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Abstract
The Cañadón Amarillo area in northwestern Patagonia (Mendoza Province, Argentina) presents a

rich archaeological record contained within thick successions of fine-grained deposits with well-

constrained chronological and stratigraphic resolution. Geomorphological, sedimentological, and

archaeological analysis of three archaeological localities, constrained by radiocarbon ages, was

conducted to reconstruct site formation processes and depositional variability in an exposed,

dryland setting. The archaeological sites are located in the Cañadón Amarillo area between the

southern margin of the volcanic Payunia Plateau and the Colorado River, in an area of ephemeral

streams and eolian sand sheets. The archaeological remains are preferentially contained in fine

to very fine sand to silty sand deposits associated with the ephemeral streams. Low-energy flu-

vial deposition related to overbank flows, and eolian aggradation associated with coppice dunes,

sand shadows, and unrippled and partially vegetated mantles have favored preservation of in

situ archaeological materials. Our investigations provide insight into site formation processes in

exposed settingswithin the semiarid parts of northwestern Patagonia and extend the local record

of human occupation to∼7300 14C yr B.P.
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1 INTRODUCTION

Most archaeological research in northwestern Patagonia has cen-

tered on the analysis of rockshelter sites (Barberena et al., 2011; Bor-

rero, 2004; Durán, 2000; Fernández, 1988–1990) even though eth-

noarchaeological studies (Bazzanell & Wierer, 2013; Gorecki, 1988,

1991) and archaeological investigations in other contexts (e.g., Bor-

rero, 1989; Goñi, 1995) demonstrate that rockshelter archaeology by

itself is not necessarily representative of past human and ecological

systems. Consequently, our understanding of past human dynamics

in northwestern Patagonia is biased by the emphasis on rockshelter

archaeology. There have been fewer studies of open-air sites and their

spatial distribution on the landscape due to an assumption that such

sites are young and highly disturbed (Gil & Neme, 2006; Salgán, 2012;

Salgán, Gil, & Neme, 2012). In the last decade, however, several open-

air sites have been identified and examined, providing newdata onpast

human ecology. These sites have been studied within the geomorpho-

logical and sedimentological framework of the landscape, essential for

advancing accurate archaeological and paleoecological interpretations

(Buck, Kipp, & Monger, 2002; Dincauze, 2000; Schiffer, 1996; Stein &

Farrand, 2001).

Here, we report on the geoarchaeological analysis of three open-air

archaeological localities in the Cañadón Amarillo area of northwest-

ern Patagonia (Fig. 1). Emphasis is on describing sedimentary deposi-

tional variability and evaluating formation processes in a dryland envi-

ronment that have favored burial and preservation of cultural deposits

in good systemic context. The archaeological results are thendiscussed

within a framework of the regional human occupation of northwestern

Patagonia. We demonstrate that open-air sites in this part of Patago-

nia do indeed contain a rich archaeological record extending back to at

least the early Holocene.

2 GEOLOGICAL AND ENVIRONMENTAL

SETTING

The three archaeological localities, Agua de Pérez, Carmonina, and

Colorado Valley, are located in different geomorphic settings within

theCañadónAmarillo area (36°45’S–37°10’S, and69°14’W–69°30’W)

on the southern margin of the Payunia basaltic plateau which rises

up to ∼1400–1800 m above sea level (asl), ∼40 km east of the
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F IGURE 1 Location of the archaeological localities investigated in the Cañadón Amarillo area, northwestern Patagonia, Mendoza Province,
Argentina (satellite image courtesy of Google Earth). Also shown is Huenul Cave, a site of early human occupation located to thewest [Color figure
can be viewed at wileyonlinelibrary.com]

Andes Cordillera (Fig. 1). These localities are situated along ephemeral

streams that flow south and join the Colorado River at∼700m asl. The

Payunia plateau consists of extensive lava flows and more than 800

monogenetic basaltic cones with three distinct polygenetic volcanoes,

Chachahuén, El Nevado, and PayúnMatrú (Llambías, Bertotto, Risso, &

Hernando, 2010) that dominate the landscape. Volcanic activity began

in the Neogene (26–8 Ma) and continued well into to the Holocene

(Llambías et al., 2010). Upper Cretaceous sedimentary rocks (epiclas-

tic and calcareous facies), andNeogene sandstones and conglomerates

are also exposed in the area (Narciso, Santamaría, Zanettini, & Leanza,

2004).

The Cañadón Amarillo contains a poorly integrated ephemeral

fluvial system comprised of discontinuous arroyos fed by mountain

winter precipitation and springs on the south slopes of the Payunia

plateau. In the study area, the Colorado River channel has a braided

pattern (Fig. 2C) developedwithin an alluvial plainwith several reaches

entrenched into lava flows of the Payunia Geologic Province (Ramos

& Folguera, 2010) and surrounding pediments (Narciso et al., 2004).

Desert pavements are common across this region, particularly on the

volcanic plateau and pediments.

The study area is part of the South American Arid Diagonal

(Bruniard, 1982). Climate is arid to semiaridwithmean annual temper-

ature of 14.4°C and average annual precipitation of ∼200 mm (Servi-

cioMeteorológicoNacional, 1992). Climatic gradients contribute to an

ecotone located between the Monte Desert to the east, influenced by

the Atlantic Anticyclone, and the Patagonia Desert to the west, domi-

nated by the action of the Pacific Ocean Anticyclone (Garreaud, Vuille,

Compagnucci, &Marengo, 2009).

A Payunia biogeographic district has been recently defined

(Martínez Carretero, 2004) with five major plant communities: (a)

Patagonian scrub, (b) grasslands of Payunia, (c) Mount Bushes ever-

green, (d) psamophilos grassland, and (e) saline soils communities. The

dominant soils are poorly developed Entisols, mainly Torripsamments

and Torriorthents, with calcic Aridisols on the basaltic plateau (Ferrer

& Regairaz, 1993).

3 ARCHAEOLOGICAL OVERVIEW

The archaeological record of northwestern Patagonia is characterized

by small- to low-density archaeological sites and scant pottery indicat-

ing a hunter-gatherer organizational system. The oldest human occu-

pation in northwestern Patagonia is traced back to ∼10,000 14C yr

B.P. at Huenul Cave (Barberena et al., 2011; Barberena, 2014; Fig. 1).

Human evidence from the late Pleistocene is not clear, with no evi-

dence of an association between megafauna and Paleoindian popula-

tions (Barberena, 2015; Forasiepi, Martinelli, Gil, Neme, & Cerdeño,

2010; Gil, 2006; Neme&Gil, 2012; Neme et al., 2011).

By ∼9000 to 7000 14C yr B.P. archaeological evidence becomes

more frequent in northwestern Patagonia (Barberena et al., 2010; Bar-

berena, 2014; Berón, 2007; Fernández, 1988–1990; Gil, 2006; Gradín,

1984; Neme et al., 2011), with the exception of Payunia where early

Holocene human activity is limited to De Lerma Cave (Gil, 2006).

Between 7000–4000 14C yr B.P., the regional archaeological record

from∼35°S to 39°S latitude is characterized by a broad and significant
gap, the origin of which is still debated. Several interpretations have

been proposed to explain this hiatus including human depopulation of

the areadue to increasedaridity (Neme&Gil, 2009), extensive volcanic

activity (Durán &Mikkan, 2009), and sampling bias (García, 2010).

The regional archaeological record indicates increased occupation

after ∼4000 14C yr B.P., with the abundance of sites and density of

cultural material increasing strongly between ∼2000 and 1500 14C yr

B.P. Subsequently, the archaeological record is similar to that of larger

northwestern Patagonia (∼37–40°S), that is, a hunter-gatherer econ-
omy that is quite distinct from the northern “Andean tradition” (∼33°–
22°S) where agriculture, semi-sedentary villages, and more complex

societies are dominant (Lagiglia, 1977, 1980). The driest areas of Payu-

nia were populated during the last∼1500 years (Gil, 2006) where rock
shelters and open-air sites show a broad spectrum of foraging activi-

ties, with a focus on guanaco hunting. Almost all sites are associated

with the few water sources available (mostly temporary), while others

are linked to rawmaterial sources (Gil & Neme, 2006).
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F IGURE 2 Geomorphic setting of the three study localities. Archaeological sites APE-8B and APE-14 are located in the upper catchment of the
Cañadón Amarillo, along the Agua de Pérez arroyo (A). CAR-1 is located in the middle part of the Cañadón Amarillo catchment, inset below a
pediment (B). MR-6 is located in the lower part of the Cañadón Amarillo catchment adjacent to the Colorado River (C) [Color figure can be viewed
at wileyonlinelibrary.com]

4 METHODS AND TECHNIQUES

We employed a geoarchaeological approach that included geomor-

phologic, stratigraphic, and sedimentological analysis at regional, local,

and site scales, together with cultural assemblage studies and radio-

carbon dating. Geomorphological analysis involved the use of Landsat

satellite imagery, Google Earth R© imagery, and digital elevation data

(SRTM3), accompanied by field surveys. Archaeological site sediments
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TABLE 1 Radiocarbon dates, reported in conventional and calibrated ages (in years Before Present, yr B.P.), from studied archaeological sites in
the Cañadón Amarillo area

Archaeological Site Unit Sample Lab Code 14C yr B.P. 𝜹13C Cal. yr B.P.*

APE-8B APE8BA1N7 Bone AA-98694 365± 42 −20.1 494 (415) 325

APE-8B APE8BA1 13 SE Charcoal AA-98695 611± 34 −10.4 650 (602) 554

APE-14 Section B Charcoal AA-98688 5776± 90 −12.0 6672 (6577) 6470

APE-14 Section A Charcoal AA-98687 7340± 120 −21.3 8303 (8160) 8024

CAR-1 S1-Level 6 Charcoal AA-66576 1398± 39 −21.9 1334 (1312) 1289

CAR-1 A2-Level 11 SW Charcoal AA-98684 3589± 28 −21.9 3922 (3892) 3848

CAR-1 A2-Level 17NE Charcoal AA-98685 3980± 28 −22.7 4513 (4471) 4419

CAR-1 A2-Level 21NE Charcoal AA-98686 5661± 47 −21.2 6497 (6443) 6399

CAR-1 A2-Level 23NE Charcoal AA-98689 5516± 42 −20.5 6394 (6315) 6282

MR-6 A1-Level 12 (NO) Charcoal AA-98691 607± 34 −11.6 647 (602) 554

MR-6 A1-Level 7 (NO) Charcoal AA-98692 754± 34 −24.2 703 (688) 668

MR-6 A1-Level 3 SE Charcoal AA-98693 879± 25 −21.4 892 (782) 739

MR-6 A1-Level 19 (N0) Charcoal AA-98690 3992± 30 −22.2 4514 (4476) 4423

*Calibrated and presented at one sigmausingOxCal version 4.2 (BronkRamsey et al., 2013) and ShCal 13 atmospheric curve (Hogg et al. 2013) usingmedian.

and deposits were described and interpreted following classical facies

models (Miall, 1996; Reading, 1996). Stratigraphic sedimentary units

were identified according to lithological properties, mainly texture,

sedimentary structures, and color (Munsell Color, 2000).

Representative samples were collected from sedimentary units for

particle size, carbonate, organic matter (OM), pH, phosphorus, and

electric conductivity (CE), analyses performed at INCITAP-CONICET,

Universidad Nacional de La Pampa. Samples for particle-size anal-

ysis were pretreated to remove organic matter and carbonates,

dispersed in an ultrasonic bath and then measured using a Laser Par-

ticle Sizer (Malvern 2000). Particle size results were statistically pro-

cessed andplotted in histograms and cumulative probability frequency

curves.Mean and sorting statistical parameterswere calculated by the

method of moment (Boggs, 2006) and symmetry and kurtosis through

graphic formulas after Folk and Ward (1957). General textural char-

acterization of deposits was performed by plotting ratios of sand, silt,

and clay in ternary diagrams (Folk, Andrews, & Lewis, 1970). Organic

matter contents were determined using theWalkley and Black (1934)

method corrected by the 1.72 Van Bemmelen factor; phosphorus con-

tents were determined using the Bray and Kurtz (1945) method. Car-

bonate contents were quantified with a digital calcimeter (precision

of±0.1%).
The archaeological sites were excavated during the 2011 and 2012

field seasons using 10 cm arbitrary levels beginning with Level 1

at the surface. During excavations, the sediment was sieved using

a mesh aperture of 2 mm. The sieved samples were separated by

flotation in volume of ∼10 L into light and heavy fractions at the

Laboratory of the Natural History Museum of San Rafael (Mendoza,

Argentina).

The archaeological depositswere chronologically constrainedby13

acceleratormass spectrometry (AMS) 14Cages, 12oncharcoal andone

from animal bone (Table 1). Ages were calibrated using OxCal version

4.2 (BronkRamsey, Scott, & van der Plicht, 2013) based on the ShCal13

atmospheric curve (Hogg et al., 2013)

5 RESULTS

5.1 Agua de Pérez locality

The Agua de Pérez locality is situated in the upper hydrological basin

of the Cañadón Amarillo (Fig. 1). The area displays partially dissected,

tableland relief with mass wasting deposits along the plateau edge,

eolian, and colluvial covers on slopes and edges of ephemeral streams,

wet meadows, saline pans, and eolian sand sheets in the lowlands

(Fig. 2A). Agua de Pérez is a spring-fed arroyo, characterized by alter-

nating 5 to 20 m deep, entrenched and nonentrenched reaches, typ-

ical of discontinuous dryland channels formed in unconsolidated or

poorly consolidated deposits (Bull, 1997). Gravel beds interstratified

with sandy and silty layers are exposed along the channel walls.

Several archaeological sites were found and studied along the Agua

de Pérez arroyo. The two presented here are APE-8B and APE-14,

located 250 m apart, along a reach with steep-sided channel walls

(Fig. 2A). The APE-8B site (36°49’31.9’’S, 69°28’43.2’’W) is located at

1573 m asl on a 15 m high terrace (Fig. 3C). Archaeological fieldwork

involved the excavation of a 4 m2 area. Sedimentary deposits at this

location are also well exposed along the banks of the Agua de Pérez

Arroyo and were described and evaluated (Tripaldi, Zárate, Neme, &

Gil, 2015).

The sedimentary succession at APE-8B consists of ∼1.8 m thick,

massive topartially stratified sandand silty sand. Thepresenceof some

laminations, bed geometry, and slight differences in color allowed for

distinguishing five sedimentary units (Fig. 3 and Table 2). Particle size

parameters indicate a general homogenous textural composition with

poorly sorted, fine to very fine sands, showingmainly positive asymme-

try and leptokurtic to very leptokurtic frequency distributions (Table

3). Moderate bioturbation features (krotovina) formed by roots and

faunal burrowing are present. Carbonate nodules (medium sand to

granule size) and fine (mm scale) filaments are also common. The ripple

to horizontally laminated silty sand of Unit 4 suggests sedimentation
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F IGURE 3 Stratigraphy of theAPE-8B site (Agua dePérez Locality)with particle size distribution, sample locations, 14C ages, sediment units, and
genetic interpretations. Depth (in cm) is from the present surface. Field pictures include (A) deposits in the east section with a hearth at the base,
(B) segment of the north section represented in the section drawing (dotted square), and (C) APE-8B location on top of the sedimentary succession
at the Agua de Pérez arroyo [Color figure can be viewed at wileyonlinelibrary.com]

by low-energy water currents. In Unit 2, relatively high amounts of silt

(16.5%) and clay (7.2%) denote accumulation during the final stages of

awaning flow, likely out of suspension. Themassive silty sands (Units 1,

3, and 5) can be interpreted as the product of flowswith high sediment

concentrations that preclude the migration of bedforms and function

as sandy sediment gravity flows (Miall, 1996), or due to wind sedi-

mentation on partially vegetated surfaces. The dominance of very fine

to medium sand (75–85%), absence of granules or pebbles, and low

amount of clay (<5%) in these beds, suggest an eolian imprint, either by

directwinddepositionordue to thefluvial reworkingof eoliandeposits

(Langford, 1989). This reworking by eolian and fluvial action is also

revealed in the similar sand-silt-clay ratio of the fluvial and eolian beds

(Fig. 4).

These deposits lack distinct internal bedding, a common feature of

eolian sand sheets and fluvial-eolian deposits (e.g., Forman, Tripaldi,

& Ciccioli, 2014; Lea, 1990; Tripaldi & Limarino, 2008). Moreover, the

geomorphic context of the deposits, dominated by eolian sand sheets

with sand shadows and coppice dunes, supports the interpretation of

Units 1, 3, and 5 as accumulated by eolian processes in a partially veg-

etated eolian sand sheet.

Organic matter values at APE-8B vary between 0.27% and 0.70%

(Fig. 5) exhibiting a direct relationship with carbonate content that

varies between 0.1% and 1.2% (r2 = 0.93; Fig. 6). pH values range 8.0–

8.6 and increase toward the surface but in general indicate an overall

alkaline environment (Fig. 5). Phosphorous levels vary between 28.3

and 9.8 ppm and tend to increase toward the top in the upper half of

the section (Fig. 5). High levels of phosphorous and pH are correlated

(Fig. 6). The upper part of Unit 5 has the highest phosphorous and pH

levels, which may reflect recent land use focused on pastoral activity.

Similar lower values in Unit 3 and the lower part of Unit 5 are asso-

ciated with archaeological levels at APE-8B. Unit 1 is distinguished by

low organic matter, carbonate, and phosphorous content.

TheAPE-14 site (36°49’38.23’’S, 69°28’41.28’’W, Fig. 2A) is located

at 1570 m asl and contains a 13.3 m tall stratigraphic exposure in
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TABLE 2 Sedimentary features at the Agua de Pérez archaeological sites

Sedimentary
unit

Thickness
(cm) Geometry Texture Sedimentary Structure Color CarbonateMorphology

APE-8B

1 30 Tabular Fine to very fine sand to
silty sand; S:Si:C=
88:9:3

Massive Pinkish gray (7.5YR
6/2)

–

2 <7 Lenticular Silty sand; S:Si:C=
76:17:7

Massive Pink (7.5YR 8/4) Disperse (<5%), medium
sand to granule size,
carbonate nodules and
millimeter filaments

3 <55 Tabular Fine to very fine sand to
silty sand; S:Si:C=
94:6:1

Massive Pinkish gray (7.5YR
6/2) to light brown
(7.5YR 6/3)

4 <20 Lenticular Silty sand; S:Si:C=
83:14:4

Current ripple lamination
at the base, passing
upwards to horizontal
lamination

Brown (7.5YR 5/2)

5 <75 Lenticular Fine to very fine sand to
silty sand; S:Si:C=
89:8:3

Mainly massive or with
some diffuse horizontal
laminations

Brown (7.5YR 5/2)

APE-14

1 580 Tabular Fine sand; S:Si:C= 92:7:1
with three discrete,
<20 cm thick, lenses of
pebbly sand (<5% of
pebbles of<10 cm in
diameter)

Massive Yellowish brown
(10YR 5/4)

–

2 200 Lenticular Granule to fine to
medium pebbles (2–16
mm in diameter)

Massive Dark gray (7.5YR 4/1
to 10YR 4/1)

–

3 250 Lenticular Coarse to gravelly sand Massive and planar
cross-bedding

Brown (10YR 5/3) –

4 300 Tabular Interlayering of silt,
sandy silt, andmud
with gastropods and
root voids

Massive to
millimeter-scale
horizontal lamination

Light olive brown
(2.5Y 5/3)

–

S:Si:C indicates the proportion of sand (S), silt (Si) and clay (C).

a streamcut where we identified four sedimentary units (Fig. 7 and

Table 2). Like with Units 1, 3 and 5 of the APE-8B site, Unit 1 at APE-

14 is inferred to have a mixed fluvial-eolian origin. The eolian compo-

nent is related to coppice and shadow dunes that have been incised

in places by streamflow as evidenced by centimeter-thick, lenses of

gravelly sand. Units 2 and 3 indicate fluvial sedimentation associated

with gravel and sandybars that are coveredbywetmeadowdeposits in

Unit 4.

APE-8 and APE-14 are two of several archaeological sites located

along the Agua de Pérez arroyo. Cultural materials from APE-8 were

obtained within the 4 m2 excavation area (Fig. 3). At APE-14, excava-

tions were conducted laterally into the base of the streamcut in two

rectangular areas (100 × 20 × 10 cm) comprising Sections A and B

(Fig. 7). The archaeological record at both sites is characterized by

animal bones, charcoal, and lithics contained within the mixed fluvial-

eolian facies (Units 3 and 5 in Fig. 5 and Unit 1 in Fig. 7). The fau-

nal assemblage at both sites includes Lama guanicoe, small rodents,

Dasipodidae bones and Rheidae eggs shells fragments. At the APE-8

site, two archaeological deposits are separated by a hiatus (Levels 8

and 9), stratigraphically coincident with the fluvial deposits of Unit 4

(Figs. 3 and 5).

TwoAMS 14C dates, 611± 34 14C yr B.P. (AA-98695) on charcoal in

Unit 3 (Level 12, 175 cmdepth) and365±42 14CyrB.P. (AA-98694) on

animal bone inUnit 5 (Level 6, 115 cmdepth; Fig. 3 andTable 1) provide

a relatively recent chronology for the APE-8B archaeological deposits.

In the case of APE-14, two AMS 14C dates on charcoal yielded ages of

7340± 120 14C yr B.P. (AA-98687) at Section A, and 5776± 90 14C yr

B.P. (AA-98688) at Section B (Fig. 7 and Table 1).

Discrete archaeological assemblages foundalong theAguadePérez

Arroyo indicate multiple, short, human occupations through time

within a relatively small area. The assemblages are interpreted as dis-

tinct eventsof short-termhunter-gathererhumanoccupation, inwhich

different activities took place, mostly associated with animal process-

ing and consumption, stone toolmaking and probable plant processing.

Considering that the Agua de Pérez locality is next to a siliceous raw

material source (Salgán et al., 2012) and that the number of flakes and

tools recovered from the site is relatively low, it is likely that the main

activity at these sites was associated with food procurement.
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F IGURE 4 Textural classification of archaeological site sediments
(after Folk et al., 1970)

5.2 Carmonina locality

The Carmonina locality is situated within the alluvial plain of the

Cañadón Amarillo arroyo where it is inset below a pediment etched

into Cretaceous red beds and bordered by a <5 m thick veneer of col-

luvial gravels and blocks (Figs. 2B and 8F). In this area, the arroyo has a

meandering channel, confined within a ∼40 m deep and 50 to 600 m

wide valley. The channel contains longitudinal bars and lag deposits,

dominated by pebbles and cobbles (up to ∼1 m in diameter), mainly

(∼95%) of basaltic composition, and accompanied by poorly sorted,

red and yellow, coarse to medium sand. Interchannel areas are char-

acterized by fluvial-eolian deposition with small, sand-bed arroyos,

patches of loose fine-very fine sand with coppice dunes and eolian

ripples.

The CAR-1 archaeological site (37°04’33.86’’S, 69°21’21.46’’W;

Figs. 1 and 2B) is located at 850 m asl on the inside bend of a large

meander, about 100 m north of the present Cañadón Amarillo main

arroyo channel (Fig. 2B). Archaeological fieldwork included an 8 m2

excavation extending to 2.8 m depth with an additional 1 m2 test

pit extending to 4.2 m depth inside the larger excavated area. CAR-

1 deposits are dominated by massive fine sand, with two tephra lay-

ers and overlying subordinate lenses of granules and fine pebbles. Five

sedimentary units were distinguished (Fig. 8 and Table 4). There are

some bioturbation features, mainly rodent krotovina, concentrated

within∼10 cm below the tephra layers (Fig. 8C andD).

The textures of Units 1 and 3 at CAR-1 (moderate well sorted, fine

sand with traces of silt and no clay and gravel) point to an eolian ori-

gin. Similar to some of the sandy beds at APE-8B and APE-14, themas-

sive (non-bedded) nature of these deposits is here interpreted as the

product of aggradation in a partially vegetated, eolian sand sheet with

localized coppice dunes and sand shadows (Lea, 1990). Units 2 and 4

are tephra layers related to episodic volcanic activity in the Andes to

thewest (Stern, 2004). The smooth convex to concave geometry of the

Unit 4 tephra layer is interpreted as the preservation of the smooth

relief of an eolian sand shadow (Fig. 8C). Unit 5 at the surface con-

tains fluvially dominant sediment, accumulated by ephemeral sheet

floods with some secondary flood channels resulting in a few pebbly

deposits. Eolian deposition cannot be excluded considering the pre-

dominance of fine sand and low silt content. These sediments suggest a

fluvial-eolian depositional setting, similar to the present Carmonina

locality environment.

Organic matter values in Units 1–5 range between 0.26% and

0.06%, and tend to covary with carbonate content that ranges 0.5 –

2.9% (r2 = 0.49; Fig. 6). pH levels range 7.6–8.7 and display a general

decrease from top to bottom with some variability in Unit 5 (Fig. 9).

Phosphorous values range 2.80–10.96 ppm, and also show a decreas-

F IGURE 5 Archaeological lithicmaterial and chemical parameters in relation to sedimentunits and their genetic interpretations atAPE-8B (Agua
de Pérez Locality) [Color figure can be viewed at wileyonlinelibrary.com]
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F IGURE 6 Biviariate plots of phosphorus, carbonate, organicmatter,
and pH fromAPE-8B, CAR-1, andMR6

ing trend with depth (Fig. 9). The phosphate value in Unit 5 is higher

than in Units 1 to 4. As a result, Unit 5 exhibits a different chemical sig-

nature with highest values in organic matter, phosphorous, and pH.

Archaeological materials at CAR-1 were recovered in the upper 2.3

m, that is, in Unit 5 and the upper 30 cm of Unit 3 (Fig. 9). Artifacts are

not homogeneously distributed through the sedimentary succession.

On the contrary, more than 98% of the artifacts are contained within

F IGURE 7 Sedimentaryunits andbulk sediment sampling in twosec-
tions (A and B) at APE-14, placed at the base of a sedimentary succes-
sion exposed by the Agua de Pérez arroyo. Radiocarbon ages are on
charcoal recovered from sections A and B [Color figure can be viewed
at wileyonlinelibrary.com]

Unit 5 (Fig. 9). Below this level there is a gap, with smaller concentra-

tions of cultural material at 200–230 cm depth in Unit 3. The cultural

assemblage is dominated by lithics (preliminary estimation n = 3641)

includingmostly flakes (predominantly silica-rich volcanics and basalt),

stone instruments, andmilling stones. Other cultural materials include

small amounts of charcoal, egg shells, and bone fragments. The rela-

tively low recovery of organic materials in relation to lithics could be

related to local conditions unfavorable for the preservation of organic

matter. The archaeological record suggests that knapping and plant

and animal processing were themain activities at CAR-1.

Five charcoal AMS 14C ages from CAR-1 constrain the final sedi-

ment accumulation of Units 3 at ∼5700–5500 14C yr B.P. and Unit 5

between∼4000–1400 14C yr B.P. (Figs. 8 and 9; Table 1). The lower ash

fall event occurred before ∼5700 14C yr B.P. and the second between

∼ 5700 and ∼ 4000 14C yr B.P. (Fig. 9). The two lowermost charcoal

samples are vertically separated by 10 cm and have slightly inverted

ages (Fig. 9) but are temporally equivalent within their standard error

ranges.

The 14C chronology confirms episodic human occupation at CAR-1

over the past 5700 14C years (Fig. 9 and Table 1). The distribution of

archaeological remains suggests an initial low intensity use of the site

with higher intensity human occupation over the last∼4000 14C years

after the second volcanic eruption and tephra layer (Fig. 9).

5.3 Colorado Valley locality

The Colorado Valley locality is situated at the terminal reach of the

CañadónAmarillo fluvial system (Fig. 1). A series of ephemeral streams

drain the pediments and edges of the volcanic plateau (Fig. 2C).

Interchannel areas are covered by gravelly sand in association with

eolian sand sheets and partially vegetated, small (<6 m high) coppice

dunes with rippled and unrippled beds. The MR-6 Site (37°9’5.67’’S,

69°14’52.18’’W) is located at 700 m asl, ∼700 m north of the present

ColoradoRiver channel (Figs. 2Cand10C).Anapproximately4m2 area
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F IGURE 8 Stratigraphy at CAR-1 (Carmonina locality), with particle size, sample location, 14C ages, sediment units, and genetic interpretations.
Field pictures include (A) detail of one of the pebbly channel deposits within Unit 2, (B) sand with some scattered granules and pebbles of Unit 2,
(C) tephra layer overlying the eolian sand of Unit 3, (D) detail of the intense burrowing below the tephra layer, (E) eolian sand within Unit 1, and (F)
geomorphic context of the archaeological site with the gravelly sand alluvial plain and outcrops of Cretaceous red beds [Color figure can be viewed
at wileyonlinelibrary.com]

of the sitewas excavated to 3.6mdepth into the side of a coppice dune.

The site is characterized by more sedimentary variability (boulder to

fine sand) compared to APE-8B, APE-14, and CAR-1. Five sedimentary

units were identified (Fig. 10 and Table 4) and laterally traceable along

the north, east, and south walls of the excavation.

Gravels and boulders within the basal Unit 1 indicate high-energy

depositionby traction currents resulting in longitudinal barsor channel

lags (Miall, 1996), similar to those presently transported and deposited

by arroyos in the lower reach of the Cañadón Amarillo fluvial system

(Fig. 2C). Unit 2 is interpreted as the product of lower energy flu-

vial currents that deposited fine sand with dispersed basalt granules

and pebbles. The textural characteristics and current eolian environ-

ment with sand sheets point to some wind sorting of this sediment.

This sedimentary unit is comparable to the fluvially reworked eolian

sand (fluvial-eolian interaction facies) described byNewell (2001). The

reddish (5–7.5 YR) colors are inherited from red sandstones that out-

crop to the north (Fig. 1). Finally, the sequence is capped by Units

3 and 5 that contain cross-laminated beds of moderately sorted fine

sand and formed by eolian sedimentation associated with the surface

dune (Fig. 10C). A single tephra layer occurs at 115–120 cm below the

present surface.

Organic matter values range 0.10–0.47% with the highest con-

tent near the surface. Carbonate content varies between 1.4% and

3.3% with the highest percentages in Units 2 and 5 (Fig. 11). pH and
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TABLE 4 Sedimentary features at Carmonina (CAR-1) and Colorado Valley (MR-6) localities

Sedimentary Unit
Thickness
(cm) Geometry Texture

Sedimentary
Structure Munsell Color

Carbonate
Morphology

CAR-1 (from base to top)

1 130 Tabular Moderately fine sand;
S:Si:C= 97:3:0

Massive Brownish yellow
(10YR 6/6)

Few (<5%)
millimeters
nodules

2 Tephra layer <2 Discontinuous
and
irregular

Fine ash Massive Very pale brown
(10YR 8/2)

Carbonate in the
sedimentary
matrix

3 190 Tabular
transitional

Moderately fine sand;
S:Si:C= 98:2:0

Massive Brownish yellow
(10YR 6/6)

Few (<5%)
millimeters
nodules

4 Tephra layer 2 Tabular,
convex-
upward bed
with∼30
cm in relief

Fine ash; S:Si:C= 64:34:2 Massive Very pale brown
(10YR 8/2)

Carbonate in the
sedimentary
matrix

5 200 Tabular Moderately fine sand
with disperse,<5% of
granules and fine
pebbles; S:Si:C=
94:5:1With few
discrete,∼5-10 cm
thick lenses of fine
pebbles (2-8mm in
diameter)

Massive Light brown
(7.5YR 6/3)

MR-6 (from base to top)

1 50 Lenticular Subangular to
subrounded, basalt
boulders (40 cm of
maximum diameter) in
amoderately sorted,
sandymatrix.

Massive Black (5YR 2.5/1) –

2 <80 Lenticular Moderately sorted, fine
sandwith<5% of
basalt granules and fine
pebbles (2–8mm in
diameter). S:Si:C=
95:5:0

Massive Yellowish red
(5YR 5/6)

Few (<5%)
millimeters
nodules

3 140 Tabular Moderately well sorted,
fine sand; S:Si:C=
92:7:1.

Cross-bedding, with
millimeter-thick
forests dipping
15–28°

Light brown
(7.5YR 6/4)

4 Tephra layer <3 Discontinuous
and
irregular

Fine ash; S:Si:C= 62:35:3 Massive Very pale brown
(10YR 8/2)

Carbonate in the
sedimentary
matrix

5 115 Tabular Moderately well sorted,
fine sand.

Cross-bedding, with
millimeter-thick
foresets dipping 25°

Light brown
(7.5YR 6/4)

S:Si:C indicates the proportion of sand (S), silt (Si), and clay (C).

phosphorus levels vary 8.0–8.6 and 11.8–24.6 ppm, respectively

(Fig. 6). With the exception of increased pH and decreased EC in the

tephra layer; there is no clear chemical trendwith depth.

The earliest archaeological evidence at MR-6 consists of some

flakes and low-density charcoal in Unit 2, just above the basalt boul-

ders (Fig. 11). Above this are three discrete artifact levels within

the stratified sands of Unit 3. The lowermost layer is mainly repre-

sented by camelid bones, flakes, and one hearth (charcoal concentra-

tion), 210 cm below the present surface (Fig. 11). The second level is

composed of stone flakes, charcoal, camelid, and medium mammal

bones at 155–165 cm below the present surface (Fig. 11). Finally, a

grinding stone was found above the tephra layer (Fig. 10) that was

laterally associated (same depth) to fish bones and charcoal remains.

Fish bones are notoriously abundant in MR-6 deposits with remains

of Diplomystes sp. and Percichthys sp. in Unit 3 and specimens of Per-

cichthys sp. in Unit 2. Corbat (2016) concluded that these ichthyofau-

nal materials are consistent with the existence of, at least, two tapho-

nomic processes. The oldest assemblage is in Unit 2 and dated to

∼4000 14C yr B.P. (Fig. 11). This assemblage has low-density and tax-

onomic diversity with no signs of combustion, which, given the flu-

vial context, suggest a noncultural origin. The younger assemblage

dated to ∼600–900 14C yr B.P. in Unit 3 has a higher density of
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F IGURE 9 Archaeological lithic material and chemical parameters in relation to sediment units and their genetic interpretations at CAR-1 (Car-
monina locality) [Color figure can be viewed at wileyonlinelibrary.com]

fish bones, a greater diversity of species, and are thermally altered,

suggesting an anthropogenic origin associated with human occupa-

tion. That the upper three 14C ages within Unit 3 are stratigraph-

ically inverted (Figs. 10 and 11; Table 2) is not unusual for eolian

contexts (Buck et al., 2002). We consider the archaeological remains

within Unit 3 to represent periodic human occupation between

∼600–900 14C yr B.P.

6 DISCUSSION

6.1 Site formation processes and the archaeological

record

Most archaeological studies in northwestern Patagonia have taken

place in rockshelters (Barberena et al., 2011; Borrero, 2004; Durán,

2000; Fernández, 1988–1990;Gil, 2006) ostensibly under the assump-

tion that open-air sites in this area do not have a buried archaeological

recordwith a deep chronology of human occupation, despite some evi-

dence to the contrary (e.g., Gradín, 1986). Our investigation presents

three archaeological sites with thick sedimentary sequences, well-

constrained chronologies, and good stratigraphic resolution, thus con-

firming that buried archaeological remains do indeed occur in open-air

sites in northwestern Patagonia.

The sedimentary context of archaeological materials at APE-8B,

APE-14, CAR-1, and MR-6 was formed by eolian and mixed fluvial-

eolian processes, associated with ephemeral streams under sedi-

mentological and geomorphological conditions similar to the arid to

semiarid conditions of today. Eolian sedimentation is mainly associ-

ated with eolian sand sheets that include coppice dunes, sand shad-

ows, and partially vegetated, unrippled mantles. These eolian sed-

iments have been subject to reworking by low-energy fluvial cur-

rents and sandy gravity flows. The nature of this stratigraphy doc-

uments intertwined alluvial and eolian processes within a dryland

landscape, a depositional system described as fluvial-eolian interac-

tion (Bullard & Livingstone, 2002; Langford, 1989; Tripaldi & Limarino,

2008).

Post-depositional processes, including bioturbation, pedogenesis,

and/or humanactivity,work to obliterate the depositional sedimentary

structures resulting in massive deposits that lack internal bedforms.

In our study sites, some degree of post-depositional modification can-

not be ruled out. However, there is little evidence of these processes,

leading us to conclude that the lack of internal bedding in many of the

deposits is original and related to depositional processes associated

with eolian sand sheets and fluvial-eolian environments that tend not

to produce internal bedding (e.g., Forman et al., 2014; Lea, 1990; Tri-

paldi & Limarino, 2008).

The four excavated sites illustrate different geoarchaeological pro-

cesses and depositional histories, marked by variable eolian and flu-

vial influence that led to the burial and preservation of the archaeo-

logical materials (Fig. 12). All of the study localities are located in dry-

land alluvial plain settings but show different sedimentary trends due

to shifts in fluvial versus eolian morphogenesis, a typical feature of

dynamic fluvial-eolian systems (Langford, 1989). In this sense, there

are two extremes of the depositional process with inverted succes-

sions, likely linked to localized geomorphic differences. The MR-6 and

CAR-1 sedimentary successions are distinctly bedded, in comparison
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F IGURE 10 Stratigraphy atMR-6 (Colorado Valley locality), with particle size, sample location, 14C ages, sediment units and their genetic inter-
pretations. Field pictures include (A) cross-bedded eolian sand (Units 3 and 5) overlying a massive fluvial-eolian deposit (Unit 2) and showing a
white tephra layer (Unit 4) with a grinding stone above it, (B) basalt boulders (Unit 1) at the base of the archaeological excavation, and (C) location
of theMR-6 site excavations into a coppice dune [Color figure can be viewed at wileyonlinelibrary.com]

to the APE-8B record that contains a more homogenous stratigra-

phy (Fig. 12). At MR-6 the stratigraphy is characterized by initial allu-

vial deposition that gradually changes to combined fluvial-eolian sed-

imentation and ends with eolian deposition. In contrast, the CAR-1

depositional sequence begins with eolian deposition and is followed

by a fluvial-eolian sedimentation. The relatively homogenous APE-8B

deposit formed mostly by fluvial-eolian sedimentation, with punctu-

ated fluvial events (Fig. 12).

6.2 Archaeological resolution

Human occupation at sites APE-8B and MR-6 were discrete and dis-

continuous, spatially and temporally, resulting in stratigraphic separa-

tion and high chronological resolution (Fig. 12). This is fortuitous given

that cultural deposits in eolian dunes, and sometimes in fluvial terraces

are commonly found in a continuous andmixedmanner (Waters, 1992:

195), such as at CAR-1 (Fig. 12). Cultural material in the fluvial-eolian

deposits at CAR-1 is continuous over a significant depth and very
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F IGURE 11 Archaeological lithic material and chemical parameters in relation to sediment units and their genetic interpretations atMR-6 (Col-
orado Valley locality) [Color figure can be viewed at wileyonlinelibrary.com]

dense, suggesting disturbance by post-depositional processes. Lower

artifact density in the lower deposits (Unit 1) at CAR-1 is probably

related to higher eolian sedimentation rates.

Archaeological excavations presented here provide the earliest evi-

dence yet for human occupation within the southern margin of Payu-

nia in northwestern Patagonia with cultural materials dating as early

as ∼7300 14C yr B.P. at APE-14 and ∼5700 14C yr B.P. at APE-14 and

CAR-1 (Figs 7 and 8). The low density of artifacts suggests short-term

human occupations associated with foraging. Younger archaeological

remains document human activity in the area between ∼600–900 14C

yr B.P. at MR-6 and ∼610–370 14C yr B.P. at APE-8B (Figs 3 and 10).

Archaeological materials recovered in Unit 5 at CAR-1 suggests that

the Carmonina locality was a base camp, with strong evidence of lithic

toolmanufacturing andplantprocessing (indicatedby several handand

milling stones). Despite deposits that hinder bone preservation, bone

remains and Rhea egg shell fragment imply that animal resources were

processed at this site. The proximity of CAR-1 to a freshwater spring,

presumably present during human occupation, favored the concentra-

tion of human activity in the same place resulting in a higher rate of

artifact deposition, limited stratigraphic separation, and low temporal

resolution. Overall, the archaeological evidence supports human occu-

pation by highly mobile hunter-gatherers groups.

In contrast to CAR-1, the APE-8B site presents discrete, strati-

graphically separated cultural deposits with high temporal resolution

reflective of repeated, short human occupation events. In addition,

numerous archaeological remains recording short and discrete occu-

pation events commonly occur some distance along the steep-sided

walls of the Agua de Pérez arroyo. The nature of this setting, with an

extended terrace adjacent to a small and partially entrenched channel,

likely favored a more spatially extensive human occupation at the site.

Even when the place was frequently reoccupied, these occupations

rarely occurred at the sameplace resulting in amorediscontinuous and

dispersed archaeological record well preserved by rapid fluvial-eolian

sedimentary processes.

The archaeological record at MR-6 corresponds to a short-term,

probably restricted activity site that reflects a relatively homogeneous

landscape dominated by the Colorado River and associated fluvial-

eolianplains, similar to theAPE-8BandAPE-14 sites. Thearea contains

several coppice dunes similar to that excavated at MR-6 that are likely

to contain subsurface cultural deposits over a broad area.

7 CONCLUSION

The geoarchaeological approach followed in our study of four sites in

theCañadónAmarillo area of northwestern Patagonia emphasized the

sedimentological and geomorphological context of cultural remains.

Our results indicate that interchannel areas of ephemeral streamsmay

contain relatively intact subsurface archaeological materials within

deposits formed by fluvial-eolian interactions. In terms of human

activity, the ephemeral streams provided water and food resources

in an open setting conducive for dispersed, episodic occupations.

At the four sites, depositional processes dominated by eolian and

low-energy fluvial activity helped to quickly bury archaeological mate-

rials, protecting them from erosion and helping to preserve spatially
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F IGURE 12 Geoarchaeological scheme of site formation at APE-8B, MR-6, and CAR-1 (not to scale) showing the variable influence of natural
depositional processes (fluvial and eolian morphogenesis) on sediment accumulation (eolian, fluvial, and fluvial-eolian deposits) and its relation to
the occurrence of archaeological remains

and temporally discrete archaeological layers. Radiocarbon dating of

these layers indicate human occupation as early as ∼7300 14C yr B.P.,

the oldest cultural evidence thus far identified for the Payunia and

Cañadón Amarillo area.

The archaeological record within the study area displays variable

stratigraphic and temporal resolution ranging from high at APE-8B,

APE-14, and MR-6 to relatively low at CAR-1. This variability is likely

related to depositional processes and the geomorphic setting of the

archaeological sites. In this regard, material evidence of human occu-

pations in fluvial-eolian contexts exhibit better integrity and resolution

thanarchaeological sites solely in eoliandunedeposits.Detailedgeoar-

chaeological analysis of natural stratigraphic exposures in stream-

cuts combined with archaeological surface exploration demonstrated

numerous buried open-air sites in the Cañadón Amarillo area. These

sites significantly expand our knowledge of human prehistory in the

area. Future geoarchaeological research in this area will continue

to play an important role in obtaining a more complete panorama

of past human dynamics in the dryland settings of southern South

America.
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