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The hyperarid core of the Atacama Desert possesses important reserves of “fossil” or ancient groundwater,
yet the extent and timing of past hydrologic change during the late Quaternary is largely unknown. In situ
and/or short-distance transported leaf-litter deposits abound along relict fluvial terraces inserted within
four dry and unvegetated valleys that drain into the endorheic basin of Pampa del Tamarugal (PDT, 21°S,
900–1000 m), one of the largest and economically important aquifers in northern Chile. Our exceptional ar-
chive offers the opportunity to evaluate the response of low-elevation desert ecological and hydrological sys-
tems to late Quaternary climate variability. Three repeated expansions of riparian/wetland ecosystems, and
perennial rivers occurred along the southernmost PDT basin between 17.6–14.2 ka, 12.1–11.4 ka and from
1.01–0.71 ka. Both early and late archaic archaeological artefact are present in clear association with our fossil
riparian/wetland assemblages, which suggests that these palaeoenvironmental changes facilitated past
human occupations in the hyperarid core of the Atacama Desert. Using modern analogues, we estimate
that these ecological and hydrological changes were triggered by a threefold increase in rainfall along the
headwaters of what are presently inactive canyons. Comparisons with other regional palaeoclimatic records
from the central Andes indicate that these changes were synchronous with the widespread pluvial stages
now termed the Central Andean Pluvial Event (CAPE— 17.5–14.2 ka and 13.8–9.7 ka). In addition, we sum-
marize new evidence for perennial runoff, riparian ecosystems and a major human settlement during the latest
Holocene. Our findings clearly show that local hydrological changes in the PDT were coupled with precipitation
variability in the adjacent eastern highlands during the late Quaternary. The long-term dynamics of low-
elevation desert ecological and hydrological systems are likely driven by changes in moisture sources, with
one source tied to the Amazon region (N–NEmode) and the other to the Gran Chaco region (SEmode).We con-
clude by linking ENSO-like variability and moisture variations over the Gran Chaco to the three major regional-
scale recharge events over the last 18 ka in the PDT basin.We conclude by asserting that an important portion of
the groundwater resources in the PDT is indeed fossil, inherited from past pluvial events. We recommend that
the relationship between ancient recharge, together with palaeoclimate records of past headwater rainfall fluc-
tuations should be incorporated into future water-balance models and evaluation of groundwater potential in
northern Chile.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

By definition, arid regions are always under permanent negative
water balance. Yet, these regions also experience major fluctuations in
potential evapotranspiration and/or precipitation at different timescales
(e.g. Lioubimtseva, 2004). The dry central AndesMountains and adjacent
hyperarid Atacama Desert (16°–28°S) have not been an exception.
During the late Quaternary, these regions experienced an alternation
of arid and wetter conditions (aka pluvial events). Two families of hy-
potheses have been proposed to explain these patterns. The first is
that these resulted as a consequence of low latitude insolation changes
over South America and changes in north Atlantic sea surface tempera-
tures (e.g. Martin et al., 1997; Baker et al., 2001; Fritz et al., 2004). The
second set of hypothesis proposes that pluvial events are driven by in-
solation changes over the tropical Pacific coupledwith atmospheric cir-
culation anomalies along eastern subtropical South America (e.g.
Latorre et al., 2002; Rech et al., 2002; Quade et al., 2008). According to
this hypothesis, the wet (dry) phases in the Atacama Desert are linked
to sustained increases (decreases) in summer rainfall forced by enhanced
(decreased) tropical Pacific SST gradient and/or increased (decreased)
moisture availability in the Gran Chaco basin. Both mechanisms are
known major drivers of modern inter-annual and inter-decadal rainfall
variability over the central Andes (Vuille et al., 2000; Garreaud et al.,
2003; Vuille and Keimig, 2004).

Due to the sensitivity of the central Andes and Atacama Desert to
ENSO-like variability, palaeoclimatic reconstructions in these areas
have helped elucidate the role of the tropics in driving global climate
changes at millennial timescales (Cane and Clement, 1999; Clement
and Cane, 1999; Clement et al., 1999; Latorre et al., 2006; Placzek et
al., 2006; Quade et al., 2008; Placzek et al., 2009). Furthermore, these re-
constructions in concert with palaeoecological studies have provided
new insights into the long-term dynamics of local aquifers and lacus-
trine systems and revealed the extraordinary adaptive capacity of re-
gional ecosystems as well as human societies.

Dramatic changes occurred at 18–9.7 ka in rodent populations and
in the latitudinal and altitudinal distributions of plant communities
above 2000 m of elevation throughout the western slope of the Andes
between 22° and 25°S (Betancourt et al., 2000; Kuch et al., 2002;
Latorre et al., 2002, 2003, 2005; Maldonado et al., 2005; Latorre et al.,

2006; González, 2008; Quade et al., 2008; Latorre et al., 2009). Palaeo-
hydrological evidence from the central AtacamaDesert (22°–24°S) indi-
cates major changes in local water table heights between 15.9 and 9 ka
(Betancourt et al., 2000; Bobst et al., 2001; Rech et al., 2002; Lowenstein
et al., 2003;Quade et al., 2008). Past lake levelfluctuations inferred from
abandoned beach terraces indicate several highstands between 18 and
11 ka across the Altiplano (Geyh et al., 1999; Sylvestre et al., 1999;
Placzek et al., 2006; 2009). Indeed, such widespread evidence and
matching chronologies between these different records have led several
authors to postulate that a “Central Andean Pluvial Event” (CAPE) oc-
curred more or less synchronously throughout the region (Latorre
et al., 2006; Quade et al., 2008; Placzek et al., 2009).

The impact that these multi-millennial changes in precipitation
had on the adjacent lowlands (b2000 m) remains poorly known. Palaeo-
climate studies on the timing and impact of past rainfall variability in the
lower elevation Atacama Desert are practically non-existent. Examples
of questions about potential impacts for which answers are lacking in-
clude: did enhanced precipitation at higher altitudes generate a series
of flushing events in their aquifers, shifting surface runoff, local water
tables and distribution of biota? Is there a relationship between climate
change in the lower elevation desert and in the highland central Andes
during the late Quaternary? How did past rainfall variability affect the
long-term dynamics of these hydrological systems and associated eco-
systems?What are the implications of past climate changes for the bio-
geography of desert communities and modern hydrology?

To answer these questions, we have been studying organic-rich de-
posits collected along abandoned fluvial terraces inset within hyperarid
and plantless canyons that drain into the low-elevation endorheic basin
of Pampa del Tamarugal (PDT). In a preliminary report, we presented a
palaeoenvironmental and geomorphologic interpretation of fluvial ter-
races and associated chronology (Nester et al., 2007). Among ourmajor
findings were that between 17.4–14.2, ~11.8 and around 1.1–0.7 ka,
three repeated expansions of riparian vegetation, associated perennial
river-flow and increased local groundwater tables, occurred in the
PDT that were synchronous with major pluvial events in the central
Andes.

In this paper, we: (1) expand our previous reconstructions on the
timing and impact of past climate changes in the northern Atacama De-
sert with new radiocarbon and macrofossil analyses obtained from 18

121E.M. Gayo et al. / Earth-Science Reviews 113 (2012) 120–140



Author's personal copy

new samples of fossil leaf-litter; (2) develop a modern analogue for the
PDT fossil assemblages based on present-day plant-communities; (3)
use δ13C measurements on tree-rings from well-dated and taxonomi-
cally identified fossil wood to infer past hydrologic change; and (4) dis-
cuss the implications of late Quaternary climate changes for the
biogeography, hydrology and peopling of the lower elevation Atacama
Desert.

2. Regional settings

2.1. Physiographic and geomorphology

The PDT endorheic basin (19°17′–21°30′S) is located in the Central
Valley (elevation range 1000–1600 m) within the hyperarid core of
the northern Atacama Desert (Fig. 1). The subsurface sedimentary fill
of the basin hosts a complex, multi-aquifer groundwater system that
spans over 4000 km2 (JICA, 1995). The basin is bounded by the Coastal

Cordillera (a 1000–2000 m altitude range) to the west. To the east, the
northern PDT basin (19°17′–21°S) runs up against the foothills of the
Western Andean Cordillera (WAC). The southern PDT basin (21°–
21°30′S) is flanked to the east by the Sierra de Moreno (SM), a Palaeo-
zoic basement range that rises to 4000 m (Tomlinson et al., 2001) and
completely separates the PDT basin from the Altiplano surface drainage
basin. Under the modern climate, all of the surface water input to the
PDT is from the Andean highlands to the east. Only a few of these east-
ern streams retain enough surface flow to reach the PDT, and the dom-
inant surface expression of water occurs along the western fringe of the
PDT where surface evaporation forces the outcropping of groundwater
by capillarity.

The PDT basin dates back to the latest Oligocene–early Miocene
with deposition of evaporitic and alluvial/fluvial sediments (Member
1) and volcanic ignimbrites (Member 2) from the Altos de Pica Forma-
tion (hereafter AdP Fm). Throughout the Miocene, alluvial sediments
(AdP Fm Members 3 and 5) continued to be deposited throughout the

Fig. 1. Study area indicating localities discussed in the text. Locations for the 39 organic-rich deposits analyzed in this study (red circles), unvegetated intermittent canyons from the
southernmost PDT basin (orange dashed-lines), perennial streams (blue solid-lines), Salar de Pintados, Salar de Bellavista and Salar de Llamara (numbers 1, 2 and 3 respectively).
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basin and ignimbrites (AdP FmMember 4) accumulated along the east-
ern flank of the basin. By the latest Miocene–early Pliocene, pediplana-
tion was extensive and a series of deeply incised canyons (>200 m)
began to form by groundwater-sapping (Hoke et al., 2004).

A pronounced increase in surface runoff from the SM and WAC
during the late Pleistocene led to a series of cut and fill cycles in the
southernmost basin (Nester et al., 2007). Thus, late Miocene alluvial
fan deposits (T1 in Fig. 2) are inset by a series of late Quaternary
abandoned fluvial terraces (T2–T3, Fig. 2) in seven different canyons
that drain the SM south of 20°40′S (Fig. 1) (Nester et al., 2007). Terraces
are labeled in descending order (to themodern channel) as T1, T2, T2.5,
T2.7, T3 and “modern” (Fig. 2). Fluvial aggradational fill associated with
terraces T2, T2.5, T2.7, and T3 can reach a thickness of 20 m (Nester et
al., 2007). T2 intersects T1 at ~1200 m, spreading beyond this point to
form alluvial fans. At Quebrada Tambillo (Fig. 1), the modern channel
is inset by 1–3 m at 1250 m elevation and rests >10 m below T3 and
continues as a confined channel for several km downstream.

2.2. PDT climate and groundwater

Mean annual temperature (MAT) across the PDT is 19.5 °C, with av-
erage minimum and maximum temperatures of −0.2 °C and 33.8 °C
during June and December, respectively (Lanino, 2004; DGF, 2007).
Evaporation rate values lie in the range of 2000 mm/yr to 3410 mm/yr
(DGA, 1987; Lanino, 2004; PRAMAR-DICTUC, 2007) and relative hu-
midity fluctuates between 30% and 59% (JICA, 1995). Mean annual pre-
cipitation (MAP) is b1 mm/yr during the last century (DGF, 2007).

Because precipitation is practically nonexistent in the lower desert,
the PDT aquifers are recharged by precipitation in catchment basins lo-
cated in the adjacent eastern highlands, where precipitation increases
rapidly with elevation (Houston and Hartley, 2003; Houston, 2006c).
Roughly 80% of annual rainfall occurs during the austral summer fed
by the South American Summer Monsoon system (SASM; Zhou and

Lau, 1998). This seasonal pattern is controlled by the location and
strength of the Bolivian High (Garreaud, 1999; Vuille, 1999; Garreaud
et al., 2003). Intensification and southward displacement of the Bolivian
High enhances the Easterlies flow and increases moisture influx from
the Amazon basin and Gran Chaco (Garreaud et al., 2003; Vuille and
Keimig, 2004). Inter-annual precipitation variability along the central
Andes seems to be controlled by variations inmoisture transport linked
to: (1) changes in both the intensity/direction of Easterlieswinds (mod-
ulated by ENSO); and (2) humidity levels over the Gran Chaco (Vuille
et al., 2000; Garreaud et al., 2003; Vuille and Keimig, 2004).

Geological and geochemical evidence indicates that two main areas
of recharge for PDT aquifers have been inferred to exist along the WAC
and SM. The first area is linked to infiltration in the WAC and Altiplano
(>4000 m). Magaritz et al. (1990) and Aravena (1995) propose that
deep circulation flows through the permeable horizons in the AdP Fm,
and this water then outcrops along PDT fault zones. Recharge in the
second area takes place via infiltration of surface-water at the apex of
alluvial fans at lower elevations (Fritz et al., 1979, 1981; Magaritz et
al., 1989, 1990; JICA, 1995; Houston, 2001, 2002, 2006b). This recharge
mechanism has been observed to occur on a 4-yr frequency during La
Niña events when rare convective storms generate short but intense
rainfall at higher elevations (Houston, 2001, 2002, 2006a, 2006b).

The effectiveness of this lattermechanismvery likely increases toward
the south in the PDT. Houston (2006a) pointed out thatmountain-front
recharge intensity differs between ephemeral and perennial tributaries.
In ephemeral streams, recharge tends to be more intense and effective
as the stream is perched above sediments that are not fully saturated
with water, which enables rapid infiltration of a large volume of flood-
waters. In the case of perennial streams, the shallow sediments adjacent
to the stream are saturated with water and flood cannot be infiltrated
into the underlying aquifers. Most of the channels that reach the PDT
north of ~21°S are perennial, whereas most of those farther south are
ephemeral (Fig. 1). This hydrological pattern results from a southward

T1

Modern channel

Legend
Wavy-laminated
 silts and sands

 Cross-laminated
sands and gravels

Cross-laminated
well-sorted sands

Well-laminated
poorly-sorted

sands and gravels 

Tuff from AdP Fm
(5.4 Ma)

Organic-rich
deposits 

T3
T2.7

T2.5

T2

20m

Fig. 2. Generalized stratigraphy of fossil fluvial terraces found along inactive canyons from southern PDT basin (modified from Nester et al., 2007).
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decrease in catchment basin area coupledwith decreasingmean annual
precipitation, which in turn is a function of altitude and latitude (Nester
et al., 2007).

2.3. Vegetation

The PDT is dominated by Absolute Desert (Arroyo et al., 1988), a
hyperarid landscape of desert pavements that, lacking macroscopic
life, are covered by rock fragments in a fine matrix of gypsum and an-
hydrite (Rech et al., 2003b; Ewing et al., 2006). Nevertheless, both
local groundwater discharge and streams create oases for life in this
extreme environment.

In the western basin, groundwater discharge feeds natural and
reforested Tamarugo communities located along the distal alluvial
fan-floodplains and around some salt-pans. These associations are
composed mainly of halophytes (Distichlis spicata) and phreatophytic
taxa such as Prosopis tamarugo (Luebert and Pliscoff, 2006). Reforested
communities can also incorporate introduced phreatophytes such as
Prosopis alba and Prosopis chilensis.

Riparian ecosystems are common bordering perennial rivers in
the northern basin (Gajardo, 1994; Gutierrez et al., 1998; Villagrán
et al., 1999). These vegetation formations usually do not extend
down into the hyperarid basin, except adjacent the northernmost
rivers of Aroma and Tarapacá (Fig. 1). Riparian communities include
phreatophytes (Schinus molle, Geoffroea decorticans), hygrophytes
(Escallonia angustifolia, Cortaderia atacamensis) and halophytes
(Tessaria absinthioides, Distichlis spicata).

In contrast, the riparian vegetation found bordering the ephemeral
streams of the southern basin is confined to the spring-fed headwaters.
Plants disappear almost completely at altitudes b2300 m. In fact, these
areas are essentially barren of vegetation except for the occasional iso-
lated shrub (Adesmia atacamensis, Loasa fruticosa) and some annuals
(Cistanthe salsoloides, Dinemandra ericoides) growing adjacent to the
streambeds after occasional flooding events (Gajardo, 1994).

3. Methods

3.1. Radiocarbon, macro and microfossil analyses

We sampled 39 organic-rich deposits (Appendix A) along four
ephemeral tributaries that discharge into the Salar de Llamara in the
southernmost PDT basin (21°05′–21°25′S, Fig. 1). Macro and micro-
fossil content analyses and radiocarbon dates from 21 of these de-
posits were previously reported in Nester et al. (2007) and Gayo
et al. (2012) (see Appendix A). Additional two radiocarbon dates on
in situ roots (N06-11A sample) and CaCO3 rhizoliths (N05-10 sample)
were also reported in Nester et al. (2007, see Table 1).

Organic-rich deposits typically occur as mounds (Fig. 3a) preserved
on the surface of relict fluvial terraces (T2, T2.5, T2.7, Fig. 2) from
Quebradas (canyons) Maní (QM) Sipuca (QS) and Tambillo (QT)
(Fig. 3e). We could not locate any of these deposits on the surface of
T3. Occasionally, subsurface organic deposits with horizontal stratifica-
tion are also found in fluvial terraces at depths b30 cm below the sur-
face. In the Lomas de Sal canyon (LdS), organic mounds lie onto the
surface of alluvial floodplain deposits (Fig. 3c–d). All mounds and sub-
surface deposits abound with fossil wood and leaf-litter all of which
have no signs of tissue decay and damage (Fig. 3b). Somemounds con-
tain only fossil wood (Fig. 3c), and these were extensively exploited by
local “wood hunters” for charcoal production during the nitrate-mining
boom (Briones, 1985; Hidalgo, 2009). Practically all the leaf-litter de-
posits yielded datable and taxonomically identifiable fossil plant re-
mains. Vertically oriented tree trunks often emerge from the mounds
and subsurface deposits, suggesting in situ past vegetation growth and
deposition (Fig. 3c). At LdS, seven of the nine organic deposits described
are plant and wood debris accumulated into T2 margins (Fig. 3f,
Appendix A).

Between 0.3 and 10 g of plant remains from each organic deposit
were submitted for AMS and bulk radiocarbon dates. Short-lived plant
tissue (leaves, flowers or twigs) was selected rather than associated
logs and bark, except for those organic deposits containing only wood
and insufficient fossil leaf remains.Woody plant tissue is particularly re-
sistant to degradation over time in hyperarid environments and many
surface wood finds could represent more than one depositional event
and thus more than one climate state.

Radiocarbon ages were calibrated using CALIB 6.0 (INTCAL09 cali-
bration curve, Intercept Method). To constrain the significant palaeocli-
mate events at PDT, we estimated pooled mean ages. All ages reported
here are given in thousands of calendar years before 1950 (ka).

Pollen grains from indurated leaf-litter sediments (Appendix A)
were extracted using standard techniques (Faegri and Iversen, 1989).
Plant macrofossils were separated from leaf-litter deposits under a bin-
ocular scope. Microhistological analyses were performed on plant tis-
sues to examine taxonomically relevant characteristics (e.g. leaf veins
patterns, stomata guard cell shape, trichomes). Microhistological ana-
lyses were carried out using a modified protocol based on Latorre
et al. (2002). Plantmacrofossils were identified to the lowest taxonomic
level possible either by comparison with our reference collection of
modern flora or by using published taxonomic keys (Muñoz-Pizarro,
1966; Nicora and Rúgolo de Agrasar, 1987). Additionally, fossil trunks
with well-preserved cellular details (samples N05-12a, N05-11 and
N05-18, Appendix A) were identified from wood anatomical features
analyses at the Center for Wood Anatomy Research, USFS Forest
Products Laboratory (Madison, WI, US).

3.2. Modern analogue analyses

Five well-defined vegetation formations from the northern Atacama
Desert (16°–22°S) serve as potential modern analogues to the fossil
plant communities. Among these, the Andean and Altiplano ecosystems
encompass species occurring along the WAC semiarid zones at eleva-
tions between 2600–3300 m (denoted Andean) and >3400m
(denoted Altiplano) and are watered by direct rainfall. In contrast, the
other three associations incorporate species associated with other cate-
gories of water sources, such as fog (Lomas formations), groundwater
(Pampa formations) and perennial runoff (riparian formations).

We clustered the PDT fossil assemblages into 11 groups based on
radiocarbon age, geographical location, stratigraphic position and ta-
phonomy. We also established an additional fossil assemblage for
T2.7 at QM,which incorporates two leaf-litter deposits that are awaiting
further radiocarbon dating. Taxa not resolved beyond family were ex-
cluded from the fossil assemblages.

To identify amodern analogue for the fossil vegetation assemblages,
we calculated the similarity between a fossil assemblage and each of the
five differentmodern analogues. The Similarity Index (SI) usedwas A/B,
where A represents the number of species shared between a fossil set
and a candidate association, and B is the total number of species within
a particular fossil assemblage. The SI ranges from 0 (complete dissimi-
larity) to 1 (perfect similarity) andwas selected to avoid overestimation
of similarity due to shared null values. Statistical confidence for each SI
was estimated by calculating the standard deviation (SD) from 10,000
bootstraps. All analyseswere executed in the R computing environment
(R-Development-Core-Team, 2008).

For a given fossil assemblage, the best analogue is the present-day as-
sociation that possesses the largest SI and smallest SD. When more than
one modern association seemed plausible, we used those analogues for
which SI is closest to 1 and displayed similar SD. Palaeoenvironmental
reconstructions were obtained by directly extrapolating environmental
features of the closest analogue to a particular fossil assemblage. If two
or more matching analogues were found, mean environmental proper-
ties associated with all possible analogues were assigned to the fossil
assemblage.
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Because vegetation distribution in the Atacama Desert is tightly
linked to water availability (Arroyo et al., 1988), our palaeoenviron-
mental reconstructions use the modern precipitation and hydrologi-
cal conditions associated with the modern analogue assembled to
permit qualitative estimates of palaeoprecipitation and palaeohydro-
logical parameters. Present-day MAP ranges for Andean associations
were taken from empirical models of the relationship between MAP
and altitude along theWAC (Houston and Hartley, 2003). For riparian
and Pampa formations, hydrological parameterswere taken fromgovern-
mental or private industry reports (JICA, 1995; DGA, 2004, 2007;
PRAMAR-DICTUC, 2007), available literature (Rojas and Dassargues,
2007) and open-access information available at the Dirección General
de Aguas website (http://www.dga.cl). Environmental parameters as-
sociated with the modern Lomas formations are from Cereceda et al.
(2008).

3.3. Stable isotope analysis

Carbon isotopes of annual tree rings were analyzed in a 14C-dated
cross-section of Schinus molle fossil wood from the LdS flood deposits
(sample N05-12A, Appendix A). Identification of annual tree-rings and
width measurements were carried out under a binocular scope using
a ruler with a precision of 0.5 mm.

Ten mg of latewood and earlywood fractions was extracted at regu-
lar intervals of two tree-rings using a rotary drill with a 1 mmdiameter
drill bit. Additionally, we sampled five consecutive tree-rings by
employing the same procedure. Isotope analyses are on both whole-
wood tissue (untreated) and crude cellulose (treated). Crude cellulose
extraction process followed the Diglyme-HCl method of MacFarlane et
al. (1999). Cellulose extractions on five tree-ringswere conducted to as-
sess potential effects of either mobile components or non-climatic

Fig. 3. (a) A fossilized river bank exposed on the T2.5 terrace in the QT valley with (b) fossil plant-remains found in leaf-litter deposits. Note the outstanding preservation of Cortaderia
atacamensis and Escallonia angustifolia leaves, (c–d) Prosopis tamarugomound rising above the surface of alluvial floodplains from the distal segment of LdS. Dotted line in (c) describes a
literally “mummified” understory. (e) Panoramic view of hyperarid QM landscape from T2.5 terrace. (f) Flood deposits from LdS containing abundant fossil logs and intercalated horizons
of Escallonia angustifolia leaves.
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process on δ13C values from untreated whole-wood tissue. Compari-
sons among δ13C values for untreated and treated samples were evalu-
ated using Pearson correlations.

The δ13C of treated and untreated tree-ringmaterials wasmeasured
at the Cornell University Stable Isotope Laboratory (COIL, Ithaca, NY,
US). Results are reported in δ notation in permil (‰) deviations from
the V-PDB standard. Precision for these analyses was ±0.1‰.

4. Results

4.1. Stratigraphy and radiocarbon chronology

Leaf-litter deposits occur in four different stratigraphic contexts.
The most common types of these deposits are leaf-litter and wood
mounds that rise slightly above the average surface elevation of the
fluvial terraces that form benches on canyon walls. These organic-
rich deposits are contained within fine sandy silts and represent fos-
silized understories of vegetation growing in situ upon the terrace
surface (Fig. 3a). Thus, 14C-dates on plant remains from the mounds
provide a minimum age estimate for the end of a particular aggrada-
tional sedimentation event.

A second type of deposit is leaf-litter mounds that emerge onto
the surface of alluvial floodplains located along the distal segment of
LdS (Fig. 3c–d). These are contained in fine silts and likely correspond
to in situ vegetation growing in areas that experienced occasional
flood events originated as runoff from the adjacent highlands.

In situ subsurface leaf-litter deposits can also occur beneath ter-
race surfaces. This third type of deposit appears as dispersed or con-
centrated plant material embedded within a wavy-laminated fine
silt or sandmatrix (Fig. 4a), likely indicating an overbank depositional
environment. Therefore, these represent in situ vegetation that grew in
areas with periodic flooding and/or ponding. Vertical successions of
horizontal layers reflect historical series of sediment aggradation and
stream events as well as changes in the depositional environments.
For example, a thin bed of well-sorted fine to medium cross-bedded
sands underlying all subsurface leaf-litters (Fig. 4a) could indicate in-
channel or floodplain sandbar deposits. In contrast, deposition of a
thin layer of desert pavement at the top of T2.5 and T2.7 from QT
could imply a switch from fluvial to aeolian deposition. Similarly, a
thin layer of horizontal bedded fine to medium-grained sands (Fig. 4a)

above the QM-2E deposit suggests that it was buried completely by ae-
olian deposition between 0.81 and 0.78 ka, as indicated by the presence
of in situ fossil canes.

Finally, the fourth type of deposit incorporates plant and wood de-
bris contained in fine-grain silty layers at LdS (Fig. 4b). These deposits
likely reflect some degree of transport drifted onto the T2 margins as
flood loads (Figs. 3f, 4b) and were later covered by colluvial sediments
at LdS-1 (Fig. 3f). These log-jam deposits (aka flood deposits) include
leaves, seeds, twigs and inflorescences as well as large to medium logs
typically imbricated or horizontally-oriented with respect to the river-
bed (Figs. 3f, 4b).

Based on 30 radiocarbon dates of in situ and log-jam deposits we
provide a record of ecological and hydrological changes in the lower
elevation Atacama Desert spanning the last 18 ka (Table 1). Our 14C-
chronology shows definite clustering at ~13.5 and at ~0.87 ka. Two dis-
tinct hiatuses are evident in our deposits between ~13.9 and 12.3 ka
and practically for the entire Holocene (Table 1, Fig. 5).

Two sub-clusters of dates occur within the latest Pleistocene
(Fig. 5). The first group (n=17 dates), clustering at 15.4 ka, includes
dates from rootlets preserved in CaCO3 rhizoliths within T2 terrace at
QS and in situ leaf-litter (mounds and subsurface deposits) preserved
upon T2 (17.6–15.6 ka), T2.5 (15.9–15.7 ka) and T2.7 (15.8–15.3 ka,
Table 1). Clusters also occur for in situ (15.3–14.6 ka) and flood deposits
(15.0–14.2 ka) from the LdS (Table 1, Fig. 5). The second group (n=7
dates) of latest Pleistocene dates (11.8 ka, Fig. 5) incorporates plant-
remains from LdS-6 flood deposits (12.1–11.8 ka), in situ roots found
within fan deposits at the distal portion of LdS (N06-11 A sample,
Table 1) and in situ grass-stems (12.0–11.4 ka) found on the surface of
T2.5 at QM (Table 1, Fig. 5).

A latest Holocene cluster (~0.87 ka, Fig. 5) includes six radiocar-
bon dates on plant remains from in situ leaf-litter deposits collected
on the surface of T2.5 within QM (Table 1, Fig. 5).

4.2. Micro and macrofossil analyses

We analyzed 37 organic-rich deposits for plant macrofossils. Fur-
ther two samples of indurated sediments were analyzed for pollen
(Appendix A). The macrofossil array of these deposits includes well-
preserved feathers, rodent and avian faeces, insects, leaves, seeds, fruits,
twigs and inflorescences. We identifiedmacrofossils from 28 taxa in 13

Fig. 4. (a) Stratigraphic sections for subsurface deposits of situ leaf-litters at QM (section QM-2) and QT (sections QT-6, QT-8). Dated samples QM-2A and QM-2E recovered from
T2.5 terrace are also shown. QT-6 was described from T2.7, whereas QT-8 is part of the T2.5 terrace. (b) A log-jam flood deposit embedded along the T2 terrace wall at LdS-6. Note
the imbricated logs at LdS-6A. All radiocarbon dates are in calendar years BP (see Table 1).
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families (Table 2, Appendix A). The number of taxa per organic-rich de-
posit ranges from aminimum of one to amaximumof 14 (Appendix A).

All in situ leaf-litter deposits from fluvial terraces at QM, QS and QT
dated at 15.9–14.2 ka, (Table 1) are broadly dominated by taxa presently
absent from this area such Schinus molle and Escallonia angustifolia re-
mains (Fig. 6a–b, Appendix A). At QS and QT Tessaria absinthioides, Bac-
charis scandens, Cistanthe sp and Cortaderia atacamensis macrofossils

were also present on the T2.5 and T2.7 terraces (Fig. 6c–e, Appendix
A). Pollen analyses on two in situ indurated leaf-litter deposits collected
at QS and QT canyons reveal that Asteraceae sp, Poaceae sp and Prosopis
tamarugo have occurred on the surface of T2 terrace (Appendix A). Most
in situ organic-deposits from the alluvial flood plain LdS that dated to
15.3–14.6 ka (Table 1, Appendix A) array Distichlis spicata, Tessaria
absinthioides and abundant macrofossils of Prosopis tamarugo (Fig. 6f–

Table 1
Radiocarbon dates for organic-rich deposits from southern PDT basin.

No. Sample ID Laboratory code Dated material 14C yr BP δ13C
(‰)

Calibrated age
(ka BP)

2σ
(cal. yr BP)

Quebrada Maní (QM)
1 QM-2Aa,b CAMS-129007 Canes 870±30 −10.4 0.78 −45/115
2 QM-2Ea,b CAMS-129008 Twigs 960±30 −22.7 0.86 −55/70
3 QM-3a,b CAMS-129009 Leaves 1110±30 −24.3 1.01 −35/45
4 QM-4b,c CAMS-131272 Leaves 13,190±35 −24.3 15.6 −180/150
5 QM-14a,d UGAMS-4065 Twigs 790±25 −22.9 0.71 −20/15
6 QM-15Aa UGAMS-4066 Stems 10,260±40 −25.5 12.0 −180/70
7 QM-15Ba UGAMS-4561 Stems 10,110±30 −24.7 11.7 −110/90
8 QM-16a,d UGAMS-4067 Leaves 810±25 −26.2 0.72 −20/20
9 QM-17a UGAMS-4562 Stems 10,030±40 −25.6 11.5 −130/90
10 QM-18a,d UGAMS-4563 Leaves 990±25 −21.7 0.92 −115/15
11 QM-19a UGAMS-4564 Stems 9960±40 −22.5 11.4 −120/210

Quebrada Sipuca (QS)
12 QS-1b,c GX-32394 Leaves 13,330±80 −24.3 15.8 −220/190
13 QS-3a,b GX-32395 Leaves 13,400±70 −24.4 15.9 −210/180
14 N05-10b UCIAMS-29222 In situ rhizoliths within T2 14,470±70 No data 17.6 −140/225

Quebrada Tambillo (QT)
15 QT-1b,c GX-32396 Leaves 13,290±80 −23.9 15.8 −210/190
16 QT-5b,e GX-32397 Leaves 12,940±150 −24.8 15.3 −242/210
17 QT-6a,b GX-32398 Leaves 13,310±180 −24.5 15.8 −320/280
18 QT-8b,e CAMS-129367 Leaves 13,280±70 −24.0 15.8 −210/180
19 QT-9a,b CAMS-131273 Leaves 13,220±35 −27.1 15.7 −180/160
20 N05-11a,b UCIAMS-292220 Wood 13,080±30 −20.5 15.9 −320/390

Lomas de Sal (LdS)
21 LdS-1f UCIAMS-29216 Leaves 12,400±192 No data 14.5 −360/310
22 LdS-5g UGAMS-4559 Leaves 12,630±40 −22.2 14.9 −130/120
23 LdS-6Af UGAMS-4062 Twigs 10,120±40 −22.2 11.8 −140/360
24 LdS-6Bf UGAMS-4063 Twigs 10,320±40 −21.4 12.1 −90/210
25 LdS-7g UGAMS-4560 Bark 12,950±40 −24.8 15.3 −140/120
26 LdS-8g UGAMS-4064 Flowers 12,490±40 −27.2 14.6 −190/200
27 N04-14Ab,f AA-62290 Leaves 12,244±96 −28.1 14.2 −190/130
28 N05-12Ab,f UCIAMS-29218 Wood 12,735±30 −20.2 15.0 −100/90
29 N05-18b,f UCIAMS-29219 Wood 12,435±30 −20.7 14.5 −200/130
30 N06-11Ab UCIAMS-29219 In situ roots within fan deposits 10,170±70 −21.7 11.8 −132/155

a Mound or subsurface in situ deposits onto T2.5 terrace.
b Reported previously in Nester et al. (2007).
c Mound or subsurface in situ deposits onto T2 terrace.
d Reported previously in Gayo et al. (2012).
e Mound or subsurface in situ deposits onto T2.7 terrace.
f LdS log-jam deposits.
g In situ mounds found onto alluvial floodplains from LdS.

Radiocarbon dates (ka BP)
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Fig. 5. The distribution of 30 radiocarbon dates (in ka) on plant-remains from the southernmost PDT basin. (gray diamond) Rootlets preserved in rhizoliths at T2 within QS canyon,
(dark circles) in situ leaf-litter deposits collected along the T2 terrace, (dark squares) in situ leaf-litter deposits on T2.5, (dark triangles) in situ leaf-litter deposits onto T2.7, (gray
circle) in situ roots in alluvial fan deposits from the western portion of LdS canyon, (x) in situ deposits found at LdS, (open circles) flood deposits from LdS, (open squares) in situ
grass-stems deposits from QM, (gray squares) in situ deposits from QM canyon.
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h). Exceptionally, at the alluvial flood plain of LdS an in situ leaf-litter
deposit (LdS-5 sample) dated in 14.9 ka arrays Caesalpinia aphylla,
Escallonia angustifolia, Tessaria absinthioides and Schinus molle remains
(Table 1, Appendix A).

Cuticle analyses on in situ stems preserved onto T2.5 at QM
(12.0–11.4 ka, Table 1) argue for the presence of a grass with epider-
mal features that did not exhibit any similarities with the current gra-
mineas found today in the northern Atacama. Actually, these analyses
on these fossil grasses revealed elongated epidermal cells with fine-
narrow undulating margins (Fig. 6h), a diagnostic character for the
Stipae tribe (Poaceae; Matthei, 1965) (Fig. 6i, Appendix A).

Macrofossil analysis of organic-flood sediments from the LdS canyon
dated at 14.5–14.2 ka reveals similar assemblages to those present
within in situ leaf-litter deposits occurring onto the fluvial terraces at
QM, QS and QT between 15.9 and 14.2 ka (Table 1, Appendix A). Youn-
ger plant debris deposits from LdS (12.1–11.8 ka, Table 1) are consider-
ably less diverse and contain abundant twigs and leaves of Prosopis
tamarugo leaves along with Cistanthe sp seeds (Appendix A).

The youngest in situ leaf-litter deposits from the latest Holocene are
much richer, including nearly 13 new taxa such as Baccharis alnifolia, Atri-
plex atacamensis, Euphorbia amandi, Chenopodium petiolare, Polypogon
interruptus, and Cryptantha sp, among others (Fig. 7, Appendix A). Most
of these deposits contained considerable amounts of Prosopis tamarugo
macrofossils as well as taxa recorded in the latest Pleistocene deposits
(e.g. Cortaderia atacamensis, Baccharis scandens, Tessaria absinthioides
and Cistanthe sp). Interestingly, cultivated corn (Zea mays) was also pre-
sent in these deposits.

Undated in situ leaf-litters collected from the T2.7 at QM (samples
QM-8 and QM-9, Appendix A) incorporate taxa recorded in latest
Pleistocene and latest Holocene deposits (Tessaria absinthioides,
Cistanthe sp and Prosopis tamarugo).

4.3. Modern analogue analyses

Practically all leaf-litter deposits preserved on the fluvial terraces
(Table 3, assemblages 1–6) and flood deposits from LdS (assemblages

8–9)match present-day riparian formations. This implies that perennial
riverflowand higherwater table elevations existedwithin the southern
PDT basin during the interval 15.9–14.2 ka and again at 12.1–11.8 ka. By
extrapolating modern hydrological parameters from eight perennial
rivers (Table 4), late Glacial–earlyHoloceneperennial streamsmight be
related to mean annual discharge that ranged from 2.07 to 0.16 m3/s.

Today, thewater table at LdS reaches a depth of ~70 mBGL (PRAMAR-
DICTUC, 2007), whereas present-day Pampa vegetation formations are
restricted to locations where phreatic levels range from 0 to 25 mBGL
(JICA, 1995; PRAMAR-DICTUC, 2007; Rojas and Dassargues, 2007). The
plant debris in the LdS in situ deposit (Table 3, assemblage 7) closely re-
sembles the modern Pampa formation. Hence, this association suggests
that the phreatic levels were locally ~45 m higher from 15.3 to 14.6 ka
than today.

A latest Holocene leaf-litter deposit on T2.5 at QM (Table 3, assem-
blage 10) bears important similarities with riparian, Andean and Alti-
plano formations, suggestive that the corresponding past precipitation
(>67 mm/yr, Houston and Hartley, 2003) was higher than today and
past perennial runoff was 2.8 and 0.22 m3/s (DGA, 2004) in QM. On
the contrary, equivalent SI scores among candidates and large overlap-
ping SD (Table 3) indicate that assemblage 11 lacks modern analogues.
Palaeoenvironmental reconstruction on the T2.7-QM assemblage sug-
gests concurrently perennial river flows, increased elevation of the
local water table under hyperarid conditions, relative humidity >70%
by strong fog influence (Cereceda et al., 2008) and increased local pre-
cipitation (>67 mm/yr, Houston and Hartley, 2003).

4.4. δ13C in tree-rings

We obtained a δ13C record from 45 tree rings of a Schinus molle
fossil log dated at 15 ka (N05-12A sample, Table 1). δ13C values in
whole-wood tissue and cellulose of −22.2 to −20.4‰ (Fig. 8) are
within the range of those described for C3 plants. Whole-wood tissue
δ13C from tree-rings was not significantly different than crude cellu-
lose, exhibiting a fairly good correlation (Pearson r=0.87, pb0.1)
and both exhibit an almost identical trend (Fig. 8).

Table 2
List of plant taxa identified from macro and microfossil analyses. Functional group for each species was defined based on both phenology and water-use strategies: (Pe) perennial,
(An) annual, (H) halophyte, (Hy) hygrophyte, (X) xerophyte, (Ph) phreatophyte, (Cu) cultivated. Taxa distribution at major Northern Atacama Desert vegetational formations:
(R) riparian, (L) Lomas, (P) Pampa, (A) Andean, (AL) Altiplano, (extra-local) currently not present.

No. Taxon Family Functional group Material indentified Distribution

1 Asteraceae sp Asteraceae No data No data No data
2 Atriplex atacamensis Chenopodiaceae Pe, H Leaves, stems, fruits and panicles R, P, A, AL
3 Atriplex glaucescens Chenopodiaceae Pe, H Fruits and leaves R, A, AL
4 Atriplex imbricata Chenopodiaceae Pe, H Leaves, stems and fruits R, P, A, AL
5 Atriplex sp Chenopodiaceae Pe, Hy Fruits No data
6 Baccharis alnifolia Asteraceae Pe, Hy Achenes R
7 Baccharis scandens Asteraceae Pe, Hy, H Flowers, achenes and leaves R
8 Chenopodium petiolare Chenopodiaceae An, Hy, X Seed R, L, A, AL
9 Cistanthe sp Portulacaceae An, Hy, X Leaves, stems, seeds and flowers R, L, A, AL
10 Caesalpinia aphylla Caesalpiniaceae Pe, Ph Flowers P
11 Cortaderia atacamensis Poaceae Pe, Hy Anthecium and blades R, A, AL
12 Cryptantha sp Boraginaceae An, Hy, X Leaves and stems R, A, AL
13 Distichlis spicata Poaceae An, H Stems R, P, A, AL
14 Escallonia angustifolia Escalloniaceae Pe, Hy Leaves and flowers R
15 Euphorbia amandi Euphorbiaceae An, X Seed and fruit AL
16 Junellia sp Verbenaceae Pe, X Seeds A, AL
17 Muhlenbergia sp Poaceae An, Hy Anthecium R, A, AL
18 Nicotiana longibracteata Solanaceae Pe, Hy Seed R
19 Poaceae sp Poaceae No data Pollen grain No data
20 Polypogon interruptus Poaceae Pe, Hy Flower sterile husk R, AL
21 Prosopis tamarugo Mimosaceae Pe, Ph Leaves, twigs, wood, bark, flowers, pods, seeds R, P
22 Schinus molle Anacardiaceae Pe, Ph Wood, flower, fruits R
23 Stipeae sp Poaceae No data Stems A, AL
24 Solanaceae sp Solanaceae No data Seed No data
25 Solanaceae sp2 Solanaceae No data Seed No data
26 Tarasa operculata Malvaceae Pe, Hy, X Seed R, A, AL
27 Tessaria absinthioides Asteraceae Pe, H Achenes R, L, P
28 Zea mays Poaceae An, Cu Canes Extra-local
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Carbon isotope ratios between tree rings 2 and 6 exhibit negative
values with a steady mean of −21.9‰ (Fig. 8). An abrupt shift toward
more positive values (from −20.7 to −21.9‰) occurs between rings
6 and 10. These positive values (mean=−20.5‰) persist from tree-
rings 12 to 16 (Fig. 8). Pronounced variations in δ13C occur between
rings 18 and 30 (mean=−21‰). Marked variations in δ13C values re-
main between rings 32 and 62, however, δ13C values are more negative
(mean=−21.9‰). Ring-to-ring oscillations are evident between the
rings 58 and 62 (Fig. 8). Tree-rings 62–68 indicate a rapid increase in
δ13C values which again decrease between rings 68 and 72. The overall
trend becomes significantlymore positive (average−21.2‰) from ring
72 to 80 after which they drop quickly to−21.7‰ at ring 86.

5. Discussion

5.1. Palaeoecology of the southern PDT basin

The low taxonomic richness (from 1 to 14 taxa, Appendix A) ap-
parent at each organic deposit is likely related to taphonomy. As pre-
viously noted in Section 4.1, in situ trunks and leaf-litters in mounds
and subsurface deposits represent fossilized understories. The exten-
sive mounds of Prosopis tamarugo preserved on the surface of alluvial
floodplains at LdS (Fig. 3d) are clearly a projection of the area of indi-
vidual canopies that in modern forests occupy an area of ~145 m2 per
tree (Covarrubias et al., 1994). Thus, these deposits are discrete

Fig. 6. Photographs of plant-macrofossils from latest Pleistocene leaf-litter deposits. (a) Schinus molle fruit and inflorescence, (b) Escallonia angustifolia leaf, (c) Baccharis scandens
flower and leaf, (d) Cistanthe sp seed, (e) Cortaderia atacamensis blade, (f) Distichlis spicata stem, (g) Caesalpinia aphylla flower and Prosopis tamarugo leaf, (h) Tessaria absinthioides
achene, (i) in situ Stipeae sp stems at QM, (j) Details of Stipeae cuticle features (at 40×).
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records of past vegetation growth, preserving limited areas of a partic-
ular terrace that eventually incorporated remains from neighbouring
plants and animals that directly foraged underneath the canopy. In con-
trast, log-jam deposits are accumulations of broken plant organs or en-
tire individuals that lived near the riverbed. Therefore, these deposits
provide a biased view of the riparian vegetation occurring upstream
and that was subsequently uprooted and transported downstream as
part of a flood load. Overall, the PDT fossil record shows important
palaeoecological changes in the lower-elevation desert during the late
Quaternary. In fact, our results indicate that during the last 18 ka at

least three distinct expansions of riparian/wetland formations occurred
in the southernmost PDT basin (Fig. 5).

In the interval 15.9–14.2 ka, riparian communities expanded into
what are now plantless canyons. These palaeocommunities, represented
by assemblages 1–6 and 8 (Table 3), exhibit similar taxonomical compo-
sition and blend of functional groups (hygrophyte, phreatophyte and
halophyte, Table 2) to ecosystems confined today to perennial streams
found north of 21°S (Gajardo, 1994). An additional 14C date on rootlets
preserved in CaCO3 rhizoliths within the sedimentary sequence of the
T2 terrace (Nester et al., 2007) extends the presence of riverside

Fig. 7. Photographs of plant-macrofossils from latest Holocene leaf-litter deposits. (a) Chenopodium petiolare seed, (b) Junellia sp seed, (c) Tarasa operculata seed, (d) Baccharis alnifolia
achene, (e) Nicotiana longibracteata seed, (f) Euphorbia amandi seed and fruit, (g) Solanaceae seed 1, (h) Solanaceae incomplete seed 2, (i) Cryptantha sp leaf, (j) Atriplex atacamensis
leaf, (k) Atriplex sp fruit, (l) Atriplex glaucescens leaf (m), Polypogon interruptus floret, (n)Muhlenbergia sp floret, (o) Zea mays culm and ligule.
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vegetation at QS to 17.6 ka (Table 1, Fig. 5). Between 15.3 and 14.6 ka,
Pampa ecosystems characterized by forests of Prosopis tamarugo with
Distichlis spicata (assemblage 7, Table 3) invaded the presently unvege-
tated western portion of the southernmost PDT basin.

Riparian ecosystems occur again at LdS between 12.1 and 11.8 ka
(Fig. 5) as inferred from plant-debris in log-jam deposits (assemblage
9, Table 3). This assemblage likely represents riparian formations grow-
ing upstream from the LdS deposit. A radiocarbon date on in situ roots
(11.8 ka, Fig. 5) found within fan deposits from the westernmost LdS

canyon (Nester et al., 2007) suggests that vegetation also developed
synchronously in areas downstream. By 12–11.4 ka a sparse wetland
of Stipae sp (>1 km2) developed on the T2.5 terrace at QM. Interesting-
ly, the epidermal features of our specimens were unlike any of the
present-day Stipae tribe that occurs today in northern Chile (16–28°S).
Perhaps this fossil is species that became regionally extinct during pre-
Hispanic times and thus has not been recorded by subsequent botanical
surveys. This is not all that implausible. Palaeoecological analyses from
rodent middens in the central Atacama also record the existence of lo-
cally extinct species of grasses (Latorre et al., 2002).

The latest Holocene T2.5-QM assemblage (assemblage 10, Table 3)
was dominated by taxa common today in the WAC riparian and hill-
slope ecosystems (Atriplex spp, Ch. petiolare, Cryptantha sp, Tarasa
operculata, Table 2). It also includes taxa now restricted to the higher
Andes (Euphorbia amandi and Junellia sp, Table 2) and maize Zea
mays. An important anthropogenic impact is indicated by the presence
of maize and another 16 plants with a wide variety of native uses
(Villagrán et al., 1999, 2003). In situ deposits dated to 1.01–0.71 ka
were associated with abundant archeological remains such as ceramic
fragments with affinities to pottery types of the Pica–Tarapacá
cultural-complex (Gayo et al., 2012). Additional evidence also points
to the Pica–Tarapacá culture as responsible for the transformations of
QM between 1.01 and 0.71 ka (Gayo et al., 2012). Precisely, we found
vestiges of an extensive transitory camp with complex irrigation chan-
nels andwidespread crop fields (Fig. 9a). Other important cultural signs
include cultivation and use of Prosopis tamarugo, introduction of extra-
local plants and maize plantations (Marquet et al., 1998; Uribe, 2006).

The presence of a non-analogue formation at QM (assemblage 11,
Table 3) could be due either to the prevalence of unique climate condi-
tions or, most likely amethodological bias (Jackson andWilliams, 2004).
This is suggested by low taxonomic richness (n=3 species) and by the
fact that the species present are widespread within Lomas, Pampa and
riparian formations. Indeed, a simultaneous record of taxa absent from
Lomas (Prosopis tamarugo) and Pampa ecosystems (Cistanthe sp,
Table 2) suggests a riparian modern-analogue for this assemblage.

5.2. Palaeoclimate and past hydrological change

The presence of riparian assemblages between 17.6–14.2 ka and
12.1–11.4 ka suggests major hydrologic change in the southernmost
PDT basin. The lack of xerophytes and a predominance of obligate riparian
taxa (e.g. Escallonia angustifolia, Table 2) indicate perennial riverflow
and elevated groundwater tables in washes and fans that are currently

Table 3
Similarity matrix. Standard deviations are in brackets. ID first term refers to stratigraph-
ic position and/or depositional feature. T2, T2.5, T2.7: correspond to in situ deposits col-
lected at the terrace sequences defined by Nester et al. (2007, see Fig. 2). Flood:
organic-rich deposits found within flood sediments drifted onto T2 margins at LdS.
Floodplain: refers to in situ deposits located along the distal segment of LdS. Second
term indicates origin (see Section 3.1 for further explanation of abbreviations).

No. Fossil
assemblage
ID

Riparian
formation

Lomas
formation

Pampa
formation

Andean
formation

Altiplano
formation

1 T2-QM 1 (0) 0 (0) 0 (0) 0 (0) 0 (0)
2 T2-QS 1 (0) 0 (0) 0.33 (0.31) 0 (0) 0 (0)
3 T2-QT 0.75 (0.24) 0.25 (0.24) 0.25 (0.25) 0.25 (0.24) 0.25 (0.24)
4 T2.5- QS 1 (0) 0 (0) 0 (0) 0 (0) 0 (0)
5 T2.5- QT 1 (0) 0 (0) 0 (0) 0.33 (0.31) 0.33 (0.31)
6 T2.7- QT 1 (0) 0 (0) 0 (0) 0 (0) 0 (0)
7 Floodplain-

LdS
0.5 (0.38) 0 (0) 1 (0) 0.5 (0.38) 0.5 (0.38)

8 Flood-LdS1 0.75 (0.24) 0.25 (0.24) 0.25 (0.25) 0.25 (0.24) 0.25 (0.24)
9 Flood-LdS2 1 (0) 0 (0) 0.33 (0.31) 0 (0) 0 (0)
10 T2.5-QM 0.67 (0.11) 0.17 (0.09) 0.22 (0.1) 0.61 (0.12) 0.61 (0.12)
11 T2.7-QM 0.67 (0.31) 0.67 (0.31) 0.67 (0.31) 0.33 (0.31) 0.33 (0.31)

Table 4
Hydrological parameters for major perennial rivers from the Northern Atacama Desert.

Basin Mean
latitude

Area
(km2)

MAP Mean annual runoff
(m3/s)

Runoff
coefficient

Lluta 18°S 15′ 3378 199b 1.55b 0.19a

Lauca 18°S 25′ 2350 339b 2.07b 0.12a

San José 18°S 27′ 3070 317b 1.28a 0.07a

Camarones 19°S 15′ 4767 317b 0.52a 0.06a

Camiña 19°S 24′ 2790 181b 0.61a 0.11a

Aroma 19°S 35′ 1746 200a 0.31a 0.06a

Tarapacá 19°S 50′ 1786 200a 0.32a 0.06a

Chacarilla 20°S 39′ 1440 116c 0.16a 0.05a

a Data from JICA (1995).
b Data from DGA (2004, 2007).
c Data from Houston (2006a).
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Fig. 8. δ13C values for whole-tissue (gray squares) and crude cellulose (dark diamonds)
in tree-rings from a Schinus molle fossil log dated at 15 ka (N05-12A, Table 1). The dark
arrow points toward increased Water-Use Efficiency (WUE) most likely due to a de-
creased groundwater table.

Fig. 9. Archaeological evidence for past human occupation at QM: (a) an irrigation chan-
nel dug into the T2.5 terrace. Note the stone blocks intentionally left for damming thewa-
tercourse in the foreground, (b) an undated early Archaic stemmed point from the surface
of T1 at QM.
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inactive or flow only occasionally. The coeval growth of a remarkably
dense stand of Prosopis tamarugo at 15.3–14.6 ka in the distal southern-
most basin also agrees with a permanent and shallow outcropping of
groundwater linked to increase recharge from the adjacent eastern pe-
rennial sub-basins. Recent monitoring of natural Prosopis tamarugo
populations in the PDT basin indicates that the vitality and growth-
potential of this species increases rapidly when the water table is shal-
lower than 13.3 mBGL (PRAMAR-DICTUC, 2007).

We interpret increased aquifer recharge and perennial riverflow
in the southernmost PDT basin as a result of increased moisture avail-
ability at higher elevations in the SM. Diminished evaporation rates
(an air-temperature function) and/or contribution of possible glacial
melt could also be invoked as explanations for hydrological changes
through time within the Longitudinal Valley south of 21°S. Late Qua-
ternary temperature reconstructions along the central Andes are,
however, controversial. First, the δ18O signal in tropical Andean ice
cores is affected by the so-called precipitation “amount effect”
(Bradley et al., 2003; Vuille et al., 2003a, 2003b) and therefore tem-
perature cannot be interpreted readily. Second, Equilibrium Line Alti-
tude reconstructions based on glacier dynamics in the WAC seem to
be mainly sensitive to moisture and not temperature (Zech et al.,
2007, 2008; Blard et al., 2009). Indeed, climate-glacial models indicate
that decreases in MAT (3°–6 °C) for glacial advances in the Bolivian Al-
tiplano between 17 and 15 ka and ~12.5 ka were likely the result of re-
duced net radiation favoured by increased moisture availability and
cloud cover (Clayton and Clapperton, 1997; Kull et al., 2002; Zech et
al., 2007; Kull et al., 2008; Zech et al., 2008; Blard et al., 2009). Alterna-
tively, glaciermeltingmight have led to higher streamand groundwater
discharge at PDT by increasing hydrological budgets at SM. The relative
role of meltwater in ancient PDT hydrology patterns, however, must re-
main speculative until the glacial history of the SM is established.

Furthermore, there are three additional reasons for suspecting
that increased aquifer recharge and perennial riverflow in the southern-
most PDT basin most likely resulted from increased moisture avail-
ability in the SM: (1) for locations >1000m in the WAC (Houston,
2006a), modern-day evaporation rates decrease during the wet season
as a result of increased cloudiness; (2) modern perennial rivers in
northernmost Chile experience peak runoff during the summermonths
(December–March), when precipitation and cloud cover are maximum
over the Andes (Houston, 2006b, 2006c); (3) summer flooding in PDT
catchments generates a significant aquifer recharge by infiltration of
overflowing runoff in the alluvial fans (Houston, 2001, 2002, 2006b,
2006c).

How much precipitation would have been available to recharge the
PDT aquifers and sustain perennial rivers with runoff of ≥0.16 m3/s?
Streamwater sourced from rainfalls (surface runoff) in perennial rivers
is a function of MAP within the headwaters, catchment area and the
proportion of precipitation transmitted to river-flow. In fact, large sur-
face runoff in the northern Atacama Desert takes place within large ba-
sins that experience high MAP in the headwaters and have elevated
runoff coefficients (Table 4). To use this relation as a proxy for MAP,
we computed amulti-linear regression between parameters controlling
the average surface runoff (Q) in modern perennial catchments (Fig. 1,
Table 4) to simulate the range of mean annual surface runoff that our
latest Pleistocene rivers could have had from headwaters to mouths.
The resulting relationship is:

Q ¼ −1:12− 0:00026 � A½ � þ 0:0071 �MAP½ �
þ 11:23 � C½ � r2 ¼ 0:94; F0:05;3;4b22:8;pb0:05

� �
; ð1Þ

where A is basin area (km2), MAP is mean annual precipitation within
the headwaters region, andC a runoff coefficient. Associated past rainfall
input in the headwaters was then estimated by taking the average basin
area obtained fromQM,QTandQS (469 km2). The runoff coefficientwas
considered similar to those of Quebrada Tarapacá and Chacarilla (Fig. 1,

Table 4) as these have basin slopes and soil type comparable to those in
the inactive southernmost PDT canyons and, most likely, similar past
vegetation cover. Runoff coefficients also depend on basin area. Since
the Tarapacá and Chacarilla basins are 3–4 times bigger than our basins
(Table 4) we applied a correction to extrapolate the C values for our
MAP estimates. This correction was made by estimating the C value
for a basin of 469 km2 from the existing proportional relationship be-
tween C and basin area in Tarapacá and Chacarilla basin. Thus, assuming
corrected C values of 0.015 and 0.017, and using our estimated surface
runoff of 2.07 and 0.16 m3/s (see Section 4.3), gives a MAP of 443 and
174 mm/yr, respectively. Today, MAP at the headwaters of these inac-
tive canyons is ~62 mm/yr (Cebollar weather station, PRAMAR-
DICTUC, 2007) therefore the hydrologic patterns at the southernmost
PDT required at least a 3-fold increase in summer precipitation
>3500m in the SM between 17.6–14.2 ka and 12.1–11.4 ka.

This increase in overall MAPwas probably also subject to significant
variation on decadal and annual timescales, as indicated by our carbon
isotope analyses on the Schinus molle log dated to 15 ka. Assuming a
year to ring relationship, our tree-ring sequence is equivalent to an
86 yr time-series. Although multiple factors could cause variations in
tree-ring 13C ratios, δ13C values in terrestrial plants strongly depend
on atmospheric variables that affect the photosynthetic uptake of CO2

(Farquhar et al., 1989a). Since water availability is one of the major
drivers of stomatal aperture and the supply of carbon dioxide for photo-
synthesis in turn affects directly the RUBISCOdiscrimination against 13C
isotopes (Farquhar et al., 1989b; Leavitt and Long, 1989; Dupouey et al.,
1993; Edwards et al., 2000). For that reason, several palaeoclimate studies
have employed δ13C in tree-rings to reconstruct past changes in relative
humidity, soil water status, antecedent precipitation and/or drought
stress (for a review see McCarroll and Loader, 2004). Here, we inter-
preted δ13C changes across our record as variations in Water-Use Effi-
ciency (WUE), which represent a proxy for changes in the carbon
isotope discrimination in C3 plants mediated by water availability
(Farquhar et al., 1989b).

As Schinus molle is a phreatophyte (Table 2), δ13C variability within
the fossil log might arise from fluctuations in potential evaporation (a
temperature function) and/or water table depth (function of ground-
water recharge). Hydroclimatological studies in the Atacama Desert in-
dicate that water table depth and evaporation are inversely correlated
(Houston, 2006a). ENSO can exert a significant control on both param-
eters: El Niño (La Niña) events reduce (increase) recharge and raise
(lower) evaporation along the WAC (Vuille et al., 2000; Houston,
2001, 2002, 2006a, 2006b, 2006c). Evaporation rates are linked to tem-
perature trends, which in turn are a function of cloud cover and its ef-
fects on the net radiation. Therefore, the δ13C changes in our tree-ring
record likely represent variations inWUEdue to fluctuations in ground-
water recharge inwhichmore positive (negative) δ13C values reflect in-
creased (decreased)WUE linked to decreased (increased) groundwater
recharge. Hence, our carbon isotope analyses on the Schinus molle log
suggest that groundwater recharge and therefore summer rainfall with-
in the headwaters varied on decadal and annual timescales at ~15 ka
(Fig. 8). This interpretation, however, must be corroborated by fur-
ther studies on the modern relationship between variations in
groundwater availability/depth and δ13C signature in tree-rings of
phreatophytes/riparian taxa from the Atacama Desert.

The δ13C values show alternating periods of decreased and increased
precipitation-based recharge at what are probably inter-decadal scale
fluctuations; trends from tree-rings 2 to 16 suggest a period of greater
recharge (rings 2–6, Fig. 8) followed by an interval of diminished
water availability and increased water used efficiency (rings 8–16,
Fig. 8). The decreased recharge trend continues for the following 12
rings with important variability (tree-rings 18–30, Fig. 8). A clear shift
toward a period of elevated water tables occurs from rings 31 to 62
(Fig. 8). Interestingly, within this 32 ring period, intra-decadal fluctua-
tions become much more important. Significant ring-to-ring variations
(58–62 rings, Fig. 8) suggest that inter-annual changes in recharge
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could be also relevant. Decrease in groundwater recharge occurs again
between tree-rings 62 and 68. δ13C values in tree-rings 68–72 (Fig. 8)
reflect a brief pulse of increased water availability within this interval,
which in turn implies that intra-decadal variation was also important.
Finally, our analyses indicate that recharge decreased by tree-rings
72–80 and then sharply increased from tree-rings 80 to 86 (Fig. 8).

Occurrence of a transitional vegetation formation (assemblage 10,
Table 3) in clear association with the expansion of a farming society
into QM during the latest Holocene, implies that the current local hy-
drology and climate from the southernmost PDT changed radically
again between 1.01 and 0.71 ka. The development of local agricultural
practices seen at QM is dependent upon permanent irrigation (i.e.
maize cultivation as evinced by canes dated to 0.78 ka, Table 1) argues
for an augmented and sustained water supply along what is now an in-
active stream. The increased hydrological budgets witnessed at QM
necessary to explain both the riparian/wetland and hillslope taxa at
QM would suggest either increased perennial streamflow and/or ele-
vated local water table or a ~60-fold increase in local rainfall. We
argue that such a large local precipitation increases in the PDT (where
modernMAP is b1 mm/yr) or such elevated phreatic levels are likely ar-
tefacts of the record introduced by humanmodificationof the landscape
at QM. The T2.5-QM formation contains many taxa that were amply
used by humans (e.g. Euphorbia amandi, Junellia sp and Prosopis tamar-
ugo — see Section 5.1) (see also Gayo et al., 2012). Consequently, the
preservation of T2.5-QM association and vestiges of the Pica–Tarapacá
culture lead us to postulate that QMmost likely experienced increased
and persistent surface runoff during the latest Holocene. As there is no
evidence for either reduced evaporation rates and/or increased
glacial-melt input at this time, these changes must have been generated
by a brief (centennial scale) increase in rainfall at higher elevations along
the SM and the WAC.

5.3. Regional palaeoclimate and the Central Andean Pluvial Event (CAPE)

Diverse arrays of palaeoclimate records exist from theWAC and along
the uppermargin (2400–3200 m) of the AtacamaDesert between 22 and
26°S. Although there are differences in timing, these records all agree in
indicating that the Andean highlands (>2000 m) were much wetter
than today during the last glacial–interglacial transition (Grosjean et al.,
1995; Geyh et al., 1999; Betancourt et al., 2000; Bobst et al., 2001;
Latorre et al., 2002; Rech et al., 2002; Latorre et al., 2003; Lowenstein et
al., 2003; Rech et al., 2003a; Grosjean et al., 2005; Maldonado et al.,
2005; Latorre et al., 2006; Placzek et al., 2006; Quade et al., 2008).

Recently, several researchers have identified and established the
chronology of two major regional pluvial stages during the latest
Pleistocene, now termed the “Central Andean (or Atacama) Pluvial
Event” or CAPE (Latorre et al., 2006; Quade et al., 2008; Placzek et
al., 2009). Fossil shorelines from the Uyuni basin (3700 m, ~20°S) in-
dicate that the first stage of CAPE (CAPE I) occurred from 18 to 14.1 ka
(equivalent to the Tauca lake cycle — Sylvestre et al., 1999) and was
brought about by increased rainfall (Fig. 10b, Placzek et al., 2006).
This ~60,000 km2 lake provided a freshwater connection throughout
the major basins of the southern Bolivian Altiplano (Placzek et al.,
2006, 2009). Similar evidence comes from palaeoclimate records
obtained from small endorheic basins in the Chilean Altiplano be-
tween 18° and 25°S which evince high lake levels between 15.5 and
14.0 ka (Geyh et al., 1999). Palaeowetland chronologies from the
upper margin of the central Atacama Desert (>2500 m) suggest wet-
ter conditions between 15.9 and 13.8 ka with enhanced groundwater
discharge leading to elevated local water tables at Salar de Punta
Negra (hereafter SPN; Quade et al., 2008) and Salar de Atacama
(henceforth SDA; Rech et al., 2002; Rech et al., 2003a). High Andean
steppe grasses (today confined to elevations >3600 m) migrated
into what is now absolute desert (b2500 m), and summer annuals
were abundant at mid-elevations (~3000 m) in rodent middens
from Río Salado (~22°S) suggest a twofold increment in MAP at

17.5–16.3 ka (Latorre et al., 2006). Precipitation estimates from
midden-series from the southern edge of SDA basin (~24°S, 2400 m)
show a modest MAP increase at 16.2 ka (Betancourt et al., 2000;
Latorre et al., 2002).

Starting at ~14.2 ka, MAP decreased to modern levels at Río Salado
(Latorre et al., 2006), palaeolake Tauca collapsed abruptly (Placzek et
al., 2006, 2009) and groundwater levels declined in the SPN basin
(Quade et al., 2008). This widespread dry interval (also called the
“Ticaña” event— Sylvestre et al., 1999) was interrupted by the onset
of the second stage of the CAPE (CAPE II), which began by ~13.8 ka
(Latorre et al., 2002).
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Fig. 10. Comparison of palaeoclimate records: (a) PDT fossil record, (open diamond)
rhizoliths found within T2 at QS canyon (sample N05-10, Table 1), (open circle) in
situ root preserved within fan deposits at the downstream of LdS (sample N06-11A,
Table 1). H1: Heinrich Event 1, MI: the Mystery Interval, B–A: Bølling–Allerød period
and YD: Younger Dryas; (b) Past lake level changes at Salar de Uyuni (Placzek et al.,
2006) indicating the Tauca and Coipasa cycles. (c) Reconstructed groundwater levels
from palaeowetland deposits in the central Atacama Desert, units A to B4 at SPN are
discussed in Quade et al. (2008); (d) Rainfall (minimum MAP) estimates from El
Sifón (open circles) and Las Juntas (dark squares) rodent-middens from Río Salado
(Latorre et al., 2006); (e) inferred climate in the Equatorial Pacific for the last 20 ka,
(solid-black line) Eastern Pacific SST reconstruction (core ME0005A-24; Kienast et al.,
2006), (gray squares) calculated PCO2 of Western Tropical Pacific surface-waters
(core ERDC-92; Palmer and Pearson, 2003), (dark dots) down core cholesterol abun-
dance on the Peruvian shelf (ODP Site 1228D; Makou et al., 2010). Shaded areas indi-
cate both stages of the CAPE (Placzek et al., 2009).
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The magnitude and intensity of this event differs between areas
located north and south of 23°S along the Altiplano, the WAC and
along the upper margin of the central Atacama Desert (Placzek et
al., 2009). North of 23°S, precipitation anomalies during CAPE II ap-
pear to have been smaller than those that occurred during the first
CAPE stage. Hence, a minor lake transgression (“Coipasa”) is known
from the Uyuni basin at ~13–11 ka (Sylvestre et al., 1999; Placzek et
al., 2006, 2009). Summer rainfall increased significantly at Río Salado
between 11.8 and 9.6 ka with MAP estimated to have increased from
~50 to >100 mm/yr (Latorre et al., 2006). Wet conditions have also
been inferred from palaeowetland deposits dated at 13.6–10.3 ka in
Quebrada Ipilla/La Higuera (~18°S, 2050 m of elevation) and at
Quebrada Guataguata (20°S, 3500 m) (Rech, 2001).

CAPE II appears to have been much wetter south of 23°S, even in
comparison to the preceding first CAPE stage (Placzek et al., 2009).
In fact, along the WAC, lacustrine sediments from Laguna Miscanti,
Lejía and Tuyajto suggest that these groundwater-fed lakes were dee-
pest between 12.8 and 10.3 ka (Grosjean et al., 1995; Geyh et al.,
1999; Grosjean et al., 2001). Rodent middens collected at SDA and
SPN indicate elevated grass abundances between 12.9 and 10.5 ka
(Latorre et al., 2002, 2003; Quade et al., 2008; Latorre et al., 2009)
with an estimated 3-fold increase in local rainfall compared to modern
values (Latorre et al., 2002, 2003, 2009). Similarly, the extent and verti-
cal thickness of palaeowetland deposits dated at 12.7–9.7 ka imply
maximum groundwater recharge and highest water tables in the SPN
basin (Quade et al., 2008).

Our radiocarbon chronology of ecological and hydrological
changes in the southernmost PDT basin is practically indistinguish-
able from the CAPE (Fig. 10). In fact, expansion of riparian ecosystems
into the Longitudinal Valley along with the persistence of perennial
rivers and local high water tables at 17.6–14.2 ka is synchronous
with CAPE I. The PDT records correlate with the maximum highstand
of the Uyuni basin throughout the Tauca lake phase at 16.4–14.1 ka
(Fig. 10b), increased groundwater discharge at SPN (Fig. 10c), and en-
hanced rainfall at high altitudes documented from rodent middens in
the central Atacama at ~22°S (Fig. 10d). Furthermore, the MAP esti-
mates from the Río Salado midden series at 17.5–16.3 ka agree with
our own precipitation estimates at SM, which account for perennial
streamflow into the lower-elevation desert at ~21°S. The remarkable
synchronicity of the timing andmagnitude of these events also provides
important information on the timing of CAPE I. Based on ten 14C dates
from organic-matter contained within palaeowetland sediments
(B1 unit in Fig. 10c) preserved at SPN, Quade et al. (2008) state that
CAPE I likely did not start before 16 ka. The evidence in the southern
PDT basin and from rodent-middens (Latorre et al., 2002, 2006), how-
ever, indicates that onset of CAPE I in the Atacama Desert occurred
~17.5 ka, after the beginning of the Tauca transgression in the Uyuni
basin at 18 ka (Placzek et al., 2006). Hence, the early incursion ofwetter
conditions at SM and along the high altitude margin of the central
Atacama is consistent with the view of Placzek et al. (2009) that the
chronology for CAPE should include both Altiplano lake cycles, as
these reflect the immediate impact of precipitation variability. The
1500 yr delayed initiation for CAPE I at SPN (24°50′S)may reflect spatial
differences in the extent of climate forcing across the northern and
southern portions of the central Atacama Desert (Quade et al., 2008;
Placzek et al., 2009). Alternatively, the apparent delayed onset of the
CAPE I south of 23°S could also be the result of lagged response-times
that characterize all groundwater-fed systems in arid regions (Tyler et
al., 2006), which for the central Atacama seem to be ~500 to 1500 yrs
(Rech et al., 2003a).

For the PDT, a complete lack of fossil leaf-litter deposits that date to
the interval 14.2–12.1 ka could suggest that riparian ecosystems and
perennial rivers retreated and local water tables dropped as headwater
rainfall decreased. Our inferred onset of aridity in the SM clearly over-
laps the pronounced arid phase of the CAPE between 14.2 and 13.8 ka
described in other records (Fig. 10). Yet the gap in our CAPE chronology

could also arise either from sampling effort or selective preservation
(Gayo et al., 2012). Because the contribution of these factors cannot
be totally ruled out, we are cautious of any palaeoenvironmental in-
terpretations and implications on this hiatus must remain specula-
tive until further geohistorical achieves from the PDT are collected
and dated.

Riparian ecosystems and Stipae wetlands returned to the southern-
most PDT basin between 12.1 and 11.4 ka, signifying the presence of pe-
rennial drainages during CAPE II (Fig. 10). Increased hydrological
budgets at LdS and QM headwaters correlate with the Coipasa lake
cycle in the Uyuni basin (Fig. 10b), the highest phreatic levels in the
SPN basin (Fig. 10c) and increased summer rainfall inferred from Río
Salado rodent-middens (Fig. 10d).

The limited spatial and temporal extent of our fossil leaf-litter de-
posits during the second stage of the CAPE, in comparison to the
abundance of deposits during the first stage, can be interpreted in
several ways. First, part of the reason these deposits are scarce
could be due to lowerMAP, which would predictably have less impact
on the hydrology and biota of the southernmost PDT basin. Second,
the fossil leaf-litter may be scarce due to later selective “exploitation”
by local “wood hunters” during part of the XIX and toward the middle
of the XX centuries for the nitrate industry and domestic demands
(Briones, 1985; Hidalgo, 2009).

Whereas human intervention in the preservation of early Holocene
plant-materials and those dated at 12.1–11.8 ka cannot be ruled out,
there is no direct evidence to support this either. Macroscopic examina-
tion of the CAPE II materials and plant remains dated to 15.9–14.2 ka
and 1.01–0.71 ka, however, indicates that independent of age, anatomi-
cal and preservation features do not differ among these three groups.
North of 23°S, however, diverse palaeoclimate records appear to concur
in that CAPE II was drier and shorter-lived than CAPE I (Quade et al.,
2008; Placzek et al., 2009). Therefore, our limited PDT fossil record at
12.1–11.8 ka and during the early Holocenemay in fact be due to the di-
minished spatial–temporal extent of this stage in the SM.

5.4. A major pluvial event in the Atacama Desert during the Medieval
Climate Anomaly?

Our latest Holocene chronology for perennial streamflow at QM
indicates that development of riparian vegetation and human settle-
ment of the Pica–Tarapacá cultural phase occurred between 1.01
and 0.71 ka. This was apparently triggered by a wet pulse in the SM
headwaters. Rodent middens and palaeowetland records from the
WAC also show a brief and intense wet event dated to ~1.3–0.7 ka
(Latorre et al., 2002; Rech et al., 2002; Latorre et al., 2003, 2006,
2009). A 3-fold increase in MAP has been inferred from rodent mid-
dens dated to 1.02–0.85 ka (Latorre et al., 2006, 2009).

Interestingly, there is scarce evidence for such an event on the
Bolivian Altiplano. Lake records from the Titicaca basin (16°S,
~3810 m) indicate that present-day conditions have remained stable
since 2 ka, with low lake-stands at 1.7–1.5 ka and 0.9–0.6 ka (Abbott
et al., 1997; Binford et al., 1997; Mourguiart et al., 1998; Abbott et al.,
2003; Dillehay and Kolata, 2004). Several authors have pointed out
the discrepancies between the timing and climate signature of the Al-
tiplano versus the WAC palaeoclimate records during the Holocene
(e.g.; Betancourt et al., 2000; Grosjean, 2001; Quade et al., 2001;
Latorre et al., 2002; Rech et al., 2002: Rech et al., 2003a).

Our chronology for latest Holocene climate changes in the PDT co-
incides with the MCA, a period between 1.05–0.6 ka marked by major
hydrological change at the global scale (Stine, 1994; Graham et al.,
2007, 2010). These changes were most likely driven by sustained La
Niña conditions in the tropical Pacific as well as persistent positive
North Atlantic Oscillation (NAO) and enhanced Atlantic Meridional
Overturning Circulation (AMOC) (Graham et al., 2007, 2010; Trouet
et al., 2009; Makou et al., 2010).
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5.5. What drives the long-term hydrological and ecological dynamics of
the PDT system?

The CAPE has been recently linked to millennial-scale variations of
two different modes that today control the intra and inter-annual cli-
mate rainfall modes in the dry central Andes, the N–NE and the SE
modes (Latorre et al., 2006; Quade et al., 2008; Placzek et al., 2009).
These two modes differ in (1) their moisture sources; (2) drivers of
inter-annual variability; and (3) spatial and/or temporal domain,
often exhibiting strong antiphasing in most years (Vuille and
Keimig, 2004). The N–NE mode is predominant over the tropical cen-
tral Andes (15°–20°S). Associated monsoonal rainfalls are sourced
from the Amazon basin (Vuille and Keimig, 2004). For this mode,
inter-annual variability is modulated by SST gradients in the tropical
Pacific and the intensity as well as direction of the tropical easterlies,
resulting in positive (negative) precipitation anomalies during La
Niña (El Niño) phase through the strengthening (weakening) and re-
verse flow (normal) of the easterlies (Garreaud et al., 2003; Vuille and
Keimig, 2004). In contrast, the SE mode prevails along the southern
central Andes (20°–30°S) with a subtropical moisture source in the
Gran Chaco basin. On inter-annual scales, precipitation variability is
chiefly tied to fluctuations in low-level moisture over the eastern ad-
jacent lowlands (Vuille and Keimig, 2004).

Onset of CAPE I closely matches Heinrich Event 1 (Fig. 10a, Bond et
al., 1992) and the entire event is basically identical in timing to the
so-called “Mystery Interval” (17.5–14.5 ka; Denton et al., 2006). This
interval marks the onset of the last global deglaciation and was char-
acterized by a slowdown of the AMOC (McManus et al., 2004) and a
southward displacement of the ITCZ (e.g., Hodell et al., 2008). Bio-
marker records in sediment cores recovered from the Eastern Tropical
Pacific (Kienast et al., 2006; Makou et al., 2010) and reconstructions
of surface-water PCO2 levels within the Western Pacific warm pool
(Palmer and Pearson, 2003) indicate that CAPE I coincides with sus-
tained La Niña-like conditions in the tropical Pacific between 18 and
14.5 ka (Fig. 10e). Hence, the strong links that exist between the
Pacific SST gradients and moisture advection in the tropical central
Andes, CAPE I is most likely associated with positive summer precipita-
tion anomalies arising from the N–NE mode (Quade et al., 2008;
Placzek et al., 2009). A lagged onset at SPN with only moderate in-
creases in precipitation south of 23°S is also consistent with this inter-
pretation (Placzek et al., 2009). Today, in the central Andes the
correlation between ENSO and precipitation anomalies is stronger
north of 23°S (Vuille and Keimig, 2004; Houston, 2006b). Moreover,
the influence of the N–NE mode tends to decrease sharply south of
21°S, although in some years positive rainfall anomalies can reach
much further south (Vuille and Keimig, 2004).

Both, the regional arid phase (14.2–13.8 ka) and the onset of CAPE
II (at 13.8–13 ka) are coeval with the Bølling–Allerød interstadial
(~14.5–12.7 ka, Fig. 10a), the resumption of AMOC (McManus et al.,
2004) and a northward migration of the ITCZ (Hodell et al., 2008).
Alkenone unsaturation SST reconstructions indicate that temperature
increased by ~1.3 °C at 14–12.5 ka in the equatorial Eastern Pacific
(Fig. 10e, Kienast et al., 2006). Similarly, sterol concentrations within
a marine core off the central Peruvian coast show a marked reduction
in cholesterol from 14.5 ka to 13.5 ka, suggesting a prevailing El Niño-
like mode along the tropical Pacific (Fig. 10e, Makou et al., 2010). Sus-
tained aridity across the central Andes from 14.2 to 13.8 ka could thus
have originated in prolonged El Niño-like conditions, which today re-
sult in negative precipitation anomalies by weakening the easterly
flow and moisture influx associated with the N–NE mode. Wetter
conditions along WAC at 13.8–13 ka when the Tropical Pacific was
locked into El Niño-like mode (Kienast et al., 2006; Makou et al.,
2010) tie the beginning of CAPE II to increase moisture availability
in the Gran Chaco lowlands, an important source of moisture that ex-
plains modern rainfall patterns in the southern central Andes
(Placzek et al., 2009). The constrained onset for CAPE II at SDA at

13.8 ka (~24°S, Latorre et al., 2002) indeed argues for a prevailing
SE mode.

Wetter conditions during CAPE II from 13 to 11.5 ka (Fig. 10a)
overlap the Younger Dryas (Fig. 10a, Rasmussen et al., 2006), a partial
weakening of the AMOC (McManus et al., 2004; Bakke et al., 2009)
and southerly mean position of the ITZC (Haug et al., 2001; Hodell
et al., 2008). Palaeoceanographic records suggest that the Tropical
Pacific was characterized by a prolonged La Niña-like state between
12.2 and 11.5 ka (Fig. 10e, Palmer and Pearson, 2003; Kienast et al.,
2006; Makou et al., 2010). For example, upwelling and productivity
were highest at 12.2 ka, falling sharply by 11.5 ka as indicated by cho-
lesterol abundance in an offshore marine core from Peru (Fig. 10e,
Makou et al., 2010). Alkenone-based SST evolution off the western
coast of tropical South America suggests significant cooling between
12.5 and 11.5 ka (Fig. 10e, Kienast et al., 2006). Surface-water PCO2

levels indicate modest increased upwelling at the Western Tropical
Pacific between 12.4 ka and 11.3 ka (Fig. 10e, Palmer and Pearson,
2003). These different lines of evidence actually point to a prevailing
N–NE mode as direct casual mechanisms for increased precipitation
during part of CAPE II between 13 and 11.5 ka.

In contrast, little evidence exists for La Niña-like conditions
(Fig. 10e, Palmer and Pearson, 2003; Kienast et al., 2006) during the
latest phase of CAPE II (after 11.5 ka) and this stage has been linked
to the presence of increased moisture levels in the Gran Chaco region.
The limited duration and extent of this wet phase to areas south of
23°S from 11.5 to 9.7 ka (Quade et al., 2008) agrees with this inter-
pretation. Likewise, the limited chronological and spatial extent of
the Coipasa lake cycle – a minor and short-lived transgression – in
the Uyuni basin can also be explained by the fact that the N–NE
mode was also less prevalent after 11.5 ka.

The similarity of timing, magnitude and intensity of the pluvial
events in the PDT basin with the central Andean highlands north of
23°S, suggests that the N–NE mode can exert considerable control
over the long-term dynamics of the low-elevation hydrological and
ecological systems. This implies that enhanced tropical Pacific SST
gradients, through its corresponding effect on the strength and direc-
tion of upper level circulation, are capable of modulating the hydrology
and vegetation of the northern Atacama Desert lowlands. The fact that
riparian ecosystems and higher water tables occur again in the PDT at
1.01–0.71 ka reinforces the concept that ENSO-like variability is behind
these changes (see Section 5.4).

Modern hydrological change in the northern Atacama Desert is
clearly linked to ENSO. During La Niña years, increased summer rain-
falls along the WAC promote surface floods along ephemeral streams
and increase runoff in perennial streams (often producing flooding
and mudflows along the distal portions of the PDT basin), all of
which results in increased aquifer recharge (Houston, 2001, 2002,
2006b, 2006c). Flooding and recharge, however, do not take place
for every La Niña episode. Houston (2006b) showed that the response
of these hydrological systems to ENSO variability is non-linear and
that the systems exhibit high response thresholds. Significant events
arise when positive summer rainfall anomalies associated with La
Niña exceed 1–2 standard deviations (SD) over the average. Such
events are rare, and occur sparsely every 10 to 100 years, respectively
(Houston, 2006b). A high response-threshold of these hydrological
systems is apparent in our reconstructions, with at least a 3-fold pre-
cipitation increase needed to establish perennial streamflow and
groundwater discharge along the southernmost PDT basin. Our δ13C
analyses on a 15 ka Schinus molle log suggest that hydrologically
meaningful events of increased precipitation were not sustained on
inter-annual and intra/inter-decadal timescales, but rather their re-
currences were likely more frequent than they are today.

The persistence of Stipae wetlands at QM (~11.4 ka) during the
latest phase of CAPE indicates that long-term dynamics in the PDT
could also be coupled to the SE mode. Today this mode accounts for
~30.5% of variance in summer cloudiness along the WAC from 15°
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to 30°S (Vuille and Keimig, 2004). Modern links, however, between
WAC streamflow, groundwater recharge and the SE mode are poorly
understood. For example, despite the absence of La Niña-conditions
and presence of a significant drought along the northern central
Andes (Quintanilla et al., 1995), the summers of 1978–1981 were
marked by major flooding in the Río Salado (Houston, 2006b). We
can only speculate on the significance of water vapour content in
the SE lowlands (Chaco) as a driver for hydrological change in Ata-
cama Desert during CAPE II. The drivers of hydrological variability in
the WAC could be considerably more complex than portrayed by
hydroclimatologists and/or fluctuations in the SE mode could be highly
relevant on longer timescales. Both hypotheses might be testable by
hydroclimatology studies that incorporate palaeoclimate sensors for
low-level SE moisture and long time series of Atacama river runoff.

5.6. Biogeographic consequences and cultural impacts

The Atacama Desert displays high levels of endemism, disjunct
distributions between major ecosystems and overall low diversity
(Arroyo et al., 1988; Rundel et al., 1991). These patterns are interpreted
as the result of long-term isolation since the onset of hyperaridity during
theNeogene and subsequent late Quaternary climate changes that brief-
ly interrupted this barrier (Villagrán et al., 1983; Arroyo et al., 1988;
Moreno et al., 1994).

For example, phylogenies of small mammals from the Atacama
lowlands and coastal regions have been interpreted as descending
from Andean populations that crossed the hyperarid landscape during
the late Quaternary using east–west biotic corridors (e.g. Palma et al.,
2005; Rodriguez-Serrano et al., 2006). Moreover, these studies specifi-
cally propose that the ancestor of coastal and lowland rodent species ar-
rived utilizing desert riparian corridors, with populations later evolving
by peripatric speciation when such corridors “closed” or became inac-
tive. Similarly, phytogeographic analyses suggest that modern richness
patterns along the WAC are partly due to the existence of riparian eco-
systems that operated as “corridors” and “refuges” to Andean plants
during interglacials (Arroyo et al., 1982; Villagrán et al., 1983; Arroyo
et al., 1988; Luebert et al., 2009).

Palaeontological and palaeoclimatological evidence regarding the
spatio-temporal dynamics of these corridors and their eventual im-
pact on biotic dispersals has been hindered by the lack of relevant
data from the low-elevation desert. Our late Quaternary record of
vegetational and hydrological change in the Longitudinal Valley of
northern Chile offers a missing piece toward resolving the present-
day biogeographic puzzle. Our results demonstrate that riparian and
wetland ecosystems from the Atacama Desert were sensitive to cli-
mate changes in the WAC, experiencing latitudinal and altitudinal
changes in distributions during the course of three discrete intervals
(CAPE I–II, and during the MCA) during the late Quaternary (Fig. 5).
Indeed, extensive gallery forests formed within the hyperarid Longi-
tudinal Valley during these pluvial events, harboring Andean species
and facilitating biotic exchange between highlands and lowlands.
These chronologically well-constrained events of vegetation expansion
suggest that biogeographic corridors lasted over 3000 years during
CAPE I but were rather short-lived (300 yrs or less) during CAPE II or
the MCA.

Recent interdisciplinary studies suggest that past ENSO-driven en-
vironmental changes are important processes for explaining the cul-
tural evolution and spatial–temporal dynamics of human societies in
the Atacama (Williams et al., 2008; Santoro and Latorre, 2009;
Santoro et al., 2011). Persistence of perennial rivers and riparian corri-
dors along the PDTduring the CAPE and theMCAwould have generated
attractive habitats for human colonization of the low-elevation desert.
The timing of hydrological and ecological changes in the PDT basin is
therefore important for understanding the peopling of western South
America.

Surprisingly, very little is known regarding the impact of the CAPE
on the regional archaeology. Our own preliminary finds include an
undated early-style Archaic artefact found on the surface of T1 at QM,
2 km away from the latest Holocene leaf-litter deposits (Fig. 9b). This
contrasts with the abundance of archaeological evidence for a signifi-
cant human occupation of the low-elevation valleys during the MCA.
The Pica–Tarapacá settlement at QM, initially dated to 1.01–0.71 ka
clearly represents a brief but spatially extensive pulse of cultural and
economic activities along southernmost PDT basin.

5.7. Implications for modern low-elevation hydrology

Currently, the PDT aquifers are under significant hydrological deficit.
For reference, mean annual recharge for the total basin is ~1591 l/s
(JICA, 1995; PRAMAR-DICTUC, 2007) and total groundwater outputs
are >2500 l/s (Rojas and Dassargues, 2007). Excessive pumping for ag-
riculture, industry, domestic use and mining are the primary causes of
groundwater depletion in the PDT (JICA, 1995; Rojas and Dassargues,
2007; Hidalgo, 2009). Recent studies, however, argue that the PDT
deficit also arises from the intermittent nature of current recharge
due to inter-decadal variations in headwater rainfall and head-decay
of non-renewable groundwater storage (Houston, 2001, 2002;
Houston and Hart, 2004; Houston, 2006a). Several independent lines
of evidence indicate that a large volume of the groundwater stored in
the PDT aquifers is fossil and published 14C ages range from 22 to
0.5 ka, clustering at 11.3–9.3 and 1.1–0.5 ka (Fritz et al., 1979, 1981;
Magaritz et al., 1989; Aravena, 1995; JICA, 1995; Houston and Hart,
2004).

Houston and Hart (2004), however, have stated that the propor-
tion of groundwater in the northern and central Atacama Desert con-
sidered fossil is exaggerated. They conclude that even though some
aquifers are indeed non-renewable, many potential biases exist in the
hydrological surveys themselves. Among these biases are: (1) a signifi-
cant reservoir effect on 14C dates on groundwater derived from a mix-
ture of meteoric and thermal waters; (2) a total lack of stratification
controls on the water sampling within the aquifers and/or (3) poor
sampling designs across flow paths from recharge areas.

Verifying the “real” extent of fossil aquifers across the Atacama
Desert will require advances in sampling strategies, increasing our
knowledge of the evolution of carbon geochemistry in these waters
and even achieving independent evidence for ancient recharge. It is
precisely with the latter that palaeoenvironmental studies can pro-
vide potential “smoking guns” for changes in past groundwater re-
charge rates at different spatial–temporal scales as well as the
mechanisms involved. In this context, a chronologically constrained
fossil record from the southernmost PDT basin represents a tracer
for massive ancient recharge of these resources. As stated previously,
we have documented three distinct recharge episodes (Fig. 5). In-
creased regional precipitation driven by ENSO-like variability and/or
fluctuations of the SE mode (see Section 5.5) augmented the activity
of four tributary drainage systems of the southern PDT. Today, these
contribute sporadically with less than 11% of the total basin recharge
(PRAMAR-DICTUC, 2007). Multiple and coeval perennial rivers
existed within QM, QT, QS and LdS with water table heights reaching
near the surface in areas with present phreatic levels >70 mBGL. All
of this evidence points to significant past aquifer recharge during
the CAPE and the MCA.

Owing to the nature of our fossil record, we cannot assess the
amount of past groundwater recharge during events (aside from the
ones described here) that did not preserve on the surface of the PDT
(i.e. a false negative). Yet, based on the assumption that past suitable
conditions in the headwaters have remained relatively stable for de-
cades, hundreds and/or thousands of years, we propose that the re-
charge events during the CAPE and the MCA injected important
amounts of water into the PDT aquifers. The timing of latest Pleisto-
cene groundwater recharge at the PDT was coeval with major past
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recharge in the Chilean Altiplano (e.g. Laguna Lejía at 23°30′S;
Grosjean et al., 1995). This implies that the CAPE may have led to re-
gional formation of major fossil aquifers present throughout the cen-
tral Andes and Atacama Desert.

6. Conclusions

The fossil record preserved in the southernmost PDT basin consti-
tutes an exceptional archive of both vegetation and local hydrologic
history from the hyperarid core of the Atacama Desert. This archive il-
luminates their response to regional climate change during the late
Quaternary. Temporal correlations between changes in the PDT and
other regional palaeoclimate records indicate that the long-term dy-
namics of these ecological and hydrological systems are closely linked
to multi-millennial and centennial-scale changes in the frequency
and magnitude of precipitation in the central Andes. Hence, ENSO-like
variability as well as subtropical moisture changes over the Gran
Chaco (i.e. the SE Mode of Quade et al., 2008) is a likely candidate for
causal mechanisms of past hydrological change with attendant riparian
and wetland invasions, as well as extirpations, in the hyperarid core of
the Atacama Desert. The remarkable degree of synchronicity displayed
between palaeoclimate change in the central Andean highlands and
our lowland records implies that past pluvial phases in the central
Andes had a lowland impact along the western Andean slope.

The hydrological and ecological changes documented here for the
southernmost PDT basin during the late Quaternary have profound
implications for the appraisal, management, and conservation of bio-
logical and water resources in the driest desert on Earth. Here, for the
first time, we present evidence of the long-term dynamics of the ri-
parian environments situated within the hyperarid Atacama Desert.
Furthermore, past expansions/extirpations of these riparian systems
constitutemajor contributors toward themaintenance ofmodern biodi-
versity and biogeographical patterns in the lower Atacama Desert.
Similarly, we demonstrate that these coupled ecological and hydro-
logical changes were likely key factors in determining the trajectory
of human occupation of the Atacama hyperarid core.

The chronologies from the PDT and other sites from the central
Andes suggest that aside from ENSO-like variability, moisture anoma-
lies in the Gran Chaco are a major potential source for explaining re-
gional climate variability. Our work also demonstrates that ENSO-like
variability and Gran Chaco moisture changes led to three major,
regional-scale recharge events during the last 18 ka in the PDT.We pro-
pose that a considerable volume of groundwater in the PDT aquifers

should be treated as “fossil”; e.g. non-renewable resources inherited
from the last glacial–interglacial cycle and the MCA. Given the impor-
tance of these fossil resources, we strongly recommend that the evalua-
tion of groundwater potential in northern Chile takes this information
into account. To develop improved water-balance models, the relation-
ship between ancient recharge (inputs), palaeoclimate records of past
headwater rainfall fluctuations, and both modes of climate variability
should be incorporated.
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No. Sample ID Organic deposit °S, °W Terrace Indentified taxa

Quebrada Maní (QM)
1 QM-1 In situ leaf-litter 21.09, 69.28 T2.5 Prosopis tamarugo
2 QM-2Aa In situ canes 21.09, 69.30 T2.5 Zea mays
3 QM-2Ea In situ subsurface leaf-litter deposit 21.09, 69.28 T2.5 Prosopis tamarugo
4 QM-3a In situ leaf-litter and wood 21.09, 69.30 T2.5 Prosopis tamarugo
5 QM-4a In situ leaf-litter and wood 21.09, 69.32 T2 Schinus molle, Escallonia angustifolia
6 QM-7 In situ leaf-litter and wood 21.09, 69.29 T2.7 Prosopis tamarugo, Cistanthe sp
7 QM-8 In situ leaf-litter 21.09, 69.29 T2.7 Cistanthe sp, Tessaria absinthioides
8 QM-9 In situ leaf-litter and wood 21.09, 69.29 T2.7 Prosopis tamarugo, Cistanthe sp
9 QM-12 In situ leaf-litter and wood 21.09, 69.30 T2.5 Prosopis tamarugo, Baccharis alnifolia, Cistanthe sp
10 QM-13 In situ leaf-litter and wood 21.09, 69.31 T2.5 Prosopis tamarugo and Cistanthe sp
11 QM-14b In situ leaf-litter 21.09, 69.31 T2.5 Prosopis tamarugo, Baccharis scandens, Caesalpinia aphylla,

Baccharis alnifolia, Atriplex sp, Atriplex glaucescens, Atriplex atacamensis,
Cistanthe sp, Euphorbia amandi, Junellia sp, Tarasa operculata, Nicotiana
longibracteata, Solanaceae sp1, Solanaceae sp2 and Chenopodium petiolare

12 QM-15A In situ stems 21.09, 69.30 T2.5 Stipae sp
13 QM-15B In situ stems 21.09, 69.30 T2.5 Stipae sp

Appendix A. Location, depositional features and palaeobotanical information for the 39 organic-rich deposits used in this study. Fossil
fluvial terraces nomenclature according to Nester et al. (2007)
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(continued)

No. Sample ID Organic deposit °S, °W Terrace Indentified taxa

14 QM-16b In situ leaf-litter 21.09, 69.30 T2.5 Baccharis alnifolia, Tessaria absinthioides, Cortaderia atacamensis,
Muhlenbergia sp, Polypogon interruptus, Prosopis tamarugo,
Atriplex atacamensis, Caesalpinia aphylla, Cistanthe sp and Cryptantha sp

15 QM-17 In situ stems 21.09, 69.30 T2.5 Stipae sp
16 QM-18b In situ leaf-litter 21.09, 69.30 T2.5 Prosopis tamarugo
17 QM-19 In situ stems 21.09, 69.30 T2.5 Stipae sp

Quebrada Sipuca (QS)
18 QS-1a In situ leaf-litter

and wood
21.23, 69.19 T2 Schinus molle and Escallonia angustifolia

19 QS-2a In situ indurated
leaf-litter

21.23, 69.20 T2 Escallonia angustifolia, Poaceae sp and Prosopis tamarugo

20 QS-3a In situ leaf-litter
and wood

21.23, 69.20 T2.5 Schinus molle and Escallonia angustifolia

Quebrada Tambillo (QT)
21 QT-1a In situ leaf-litter 21.43, 69.25 T2 Escallonia angustifolia
22 QT-2a In situ indurated

leaf-litter
21.43, 69.25 T2 Escallonia angustifolia, Schinus molle, Asteraceae sp, Poaceae sp and

Prosopis tamarugo
23 QT-3 In situ leaf-litter 21.43, 69.25 T2 Escallonia angustifolia, Schinus molle and Cistanthe sp
24 QT-5a In situ leaf-litter 21.43, 69.25 T2.7 Schinus molle and Escallonia angustifolia
25 QT-6a In situ subsurface

leaf-litter deposit
21.43, 69.25 T2.5 Schinus molle and Escallonia angustifolia

26 QT-7 In situ leaf-litter
and wood

21.44, 69.26 T2.7 Escallonia angustifolia

27 QT-8a In situ subsurface
leaf-litter deposit

21.44, 69.26 T2.7 Baccharis scandens and Schinus molle

28 QT-9a In situ leaf-litter
and grasses

21.44, 69.31 T2.5 Escallonia angustifolia, Schinus molle and Cortaderia atacamensis

29 N05-11a Log 21.44, 69.25 T2.5 Schinus molle

Lomas de Sal (LdS)
30 LdS-1a Plant debris 21.39, 69.42 Flood deposit Schinus molle and Escallonia angustifolia
31 LdS-4 Plant debris 21.40, 69.44 Flood deposit Schinus molle and Escallonia angustifolia
32 LdS-5 In situ leaf-litter

and wood
21.40, 69.44 Alluvial floodplains Caesalpinia aphylla, Escallonia angustifolia, Tessaria absinthioides

and Schinus molle
33 LdS-6A Plant debris 21.40, 69.44 Flood deposit Prosopis tamarugo and Cistanthe sp
34 LdS-6B Plant debris 21.40, 69.44 Flood deposit Prosopis tamarugo
35 LdS-7 In situ leaf-litter,

grasses and wood
21.43, 69.46 Alluvial floodplains Prosopis tamarugo and Distichlis spicata

36 LdS-8 In situ leaf-litter,
grasses and wood

21.43, 69.46 Alluvial floodplains Prosopis tamarugo and Distichlis spicata

37 N04-14Aa Plant debris 21.40, 69.42 Flood deposit Schinus molle and Escallonia angustifolia
38 N05-12Aa Log 21.40, 69.42 Flood deposit Schinus molle
39 N05-18a Log 21.40, 69.43 Flood deposit Schinus molle

aPreviously reported in Nester et al. (2007).
bPreviously reported in Gayo et al. (2012).
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