study area ~-2700 m. We mapped and dated five sections of 

these deposits (Sts. 3-7) (Figure E.3). The channel deposits are continuous between 

stations 6 through 4, whereas St. 3 is an isolated outcrop. Today there is only one 

location along this reach of Quebrada Chaco, between Stations 3 and 4, where ground 

water comes near the surface today. Here the valley wails become constricted and 

ground water is pushed to the surface, supporting an isolated stand of phreatic vegetation 

{Distichlis, Tessaria, and Atriplex). Ground water surfaces here for a short distance and 

supports a trickle of water a few centimeters deep. 

Channel deposits from Stations 3-7 (Figure E.3) are of similar composition to 

other deposits in our study area. The deposits contain various levels of alluvial sediment 

as well as diatomites and organic mats indicative of marshy environments. Twelve AMS 

radiocarbon dates, mosdy from carbonized wood and peaty organic matter, returned ages 
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between 9,360 ± 50 and 10,340 ± 80 yrs B.P. (10,500-12,200 cal yrs BJ>.) (Table 1, 

Figure E.3). 

We interpret these deposits as alluvial material that was deposited during a time 

of high water levels and wetland sediments that accumulated in small marshes. The basal 

^e of the deposits could not be determined due to the lack of organic matter in the lower 

portions of deposits, however the upper 2-3 meters were deposited between 10,340 and 

9,360 '̂ C yrs B.P. (12,200-10,500). 

Correlation of Quebrada Chaco Wetland Deposits 

The oldest deposits identified are in Quebrada las Cenizas and underlie deposits 

that are -20,000 cal yrs B.P. Most wetland deposits along Quebrada Chaco and its 

tributaries date from ~15,400 to ~10,000 cal yrs B.P. and in good agreement with Unit B 

deposits (>15.4-9 cal yrs B.P.) found elsewhere (Rech et al., 2002; Rech Appendix D). A 

radiocarbon date of 17.540 ± 110 (20,800 cal yrs B.P.) from the base of deposits along 

Quebrada las Cenizas, however, appears to indicate that Unit B deposits began aggrading 

around 20,800 cal yrs B.P. at Quebrada Chaco. Alternatively, the lower deposits in 

Quebrada las Cenizas may reflect an older Unit that was deposited from ~20,800 to 

~16,000 cal yrs B.P. contemporaneous with wetland deposits along C^ebrada Chaco Sur. 

If this is the case, then an unconformity that is not clearly visible must be present within 

the Cenizas deposits. 
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DISCUSSION AND CONCLUSIONS 

Paleowetland dqx)sits present along Quebrada Chaco and its major tributaries 

identiiy elevated water levels and a much wetter environment than today during the 

glacial and late glacial (-21,000-10^00 cal yrs B.P.). Elevated water levels are the result 

of enhanced ground-water discharge and recharge along the Pacific slope of the Andes. 

Rates of ground-water recharge in this hyperarid environment are mainly controlled by 

precipitation. Cooler temperatures during the last Glacial would have enhanced effective 

moisture and slightly increased rates of ground water recharge, but large changes in 

ground water recharge must be the result of increased precipitation. 

The highest water levels in Quebrada Chaco and its tributaries occurred between 

15,400-10,200 cal yrs B.P., during the Late Glacial/early Holocene wet phase. These 

ages are in agreement with elevated water levels indicated by wetland deposits at 

Quebrada la Higuera (18.7° S) and Tilomonte (23.8° S) (Figure E.4), as well as evidence 

of downslope vegetation migrations &om rodent middens (Betancourt et al., 2000; 

Latorre et al., 2002) and higher lake levels in small lakes (Geyh et al., 1999). The LG/EH 

wetland deposits are well dated and mark the termination of this wet phase between 

10,000-9,000 cal yrs B.P. This age for the termination of the LG/EH is in good 

agreement with, but slightly postdates, major changes in hillslope vegetation that 

occurred at the end of this wet period (Betancourt et al., 2000; Latorre et al., 2002). 

Therefore, response times of ground-water systems are thought to be short (<1000 years). 

The initiation of the LG/EH wet period is not well defined. Evidence from 

C^ebrada Chaco indicates that water tables were rising by 20,800 cal yrs B.P. However, 
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we are reluctant to argue that this is the initiation of the LG/EH in the Atacama due to the 

influence of winter precipitation &om the Pacific during the last glacial period at 

Quebrada Chaco. Lamy et al. (1998) suggest that climate was more humid between -28-

16 cal yrs B.P. and that the southern westerlies shifted toward the equator based on data 

from a Pacific Ocean sediment core just off the coast of Chile at 27.5° S. It is quite 

possible that the record firom Quebrada Chaco reflects both winter precipitation from the 

Pacific, perhaps causing elevated water tables between ~21,000-16,000, and summer 

precipitation from the east, causing high water levels between -16,000-10,000 cal yrs 

B.P. Evidence from rodent middens collected from Quebrada Chaco (Betancourt et al., 

forthcoming) may be able to determine the seasonality of precipitation during this time. 



215 

REFERENCES 

Baker, P.A., Seltzer, G.O., Fritz, S.C., Dunbar, R.B., Grove, M.J., Tapia, P.M., Cross, 
S.L., Rowe, H.D., and Broda, J.P., 2001a, The histoiy of South American tropical 
precipitation for the past 25,000 years: Science, v. 291:640-643. 

Baker, Pj\,, Rigsby, C.A., Seltzer, G.O., Fritz, S.C., Lowenstein, T.K., Bacher, N.P., and 
Veliz, C., 2001b, Tropical climate changes at millennial and orbital dmescales on 
the Bolivian Altiplano; Nature, v. 409:698-701. 

Betancourt J.L., Latorre C., Rech J.A., Quade J., and Rylander K.A., 2000, A 22,000-year 
record of monsoonal precipitation from northern Chile's Atacama Desert: Science, 
V. 289, p. 1542-1546. 

Bobst A.L., Lowenstein T.K., Jordan T.E., Godfrey L.V., Hein M.C., Ku T.-L., and Luo 
S., 2001, A 106 ka paleoclimatic record from the Salar de Atacama, northern 
Chile: Palaeogeography, Palaeoclimatology, Palaeoecology, v, 173: p. 21-42. 

Geyh M.A., Grosjean M., NuAez L.A., and Schotterer U., 1999, Radiocarbon reservoir 
effect and the timing of the Late-Glacial/early Holocene humid phase in the 
Atacama Desert (northern Chile): Quaternary Research, v. 52, p. 143-153. 

Grosjean, M., van Leeuwen, J.F.N., van der Knapp, W.O., Geyh, M.A., Ammann, B., 
Tanner, W., Messerli, B., Nufiez, L.A., VaJero-Garces, B.L., and Veit, H., 2000, 
A 22,000 year BP sediment and pollen record of climate change from Laguna 
Miscanti (23° S), northern Chile: Global and Planetary Change, v. 28:35-51. 

Kull, C., and Grosjean, M., 1998, Albedo changes, Milankovitch forcing, and late 
Quaternary climate change in the central Andes: Climate Dynamics, v. 14, p. 871-
881. 

Latorre, C.L., Betancourt, J.L., and Rylander, K.A., and C^uade, J., 2002, Vegetation 
invasions into Absolute Desert: A 45,000-YR rodent midden record from the 
Calama-Salar de Atacama Basins, Northern Chile (22-24''S): Geological Society 
of America Bulletin, in press. 

Martin, L., Bertaux, J., Correge, T., Ledru, M.-P., Mourguiart, P., Sifeddine, A., Soubies, 
F., Wirrmann, D., Suguio, K., and Turcq, B., 1997, Astronomical forcing of 
contrasting rainfall changes in tropical South America between 12,400 and 8,800 
cal yr B.P: (^ternary Research, v. 47 p. 117-122. 

Rech, JA., C^uade, J., and Betancourt, JX., 2002. Late Quaternary Paleohydrology of the 
central Atacama Desert (22-24*'S), Chile. Geological Society of America, in 
press. 



216 

Stuiver, M. and Reimer, P.J., 1993, Extended database and revised CALIB 
radiocariran calibration program: Radiocarbon, v. 35, p. 215-230. 

Stuiver, M., Reimer, P.J., Bard, E., Beck, J.W., Burr, G.S., Hughen, K.A., Kromer, B., 
McCormick, G., van der Plicht, J., and Spurk, M., 1998, INTCAL98 radiocarbon 
age calibration: Radiocarbon, v. 40, p. 1041-1083. 

Sylvestre, F., Servant, M., Servant-Vildray, S., Causse, C., Foumier, M., and Ybert, J.-P., 
1999, Lake-level chronology on the southern Bolivian Altiplano (18°-23° S) 
during late-Glacial time and the early Holocene: Quaternary Research, v. 51, p. 
54-66. 



217 

TABLE 1 RADICARBON AGES FROM QUEBRADA CHACO SYSTEM 
Lab# Sample# St 'Depth 

(cm) 
material 8"C "C 

age 
s.d. 'Cal yrs 

B.P. 
Q. Inconguasi 

AA422S6 AT572A 1 -120 carbonized wood -24.0 10300 70 12030 
AA42253 AT 574A 1 -195 cartMnized wood -24.3 10550 60 12530 
AA38623 AT 575A 2 -20 carbonized wood -23.8 10220 60 11850 
AA38624 AT 577A 2 -165 carbonized wood -25.6 10400 70 12330 
AA38625 AT578A 2 -285 carbonized wood •29.2 12780 70 15400 

Q. la Cenlzas 

AA42261 AT 598B 8 -145 organic mat -22.2 10535 90 12510 
AA42258 AT599A 8 -160 carbonized wood -24.3 9990 120 11300 
AA42267 AT600A 9 -35 organic mat -25.2 9945 65 11260 
AA42269 AT600B 9 -35 organic mat -25.2 10200 70 11840 
AA38628 AT601A 10 -90 carbonized wood -22.9 10065 80 11460 
AA38629 AT604A 10 -245 carbonized wood -22.5 10460 60 12470 
AA38631 AT613A 10 -560 carbonized wood -27.6 17540 110 20840 

Q. Chaco Sur 

AA42260 AT 6068 12 -40 organic mat -28.5 13150 90 15770 
AA38630 AT608A 12 -110 carbonized wood -30.8 13460 70 16140 
AA42263 AT 6098 12 -125 organic mat -30.3 13520 95 16209 

Q. Chaco Nofte 
organic mat 

AA42268 AT 6168 11 -20 organic mat -24.7 9055 60 10210 
AA38632 AT617A 11 -55 carbonized wood -23.7 9760 50 11170 
AA42262 AT618B 11 -140 organic mat -28.9 12440 85 14340 
Q. Chaco 

AA38626 AT582A 3 -85 carbonized wood -23.6 9500 70 10710 
AA422S2 AT583A 3 -190 carbonized wood -22.7 9880 60 11230 
AA42265 ATS80B 3 -335 organic mat -18.4 10045 80 11450 
AA42246 AT590A 4 -210 carbonized wood -23.7 9360 55 10535 
AA422S0 AT589A 4 -260 cartMnized wood -23.2 9570 60 10910 
AA422S1 AT587A 4 -360 carbonized wood -27.4 9960 60 11280 
AA42255 AT 591A 5 -20 carbonized wood -23.2 9950 80 11260 
AA422S4 AT 593A 5 -100 cartxjnized wood -24.8 10140 60 11670 
AA38627 AT594A 6 -75 peaty organics -23.2 10340 80 12210 
AA422S9 ATS95A 7 -160 carbonized wood -23.6 9680 85 11140 
AA42266 AT 59SB 7 -160 organic mat -26.0 10070 65 11500 
AA42264 AT 597B 7 -190 organic mat -22.4 10270 140 11953 

* Depth from top of section 
§ M^od A, Stuiver and Reimer, 1993; Stuiver et al., 1998. A 24 '̂ C year Southern 
Hemisphere correction was applied to all samples. The midpoint of intercepts was used 
when there were multiple intercept ages. 
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Figure E.1 Location of study area and some important paleociimatic records from the 
Atacama Desert and central Andes. 
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Figure E.2 Study area of Quebrada Chaco and its major tributaries with location of measured 
sections (Figure E.3). 
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Figure E J Stratigraphic sections of channel deposits. 
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Figure E J (continued) Stratigraphic sections of channel deposits. 
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Figure E.4 Calibrated ''*C ages from wetland deposits of the Late Glacial/early Holocene 
wet phase. 


