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Abstract. The Atacama Desert is one of the driest deserts on Earth, with a predominantly hyperarid climate
since at least the Miocene. Geological evidence, however, indicates that this overall hyperaridity was repeatedly
interrupted by wetter periods. Deep-time precipitation reconstructions of the Atacama Desert are limited by
scarce and discontinuous sediment sequences, most of which received moisture from wetter regions outside
the Atacama Desert. Longer archives of the precipitation history in the desert interior during the Neogene are
unfortunately extremely rare.

The sediment records of two tectonically blocked endorheic basins (also known as clay pans) in the Coastal
Cordillera of northern Chile may fill the gaps in the paleo-precipitation record of the Atacama Desert. Com-
prehensive investigations of both clay pans applied intensive geological and geophysical site surveys and
deep-drilling operations with subsequent downhole logging. Short pilot cores of up to 6.2 m in length already
showed highly variable sediment successions reflecting strong hydroclimatic fluctuations on glacial–interglacial
timescales. Electromagnetic and seismic surveys yielded a three-layer structure in both basins consisting of the
resistive basement overlain by a low-resistivity basal and a high-resistivity upper sediment unit with total sedi-
ment thicknesses of more than ∼ 100 and ∼ 160 m in the Playa Adamito Grande (PAG) and Paranal clay pans,
respectively. Assuming similar sedimentation rates to those of the pilot cores, this would imply that the sediment
records of both clay pans span several million years.

Lithological data and downhole-logging results of the deep-drilling operations reveal strong heterogeneities
in the sediment composition that presumably can be traced back to major climatic and/or tectonic shifts in the
catchments of the clay pans. Whereas the fine-grained sediments at the base of the PAG sequence suggest longer-
lasting lacustrine sedimentation with enhanced evaporative episodes, the lower sediment unit in the core from the
Paranal clay pan consists of fluvial conglomerates and sandstones. Both lacustrine and fluvial sediments indicate
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less arid conditions in the central Atacama Desert than today. Separated by distinct lithological boundaries, the
upper sediments in both clay pans show several similar sediment facies typical of alluvial-fan deposition, e.g.,
proximal mudflows and debris flows, sheetflood, and distal alluvial sediment flows, but also pedogenic calcium
sulfates. The shift to a predominant alluvial-fan deposition, which is common after torrential rainfall in the
Atacama Desert today, implies a general modification of the environmental conditions of the study areas.

These initial results already highlight the potential of the sediment records from the PAG and Paranal clay
pans to provide unprecedented information on the Neogene precipitation history in the hyperarid core of the
Atacama Desert.

1 Introduction

The Atacama Desert in northern Chile and southern Peru
(Fig. 1) is assumed to be one of the driest deserts on Earth
(Dunai et al., 2005; Evenstar et al., 2017; Ritter et al., 2018),
with its hyperarid core today receiving less than 2 mm precip-
itation per year (Houston, 2006). The extreme aridity results
from three major driving factors: (1) the long-term stable po-
sition of the Atacama Desert at the subsiding branch of the
Hadley cell (Houston, 2006), (2) the rain-shadow effect of
the Andes (e.g., Garreaud et al., 2010; Houston and Hartley,
2003; Rech et al., 2010), and (3) the temperature inversion
over the coastal Pacific Ocean caused by the upwelling of
cold Humboldt Current waters that effectively prohibit land-
ward moisture transport (Garreaud et al., 2010, 2009). Arid
conditions in the Atacama Desert likely date back to the Late
Cretaceous (Hartley et al., 2005) or Oligocene (Dunai et al.,
2005; Evenstar et al., 2017) but are assumed to be intensi-
fied since the Miocene (e.g., Amundson et al., 2012; Dunai
et al., 2005; Evenstar et al., 2009; Rech et al., 2019). Up-
per Miocene to Pleistocene sedimentary records of the Cen-
tral Depression, Andean Precordillera, and Altiplano (Bobst
et al., 2001; Hartley and Chong, 2002; Pfeiffer et al., 2018;
Pizarro et al., 2019; Ritter et al., 2019; Sáez et al., 2012;
Baker et al., 2001; Fritz et al., 2004; Nunnery et al., 2019),
however, indicate more severe variations in the intensity
of the overall aridity in the Atacama Desert. On a shorter
timescale, scarce sediment sequences, like paleo-wetland se-
quences and rodent middens from the central Atacama Desert
and the Andean Precordillera, reflect vegetation shifts trig-
gered by pulses of less arid climate conditions over the
last approximately 50 kyr that are traced back to interhemi-
spheric teleconnections, e.g., by variations in the intensity of
the South American Summer Monsoon (e.g., Latorre et al.,
2002; Maldonado et al., 2005; Quade et al., 2008; Sáez et al.,
2016). Most of these records, however, received moisture via
groundwater and surface water flows from higher altitudes
in the Precordillera, which partly biases the local climate
signal. Climate archives from the Coastal Cordillera, which
are completely disconnected from Precordillera runoff and
thus record only local precipitation signals, unfortunately, are
very rare (Diederich et al., 2020; Ritter et al., 2019).

Here, we present initial results of site surveys and deep-
drilling operations in two tectonically blocked endorheic
basins, also known as clay pans, located in the Coastal
Cordillera of northern Chile. The investigations were car-
ried out within the framework of the Collaborative Research
Centre (CRC) 1211 “Earth – Evolution at the Dry Limit”, a
multidisciplinary project that investigates the mutual inter-
play of biology and landscape evolution in extremely water-
limited environments on geological timescales (Dunai et al.,
2020). Clay pans are widespread in the Coastal Cordillera
and fill terminal basins formed from ancient fluvial drainages
by tectonic drainage displacement along fault scarps (Arens
et al., 2024; Ritter et al., 2019; Diederich et al., 2020). During
rare decadal to centennial intense rain events, the clay pans
are fed episodically by runoff from adjacent alluvial fans
and ephemeral streams that drain only smaller catchments
within the Coastal Cordillera (Wennrich et al., 2024). These
catchments receive neither groundwater nor surficial water
from outside the Coastal Cordillera and thus are hydrologi-
cally disconnected from wetter areas in the Precordillera and
Altiplano. The clay pan records could therefore be valuable
archives of hydrological changes in the Atacama Desert’s hy-
perarid core.

2 Site description

2.1 Playa Adamito Grande (PAG) clay pan

The PAG clay pan (21°32′S, 69°54′W; 940 m altitude) is lo-
cated in the driest part of the Atacama Desert, which receives
mean precipitation of < 1 mm yr−1 (Houston, 2006). The en-
dorheic basin was formed by tectonic activity along the re-
verse Adamito Fault (also called the “Cerro Aguirre Fault”;
González et al., 2021), resulting in a steep fault scarp to the
north of the clay pan (Fig. 2a and b). The vertical offset at
the scarp is up to 100–130 m and has blocked the outflow
of the basin through a meandering paleo-drainage towards
the north (Maksaev and Marinovic, 1980; Allmendinger and
González, 2010; Ritter et al., 2018). The Adamito Fault
is known to have been active since at least the Miocene
(González et al., 2021). The visible extent of the PAG clay
pan measures approximately 640 m (N–S) by 1000 m (W–
E); the catchment area comprises 560 km2 (red polygon in
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Figure 1. (a) Color-shaded digital elevation model of the Atacama
Desert (derived from Shuttle Radar Topography Mission (SRMT)
data and modified after Ritter et al., 2018) showing the locations
of the Paranal and PAG clay pans (yellow half circles) as well as
other clay pans in the Coastal Cordillera (orange half circles). The
solid white lines highlight isohyets and the dotted line the border be-
tween winter-rain- and summer-rain-dominated areas (after Hous-
ton, 2006). (b) Location of the study area (red rectangle) in South
America.

Fig. 2a) and is drained through small incised inlets from
the east, southeast, and southwest, including the topographic
high of Cerro de la Mica (1817 m altitude, Ritter et al., 2018,
2019; Fig. 2a). Basement rocks in the catchment are com-
posed of Devonian sandstones and Jurassic volcanoclastic
sequences as well as Early Cretaceous diorites, granodior-

ites, and andesitic porphyry (Harrington, 1961; Maksaev and
Marinovic, 1980; Coira et al., 1982). In large parts of the
basin, these basement rocks are covered by Neogene alluvial-
fan deposits (Maksaev and Marinovic, 1980). Today, the clay
pan area is barren of vascular plants. During our fieldwork,
we only found sparse lichens macroscopically visible at the
fault scarp north of the clay pan.

2.2 Paranal clay pan

The Paranal clay pan (24°29′ S, 70°09′W; 2231 m altitude)
is located in the eastern Pampa Remiendos as part of the
Coastal Cordillera (Fig. 2c). The area receives mean precip-
itation of approximately 5 mm yr−1, mainly in the form of
small-amplitude rain events that primarily occur during the
austral winter season (Houston, 2006; Reyers et al., 2021).
The endorheic basin was formed by tectonic blocking of
an ESE–WNW-oriented paleo-channel system, which for-
merly drained the Sierra Vicuña Mackenna mountain range
towards the Pacific Ocean, along a trace of the Quebrada
Grande Fault System as part of the Atacama Fault System
(AFS; Herve, 1987; Scheuber and Andriessen, 1990; Blanco-
Arrué et al., 2022; Fig. 2c). The tectonic activity in this seg-
ment of the AFS is dated to the Middle to Upper Miocene
(19 to 5.5 Ma; Herve, 1987). The timing of the tectonic
pulse that caused the final blockage of the clay pan, how-
ever, is still unknown. Today, the clay pan forms a termi-
nal basin that is fed episodically by surface runoff from ad-
jacent alluvial fans and ephemeral streams. The catchment
amounts to 170.8 km2 and is defined by the up to 3114 m high
Sierra Vicuña Mackenna to the northeast, east, and southeast
(red polygon in Fig. 2c). Whereas the surrounding hills and
mountains are built of Jurassic and Early Cretaceous dioritic
to granodioritic plutonic rocks, the playa itself is located in
Upper Miocene to Pleistocene alluvial to colluvial strata (Ál-
varez et al., 2016; Domagala et al., 2016). Most parts of the
catchment and the surrounding mountains are barren of vege-
tation. Only a few perennial species, like Adesmia atacamen-
sis, Calandrinia salsoloides, Cistanthe arancioana, Nolana
sessiflora, and Cryptantha sp., are adapted to the harsh en-
vironment and colonize niches along fluvial channels and
rocky outcrops as well as the flanks of higher mountains
(Díaz et al., 2012; Elgueta and Barría, 2008).

3 Pre-site surveys

To evaluate the potential of the sedimentary records in the
PAG and Paranal clay pans as suitable paleoclimate archives
and to select the best targets for deep-drilling operations,
comprehensive site surveys including cosmogenic nuclide
exposure (CNE) dating and pilot coring were conducted dur-
ing several field campaigns between 2013 and 2015.
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Figure 2. Maps of the studied clay pans in the Coastal Cordillera. (a) Satellite imagery of the PAG area (derived from Sentinel data) with
the clay pan’s catchment (red polygon) and major inlets (blue lines). Solid, dashed, and dotted black lines highlight faults after Maksaev and
Marinovic (1980). The icon marks the position of a cosmogenic nuclide exposure (CNE) sample from the paleo-drainage (Ritter et al., 2018).
(b) Close-up of the PAG clay pan (Sentinel-1B imagery) with the Adamito Fault (black line) and the paleo-drainage (green line) to the north
of the clay pan. The sites of the PAG5/6 pilot core and PAG17 deep drilling (red stars), the transient electromagnetic (TEM) stations (red
squares), and the N–S seismic profile presented in Fig. 3b (yellow line) are indicated. (c) Satellite image of the Paranal clay pan in the Pampa
Remiendos with its catchment (red polygon) and major tributaries (blue lines) derived from the TandemX DEM. The green line marks the
course of the paleo-drainage and the icon the position of a CNE sample from the abandoned paleo-channel. Solid, dashed, and dotted black
lines highlight observed, inferred, and covered faults, respectively (modified after Álvarez et al., 2016; Domagala et al., 2016). (d) Close-up
of the Paranal clay pan (SPOT7 multispectral (MS) imagery) showing the fault scarp and blocked paleo-drainage to the west of the clay pan
as well as the locations of the PAR-1 pilot coring and PAR22 deep-drilling sites along with the position of the TEM soundings (red squares)
and the N–S seismic profile presented in Fig. 3d (yellow line).

3.1 CNE dating

CNE dating was employed to date the most recent fluvial ac-
tivity in the paleo-drainages of the clay pans prior to their
final drainage cutoffs due to tectonic activity. Thereby, CNE
dating can provide minimum age constraints for the forma-
tion of the clay pans. For that purpose, fluvially rounded
quartz pebbles were collected from the abandoned outflow
channels of both clay pans (Fig. 2a, c). Samples from PAG
were dated using 21Ne at the Scottish Universities Environ-

mental Research Centre (SUERC; for details, see Ritter et al.,
2018), while the Paranal samples were measured at the Uni-
versity of Cologne after Ritter et al. (2021) using the identical
input parameters for the calculation of the exposure ages as
in Ritter et al. (2018).

In the paleo-drainage of the PAG clay pan, 21Ne expo-
sure ages cluster at ∼ 8 and ∼ 2–3 Ma (Ritter et al., 2018).
The 21Ne exposure ages of clasts from the paleo-drainage
of the Paranal clay pan reveal a more distinct cluster at
3.5± 0.24 Ma (n= 3) and two Miocene ages (7.66± 0.28
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and 10.96± 0.49 Ma). These results imply that both paleo-
drainages finally became abandoned some time during the
Middle to Late Pliocene.

3.2 Pilot coring

In 2014 and 2015, first exploratory sediment cores were re-
covered from the PAG and Paranal clay pans using a hand-
held percussion-drilling system (Eijkelkamp, the Nether-
lands). The cores were investigated using multiproxy ap-
proaches.

Core PAG5/6 originates from the northern central part of
the PAG clay pan (Fig. 2b) and has a total length of 6.2 m.
Luminescence and paleomagnetic dating suggest that the
record spans at least the last 215 kyr (Ritter et al., 2019).
The sediments of core PAG5/6 show a strongly heteroge-
neous composition, with coarse-grained (sand and gravel)
deposits in the lower core section suggesting higher fluvial
(alluvial) input into the basin during Marine Isotope Stage
(MIS) 7 to MIS 5 (Ritter et al., 2019). Finer sediments to-
wards the top were linked to a progressive reduction in the
inflow from MIS 4 to MIS 1, with only a few interspersed
coarse layers indicating irregularly occurring intense flood-
ing events. Overall, variations in sedimentological, geochem-
ical, sediment-physical, and biological proxies along the core
imply that the long-term hyperaridity in the area witnessed
small but significant precipitation changes with several plu-
vial phases since the penultimate interglacial. These precip-
itation changes are assumed to be linked to variations in the
Pacific Ocean sea surface temperature in glacial–interglacial
cycles (Ritter et al., 2019).

Core PAR-1 was retrieved from the western part of the
Paranal clay pan (Fig. 2d) and has a length of 1.88 m. Al-
though the chronology of the core is relatively poorly con-
strained, sparse reliable radiocarbon and luminescence dates
imply that the sediments were deposited since the Late Pleis-
tocene after ∼ 32 ka (Wennrich et al., 2024).

To elucidate its paleoenvironmental information, investi-
gations of the core composition were combined with a mod-
ern ground-truthing approach based on historic rain events
since 1990, which combines sediment data with remote sens-
ing, meteorological, and climate-modeling data. The results
indicate that today significant surface runoff in the Paranal
catchment and subsequent water and sediment inflow into
the clay pan are limited to infrequent ENSO-related heavy
rains > 20 mm, which occur in the area with a mean recur-
rence rate of 6 years. Distal overland flows or mudflows trig-
gered by these heavy rains dominate the Holocene part of
the record and are thus regarded as primary sedimentological
processes. In addition, however, more coarse-grained, well-
sorted sediment layers are intercalated in the Holocene sed-
iments at a mean frequency of 1070–1430 years, which rep-
resent stronger millennial-scale flood events that exceed the
historical observations in amplitude. The sediments formed
during the Late Pleistocene, in contrast, predominantly con-

sist of even coarser sediments, which were likely deposited
by proximal mudflow or debris-flow events. This reflects
widespread wetter conditions in the southern Atacama Desert
than today during the Late Pleistocene CAPE (Central Ata-
cama Pluvial Events; Quade et al., 2008; Sáez et al., 2016).

4 Geophysical survey and site selection

To investigate the thickness and architecture of the sedimen-
tary strata of the PAG and Paranal clay pans as well as the
bedrock topography, comprehensive geophysical site surveys
using transient electromagnetic (TEM) and active seismic
methods were carried out in October 2018 and December
2019.

The TEM surveys applied a central loop configuration
with transmitter loop sizes of 40 m× 40 m (Tx-40) and
80 m× 80 m (Tx-80) with an inner 10 m× 10 m receiver
loop covering the entire clay pan areas on a 3D grid (Fig. 2b
and d) using the ABEM Walk TEM system (Guideline Geo
AB, Sweden). A total of 56 TEM soundings was recorded
at the PAG clay pan (Fig. 2b), whereas 116 soundings were
recorded at the Paranal clay pan (Fig. 2d; Blanco-Arrué et al.,
2022). The acquired TEM data were processed using a ro-
bust stacking scheme to yield high-quality transients (Blanco
Arrué, 2024). Postprocessing analyses involved conventional
1D Marquardt–Levenberg (ML) and Occam inversion meth-
ods (e.g., Yogeshwar et al., 2020) in order to develop both
minimum-layered models with sharp interfaces and smooth
models, respectively. Both techniques result in a credible 1D
electrical resistivity model at each sounding location. A spa-
tial visualization of the sediment distribution and the bedrock
topography is derived from the 1D resistivity models.

The TEM surveys were complemented by seismic re-
fraction surveys of both clay pans in order to obtain P -
wave velocity models that provide increased spatial resolu-
tion for imaging the shallow subsurface sedimentary infills.
Data acquisition was conducted using vertical-component
geophones as receivers and an accelerated weight drop with
a mass of ∼ 40 kg attached to a pickup truck as the seis-
mic source. The weight drop was preferred to a conventional
sledgehammer source due to its higher emitted energy. The
receiver point distance was 2 m for the whole profile. The
source point distance was 4 m at the ends of the profiles and
decreased to 2 m at the centers to increase the spatial reso-
lution at shallow depths in these areas. For the PAG basin, a
N–S profile was recorded using 140 source points and a fixed
spread of 288 receivers (geophones). This results in a profile
length of about 576 m. In the case of the Paranal basin, seis-
mic recordings were conducted along a N–S profile spanning
most of the visible extent of the clay pan. Altogether, 288
geophones were deployed, resulting in a profile length of ap-
proximately 576 m.
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4.1 PAG clay pan

At the PAG site, the derived TEM resistivity models exhibit
spatially consistent variations and indicate a three-layer sub-
surface structure with an electrical conductive layer between
two resistive layers (Fig. 3a). The deep resistive layer ex-
hibits resistivities of more than 300 �m and can be resolved
to a maximum depth of ∼ 300 m. Due to its high resistiv-
ity and uniformity within the basin, we interpret the layer as
the local bedrock. With a sharp resistivity contrast, the pre-
sumed bedrock is overlain by a conductive body of ∼ 3 �m.
Due to its lenticular geometry with a maximum thickness of
∼ 70 m in the basin center and its thinning towards the edges
with low slope angles (below ∼ 5°; Fig. 3a), the conductor is
regarded as the basal sediment infill. The extent of the sedi-
ment infill significantly exceeds the visible surface area of the
modern clay pan. The uppermost shallow resistive layer has
resistivity values between 80 and 200 �m and forms a rather
uniform tabular geometry across the basin with an average
thickness of ∼ 30 m. Assuming that the lower resistive layer
reflects the bedrock, an estimated maximum sediment thick-
ness of 103± 10 m is observed towards the northern edge of
the basin. The location coincides with the head of the paleo-
channel, which is assumed to have been the major drainage
of the basin, right before the uplift along the Adamito Fault
(Fig. 3a).

P -wave velocity information was obtained by first-arrival
travel-time tomography to a depth of approximately 30–
40 m (Fig. 3b) given the present velocity distribution and
the limited profile length. Seismic velocities below 20 m are
comparably high, reaching values of ∼ 1700–2000 m s−1.
Above 20 m, the p-wave velocities decrease gradually, first
to ∼ 1500–1000 m s−1 and then, above 10 m, to ∼ 1000–
400 m s−1. This finding is consistent with P -wave veloci-
ties observed in the Huara clay pan located approximately
200 km to the north of PAG (Fig. 1a; Diederich et al., 2020).
The most dominant velocity contrast is visible at roughly
30 m depth, as depicted by the black contour line marking
the highest 5 % ray coverage in Fig. 3b. The depth of this
prominent seismic refractor fits well with the shallow tran-
sition from resistive to conductive sediments, indicating a
distinct change in the sedimentary composition. The depth
of the refractor trends to larger depths towards the northern
edge of the clay pan (Fig. 3b) suggests a slightly asymmetri-
cal geometry of the sediment infill that is likely to be linked
to tectonic uplift along the Adamito Fault.

4.2 Paranal clay pan

In the Paranal clay pan, the 1D models of the TEM data
provide information down to ∼ 250 m (Blanco-Arrué et al.,
2022). As can be seen, for instance, in transects PB1, PB3,
and PB5, the resistivity models exhibit a three-layer structure
(Fig. 3c), similar to the PAG clay pan. The lower resistive
layer at Paranal exhibits resistivities of ∼ 200 �m and is in-

terpreted as the local dioritic to granodioritic bedrock. The
bedrock is overlain by a conductive layer of ∼ 20 �m, with
varying thicknesses from∼ 20 m on the northern periphery to
∼ 110 m in the center of the clay pan. The transition from the
bedrock to the conductive layer indicates a channel-like ge-
ometry that is oriented in E–W, with slope angles of roughly
20° along the northern and southern edges. The structure is
interpreted as a channel of a paleo-river that incised down
to approximately 80 m in the underlying basement rocks
(Blanco-Arrué et al., 2022) and presumably belongs to the
paleo-drainage that drained the Sierra Vicuña Mackenna to-
wards the Pacific Ocean (Herve, 1987; Scheuber and An-
driessen, 1990). At a depth of ∼ 50 m, the conductive strata
are overlain by a layer of higher resistivity (> 100 �m). Due
to differences in the thickness of the conductive layer, the
presumed total sediment thickness in Paranal is rather hetero-
geneous, ranging from 100± 10 m at the edges to 160± 10 m
in the center of the postulated paleo-channel.

The seismic data along the N–S-oriented profile yield in-
formation down to roughly 70 m (Fig. 3d), which is insuffi-
cient to resolve the basement contact derived from the TEM
models. In the lower part of the seismic profile, the deposits
are characterized by high velocities > 2000 m s−1, which are
in the range of semi-consolidated clastic sediments in the
Pampa del Tamarugal (Labbé et al., 2018). At about 50 m
depth, however, the P -wave velocities quickly decrease to
< 1800 m s−1. This finding and the high ray coverage (as in-
dicated by the contour line of the 7 % highest ray coverage in
Fig. 3d) imply a significant seismic refractor at 50 m depth,
which is consistent with the transition from the conductive
to the overlying resistive layers resolved by the TEM data.
Along the seismic profile, the refractor indicates a rather het-
erogeneous shape and appears to be discontinuous in the cen-
tral part (Fig. 3d), where the TEM data image the paleo-
channel. In this zone, another refractor is indicated at ap-
proximately 60 m in depth. The greater lateral extent, how-
ever, is not resolved due to the limited profile length. Be-
tween approximately 50 and 30 m, velocities gradually drop
from approximately 1800 to 1000 m s−1, without a clear re-
fractor. Velocities in the uppermost 30 m are relatively ho-
mogenous at < 1000 m s−1 and are only slightly elevated at
∼ 10 m depth, where a higher ray coverage (Fig. 3d) points to
another shallow refractor. In contrast to the lower two refrac-
tors, the upper one exhibits a rather uniform shape extending
all along the N–S profile.

5 Deep-drilling operations and downhole logging

The PAG17 and PAR22 deep-drilling campaigns took place
in October 2017 and January/February 2022, respectively.
Both drillings were operated by SUPEREX S.A., a Chilean
drilling company. Most of the drilling was performed us-
ing a truck-mounted SDC 550 sonic-drilling rig (Sonic Drill
Corp.; Canada; Fig. 4a) with 1.5 m split-core barrels (4.5 in.
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Figure 3. Results of the geophysical surveys in the PAG (a, b) and Paranal (c, d) clay pans. (a, c) Three-dimensional view of the PAG (a) and
Paranal (c) clay pans with the 1D-stitched inversion results using Occam 1D models for the PAG-1 and PAG-2 transects as well as the PB1,
PB3, and PB5 transects, respectively (see Fig. 2b and d for the positions of the profiles). Black dots illustrate the TEM stations on the surface
of the clay pan. The ranges of the estimated basement depths obtained by the equivalent models are displayed as error bars. The satellite
image was obtained from ESRI satellite imagery (2021). All TEM 1D models are shown up to the depth of investigation. The elevation is
shown with double vertical exaggeration. (b, d) P -wave velocity models along two north–south profiles across the PAG (b) and Paranal (d)
clay pans. Overlain black contour lines mark areas with the highest 5 % (PAG) and 7 % (Paranal) ray coverages.

H90 RH) and a 6 or 7 in. HPS sonic casing (both Hole
Products; USA). The sonic drilling is operated without cool-
ing liquids (Barrow, 1994), making this technique especially
valuable for remote desert environments. The sediment cores
were recovered in clear (PAG17) or opaque (PAR22) Lexan

core liners (inner diameter 88.9 mm). During the lowering of
the casing, compressed air was injected into the drill head to
blow out fine dust trapped between the drill string and the
casing to reduce friction. For the lowermost coarse-grained
strata of the Paranal clay pan, the technique was changed
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Figure 4. Field images of (a) the PAG17 site with the sonic drilling
rig SDC 550 (white truck), the auxiliary truck (red), and the core
processing tent (front) setup (picture: Jan Voelkel). (b) The PAR22
drill site with the diamond drilling rig (left), the auxiliary truck (cen-
ter), and the core processing tent (right).

to HQ diamond (rotary) drilling, which was performed with
a truck-mounted drilling rig and an HQ3 diamond drill bit
(Fig. 4b).

In the PAG clay pan, the drilling operation was conducted
in the central part (PAG17; Figs. 2b and 4a), where the geo-
physical data indicate a maximum sediment thickness of
up to ∼ 100 m (Fig. 3a). Altogether, four holes (PAG17-1A
to PAG17-1D) were drilled approximately 2 m apart from
each other down to maximum depths of 7.5, 31.0, 51.0, and
17.1 m, respectively (Table 1). Due to technical issues, the
drilling had to be stopped at a depth of 51.0 m so that the low-
ermost∼ 50 m of the sediment record expected from the geo-
physical site survey (103± 10 m) remained undrilled. The re-
covery of hole PAG17-1A was 94.5 % (Table 1). Core loss
was mainly due to partial melting of the Lexan liners as a
result of dust-induced friction between the casing and the
drill string. After applying compressed air, the recovery in-
creased to 95.1 %, 119.5 %, and 100 % for holes PAG17-1B,
PAG17-1C, and PAG17-1D, respectively (Table 1). Recover-
ies > 100 % are explained by sediment expansion during the
sonic drilling and/or backfall during the lifting and lowering
of the drill string.

During the PAG17 campaign, natural gamma radiation
(NGR) downhole logging was carried out in 10 mm steps
using a portable gamma-ray acquisition system including
a NGR slim-hole probe and the ALADIN Interface Panel
(Antares Datasysteme GmbH, Germany). After finalizing
the drilling operation and removal of the steel casing, holes
PAG17-1A, PAG17-1B, and PAG17-1D were logged down
to the bottom. Hole C, in contrast, was logged separately in
the lower part (51.6–29.0 m) and the upper part (29.0–0 m)
after sequential removal of the steel casing to prevent hole
collapse while acquiring the full sequence without interfer-
ences from the steel rods.

For the PAR22 drilling operation, three holes (PAR22-1A
to PAR22-1C) were cored at a distance of ∼ 10 m from each
other in the center of the Paranal clay pan (Fig. 4b), where
a maximum sediment thickness of 160± 10 m was expected
from the geophysical site surveys (Blanco-Arrué et al., 2022;
Fig. 3c). Holes PAR22-1A and PAR22-1B were drilled by
sonic drilling down to depths of 32.8 and 52.3 m, respec-
tively. In the case of hole PAR22-1A, the drill string got
lost due to a twist-off, whereas a massive cobble layer hin-
dered further penetration at PAR22-1B. The core recovery
was 95.9 % for hole PAR22-1A due to partial melting of the
Lexan liners, but increased to 124 % for hole PAR22-1B after
applying the air compressor. Below 52.3 m, core PAR22-1B
could be continued down to the basal depth of 174.0 m with
102.9 % core recovery using HQ3 (rotary) diamond drilling
(Fig. 4b). Diamond drilling of hole PAR22-1C finally dupli-
cated the depth interval between 48.0 and 100.5 m.

Downhole logging of the open PAR22 drill holes was per-
formed at 1 cm resolution in March 2022, a few weeks af-
ter the drilling operations, by the Chilean company COM-
PROBE. Three different probes for spectral gamma radia-
tion (SGR; QL40-SGR; Mount Sopris Instrument Co. Inc;
USA), magnetic susceptibility (MS; HMI-453, W&R instru-
ments, Czechia), and LS and SS inductive conductivity (Dual
Induction probe DIL38; LIM SAS; France) were employed
using a truck-mounted winch (Century Geophysical Corp.;
USA; Fig. 5). Due to partial wall collapse, holes PAR22-
1A; PAR22-1B, and PAR22-1C could only be logged down
to depths of approximately 24.5, 134.5, and 94.5 m, respec-
tively.

6 Preliminary drilling and downhole-logging results

6.1 PAG clay pan (PAG17)

The PAG17 cores mainly consist of unconsolidated clastic
sediment particles along with calcium sulfate but lack visi-
ble organic matter compounds as well as traces of carbon-
ate and salt. Based on the visual lithological description and
NGR variations in the four boreholes, the PAG17 core com-
posite was constructed and divided into seven facies (PAG-1
to PAG-7) that reflect different depositional and environmen-
tal conditions (Fig. 6a).
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Table 1. Drilling technique, penetration, and core recovery of the drilling campaigns in the PAG and Paranal clay pans in 2017 and 2022,
respectively, together with the used downhole-logging probes and the maximum logging depths. NGR – natural gamma radiation; SGR –
spectral gamma radiation; MS – magnetic susceptibility; COND – inductive conductivity.

Campaign Drilling Hole From To Cored Recovery Downhole-logging Maximum logging
(m) (m) (m) (%) probes depth

PAG17 Sonic 1A 0.0 7.5 7.5 94.5 NGR 4.2
Sonic 1B 7.5 31.0 23.5 95.1 NGR 31.3
Sonic 1C 0.0 51.0 51.0 119.5 NGR 29.0/51.6
Sonic 1D 0.0 17.1 17.1 100.0 NGR 17.1

Total 99.1 109.0

PAR22 Sonic 1A 0.0 32.8 32.8 95.9 SGR, MS, COND 24.5
Sonic 1B 0.0 52.3 52.3 124.2

Diamond 1B 52.3 174.0 121.7 102.9 SGR, MS, COND 134.5
Diamond 1C 48.0 100.5 51.0 105.0 SGR, MS, COND 94.5

Total 259.3 106.1

Figure 5. Downhole logging of hole PAR22-1C after the PAR22
deep drilling in the Paranal clay pan using a truck-mounted winch
system.

6.1.1 Facies PAG-1: clastic playa lake deposits

Facies PAG-1 describes most of the sediments in the core in-
terval from ∼ 51.7 to 30.4 mcd (meters composite depth). It
consists of reddish-brown and massive clay to silt (Fig. 6j)
with little sand and very few interspersed gravel grains in in-
creasing abundance upwards. Facies PAG-1 is reflected by
rather high NGR values of 100–120 API units (Fig. 6b).
A certain water content of the overall fine-grained deposits
likely explains their low resistivity in the TEM profiles
(Fig. 3a).

The overall very low admixed sand content in facies PAG-
1 argues against an eolian origin or sediment supply by
mudflows. The fine grain size rather implies a relatively
low-energy deposition in a larger water body, likely in a

playa lake environment (Nalpas et al., 2008). Horizons with
slightly enriched sand content within facies PAG-1 can be
associated with periods of higher-energy fluvial supply into
the playa lake during sporadic heavy-rain events, whereas the
gradual increase in the gravel content upwards may be asso-
ciated with increasing proximity to the shoreline during de-
position.

6.1.2 Facies PAG-2: evaporitic playa lake deposits

The clastic sediments of facies PAG-1 are irregularly inter-
calated with millimeter- to centimeter-sized calcium-sulfate
(gypsum or anhydrite) concretions, veins, and layers of fa-
cies PAG-2 (Fig. 6h, i). This facies is reflected in the some-
what reduced NGR values of 40–100 API units (Fig. 6b) and
an elevated ion concentration, as indicated by the occurrence
of calcium sulfates, which matches the low resistivity in the
TEM profiles (Fig. 3a).

Like facies PAG-1, the deposition of facies PAG-2 can be
traced back to a playa lake environment. The calcium-sulfate
layers might be formed by precipitation from brine waters,
like in modern Salar de Llamara (Criado-Reyes et al., 2023),
or by evaporation of groundwater, as in the marginal zones
of today’s Salar de Atacama (Bobst et al., 2001). The lack
of distinct erosional surfaces within facies PAG-1 and PAG-
2, however, argues against longer-lasting subaerial exposure
due to complete desiccation of the playa lake and thus indi-
cates rather stable and persistent depositional conditions with
cyclic fluctuations in ion concentrations, i.e., the salinity of
the lake water.

6.1.3 Facies PAG-3: paleo-surface

Facies PAG-3 (30.4–29.2 mcd) is primarily composed of
reddish-brown fine-grained deposits with only traces of cal-
cium sulfate. It mainly differs from facies PAG-1 in its much
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Figure 6. Initial results from the drilling and downhole logging at site PAG17 in the PAG clay pan, showing (a) the sedimentary facies
of the core composite next to (b) the natural gamma radiation (NGR) in holes PAG17-1A (black), PAG17-1B (blue), PAG17-1C (red), and
PAG17-1D (green). The photographs in panels (c)–(j) illustrate the different facies found in the PAG17 record, and panel (k) shows the
modern clay pan surface after 14 d of irrigation.

higher content of sand and gravel-sized clasts, which ex-
plains the significant drop in NGR values down to ∼ 50 API
units (Fig. 6b). Gravel is partly mixed into the fine-grained
matrix but occurs much more prominently along an approx-
imately 1 m-long feature that is aligned perpendicularly to
the bedding of the fine-grained matrix and widens towards
the top of the unit (Fig. 6g). This feature is interpreted as
a desiccation crack that formed due to cyclic thermal con-
traction, swelling and shrinking of clay minerals (Sager et
al., 2021), and/or partial dissolution of calcium sulfates dur-
ing long-term subaerial surface exposure. Similar sand-filled
cracks are common in the Atacama Desert (e.g., Owen et al.,
2013), but, unlike gypsum and sand wedges (e.g., Sager et
al., 2021; Zinelabedin et al., 2025), the crack in facies PAG-
3 does not show any signs of cementation or growth patterns
but rather contains loose and poorly sorted clastic material.

The widening of such desiccation cracks could be ob-
served during a 14 d irrigation experiment of the PAG clay
pan surface conducted during the drilling operation in 2017.
The repeated irrigation of the surface resulted in the out-
wash of finer particles along preferential polygonal direc-
tions and a downward opening of the cracks (Fig. 6k). Once
such a crack reaches a certain width, it can effectively trap
eolian and fluvial sand and gravel. The formation of sim-

ilar fossilized desiccation cracks in the Atacama Desert is
often linked to initial pedogenesis, which, however, requires
longer-term subaerial conditions during a non-depositional
phase (Jordan et al., 2014; Rech et al., 2019). In the case
of facies PAG-3, this implies (1) the cessation of the lacus-
trine depositional environment of facies PAG-1 and PAG-2
and (2) a significant stratigraphic hiatus of unknown dura-
tion in the record.

6.1.4 Facies PAG-4: proximal mudflow and debris-flow
deposits

Facies PAG-4 (29.2–4.5 mcd) encompasses poorly sorted
conglomerates of light-brown color (Fig. 6f) that were de-
posited on top of the paleo-surface of facies PAG-3. The
sediments consist of sand, gravel, and centimeter-sized peb-
bles in a matrix of clay and silt. Some intervals are domi-
nated by coarse material, whereas others are marked by finer
grain sizes. The matrix- to clast-supported conglomerates are
structureless and lack any visible clast alignment. The over-
all high concentration of coarse-grained particles is reflected
by NGR values as low as∼ 50 API units (Fig. 6b). The basal
depth of facies PAG-4 corresponds to the major seismic re-
fractor and the TEM-based transition from the conductive
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sediment layer to the overlying resistive layer (Fig. 3a, b),
which both confirm a major lithological boundary.

Due to its poor sorting and heterogeneous character, we
interpret facies PAG-4 as an amalgamated stack of proximal
mudflows and debris flows along local alluvial fans, which
are widespread in the catchment of the PAG clay pan (Mak-
saev and Marinovic, 1980). Such mudflows and debris flows
are typical sedimentary processes in the Atacama Desert dur-
ing heavy flood events after torrential rainfall (e.g., Mather
and Hartley, 2005; Pfeiffer et al., 2021; Roldán et al., 2022).
Due to the high infiltration capacity of the local soils (e.g.,
May et al., 2020; Pfeiffer et al., 2021), much higher torrential
rainfall intensities compared to historic events are required to
trigger such debris flows and mudflows (Pfeiffer et al., 2021;
Wennrich et al., 2024).

6.1.5 Facies PAG-5: sheetflood deposits

Facies PAG-5 is characterized by light-brownish and
medium-sorted silty sand (Fig. 6e) that irregularly inter-
calates the conglomerates of facies PAG-4. Thicker lay-
ers of facies PAG-5 occur at 10.2–9.1, 7.0–6.5, and 5.8–
5.6 mcd, where they cause distinct maxima in the NGR up
to ∼ 100 API units (Fig. 6b). Thinner PAG-5 layers of only a
few centimeters in thickness, which are not reflected by the
NGR data, occur between 29.2 and 24.0 mcd.

The much finer grain size and better sorting of facies PAG-
5 compared to PAG-4 suggest changed flow dynamics in
the clay pan’s catchment. The silty sand layers are massive
to planar-stratified and lack an apparent grading or cross-
stratification. Their stratification implies that facies PAG-5
represents a lower-energy facies derived from unconfined or
poorly confined sheetfloods (May et al., 1999; Nalpas et al.,
2008). The common siltstone or claystone cap of such sheet-
flood sandstones may have become eroded by wind or al-
ternatively by subsequent sheetfloods or mudflow and debris
flows of facies PAG-4. The upward increasing occurrence
of the sheetflood deposits of facies PAG-5 and decreasing
thickness might be linked to progressive starvation of distal
fan lobes due to fan aggradation as a result of reduced wa-
ter (and thus sediment) discharge (Bowman, 2019). Taking
the ephemeral nature of the sheetflood deposits, however, we
cannot exclude the possibility that the sand layers might also
be associated with longer hiatuses of unknown duration.

6.1.6 Facies PAG-6: pedogenic calcium sulfate

Also intercalated into the debris-flow and mudflow deposits
of facies PAG-4 are two distinct sandy gravel horizons of
light-brown color at approximately 3.6–3.0 and 2.3–1.2 mcd,
which represent facies PAG-6 (Fig. 6a). The sandy gravel
horizons show a matrix-supported fabric with a whitish ce-
ment that partly also encrusts the clasts (Fig. 6d). They are
characterized by somewhat lower NGR values of ∼ 100 API
units (Fig. 6b). Some clasts appear to be shattered. The lower

of these cemented gravel horizons can be correlated with
a calcium-sulfate duricrust identified in pilot core PAG5/6
(Ritter et al., 2019). This implies a similar pedogenic forma-
tion of facies PAG-6, as do the “floating” gravels in a matrix
of calcium sulfate and dust, which are typical of calcium-
sulfate paleosols (Rech et al., 2019).

Surficial calcium-sulfate crusts are widespread in the At-
acama region (Ericksen, 1981; Rech et al., 2019; Voigt et
al., 2020) and were also reported from other clay pans in the
Coastal Cordillera (Diederich et al., 2020; Wennrich et al.,
2024). The sulfate accumulation in Atacama soils is traced
back to atmospheric deposition, either of primarily marine
sulfate via the coastal fog, volcanic sulfate from Andean
sources, or secondary atmospheric sulfate (Bao et al., 2004;
Klipsch et al., 2023; Sun et al., 2018). For the PAG17 record,
atmospheric and fog-induced deposition seems to be most
likely, taking its considerable distance to the Andean volca-
noes into account.

Pedogenesis of mature gypsic paleosols is related to over-
all hyperarid conditions as well as long-lasting landscape
stability and non-deposition on a scale of millions of years
(Ewing et al., 2006; Jordan et al., 2014; Rech et al., 2019).
However, due to the restricted thickness and immature state,
the gypsic paleosols in facies PAG-6 may rather be linked to
shorter pedogenesis and thus shorter hiatuses in the PAG17
record. According to the age–depth model of the pilot core
PAG5/6, the lower calcium-sulfate paleosol reflects a hiatus
of approximately 50 kyr (Ritter et al., 2019).

6.1.7 Facies PAG-7: distal alluvial sediment flow
deposits

The uppermost facies, PAG-7 (1.2–0 mcd), is mainly com-
posed of beige and powdery to compact silts and clays with
only minor sand content (Fig. 6c) equal to the uppermost sed-
iments in pilot core PAG5/6 (Ritter et al., 2019), which is
much finer than the underlying facies. The more compact in-
tervals exhibit a layered texture made up of centimeter-sized
mud chips that resemble the modern clay pan surface. Obser-
vations of historic rainfall events in the Paranal clay pan im-
plied that similar fine-grained surficial deposits represent the
suspension load of distal alluvial sediment flows triggered by
rare torrential rain events that occur at a decadal to centennial
recurrence rate (Wennrich et al., 2024).

At around 0.5 mcd, the clays and silts are intercalated by
an approximately 6 cm-thick sandy layer, which is also found
in pilot core PAG5/6 (Ritter et al., 2019). Grain-size analy-
ses of this layer in the PAG5/6 core yield a typical normal
grading, which indicates deposition during a single unusually
strong flood event with waning flow, whose amplitude signif-
icantly exceeded those of regular events of facies PAG-7.
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6.2 Paranal clay pan (PAR22)

The downhole-logging results of the three holes PAR22-1A
to PAR22-1C, reaching down to a maximum depth of 134 m
in hole PAR22-1B, resemble similar patterns in all three pa-
rameters, with only minor deviations at the sub-meter scale
(Fig. 7b, c, and d). This confirms a similar sediment succes-
sion in the center of the Paranal clay pan, at least at distances
of up to 20 m between the drill holes, which is represen-
tative of the central clay pan. Thus, we decided to use the
deepest hole, PAR22-1B, as the master site, which was com-
plemented by the results of holes PAR22-1C and PAR22-1A
in the middle (50–100 mcd) and upper (0–30 mcd) sections.
The resultant PAR22 core composite almost exclusively con-
sists of clastic sediments with only minor intercalations of
calcium-sulfate and volcanoclastic deposits, whereas visual
carbonaceous or organic components are absent. Some sedi-
ment facies in PAR22 exhibit similarities to those in PAG17,
whereas other facies are unique. Based on the visual descrip-
tion and downhole-logging data (above 134 m), the PAR22
succession was divided into nine depositional facies (Par-1
to Par-9).

6.2.1 Facies Par-1: weathered basement rock

Hole PAR22-1B penetrated approximately 3 m (174.5–
171.5 mcd) into a relatively homogenous sequence of light-
to dark-grey semi-consolidated rocks with intercalations of
dark-greenish grey mud (Fig. 7n). The semi-consolidated
rocks of facies Par-1 yield an equigranular texture of light
mineral grains (quartz and feldspar) and dark mica (likely
biotite). Due to the homogenous texture and the similarity
to the local basement rocks outcropping on the surround-
ing mountains, we interpret facies Par-1 as the respective
granitic to granodioritic basement of the Late Jurassic Que-
brada Grande Granodiorite or Early Cretaceous Remiendos
Plutonic Complex (Álvarez et al., 2016; Domagala et al.,
2016). Consequently, the top of facies Par-1 at a depth of
approximately 171.5 mcd (Fig. 7a) forms the surface of the
local basement, which matches the TEM-based depth predic-
tions of the sediment thickness at the drill site of 160± 10 m
quite well (Blanco-Arrué et al., 2022).

The granodioritic basement rocks of facies Par-1 are heav-
ily weathered and exhibit obvious signs of feldspar and mica
alteration as well as secondary clay mineral formation along
internal joints. Typical desert features, like desert varnish or
hematite pigmentation, in contrast, are not observed. This
clearly indicates that the upper basement rocks experienced a
significant degree of chemical weathering, presumably dur-
ing times of much wetter conditions than under the modern
hyperarid climate.

6.2.2 Facies Par-2: fluvial conglomerate

Facies Par-2 consists of an almost 110 m thick (171.5–
62.0 mcd) sequence of coarse and poorly sorted clast-

supported conglomerates that forms the basal sediment se-
quence above the basement (Fig. 7a). Clasts range from peb-
bles to boulders up to 1.30 m in diameter, which yield a
polymictic composition (e.g., granodiorite or reddish por-
phyric volcanic rocks; Fig. 7m). Pockets and lenses of a
yellowish-brown sand-sized matrix in between the clasts
rarely occur in the lower part of the conglomerates but be-
come more abundant towards the top. The downhole-logging
data exhibit low but fluctuating MS values, whereas NGR
and conductivity show higher values with a strong meter-
scale variability (Fig. 7b–d) that likely mirrors the hetero-
geneous nature of the conglomerates. The high conductivity
of the conglomerates (Fig. 7b) matches the conductive unit
seen in the TEM data (Fig. 3c), although the reasons for the
high conductivity are still unknown.

Due to the subrounded to well-rounded shape of the clasts
and the lack of fine-clastic material in facies Par-2, we sug-
gest that the conglomerates were deposited in a highly dy-
namic fluvial environment. The sediments fill a channel-
like depression that is incised ∼ 80 m into the underly-
ing basement rocks (Fig. 3c; Blanco-Arrué et al., 2022).
This channel may represent the ESE–WNW-oriented paleo-
channel as proposed by Herve (1987) and Scheuber and An-
driessen (1990) that is assumed to have existed prior to the
fault-induced drainage blocking. Based on the clast com-
position and shape, facies Par-2 may be linked to Early to
Middle Miocene gravels of the Pampa de Mulas Fm. (Do-
magala et al., 2016) that were genetically correlated with
the widespread Miocene Atacama gravels (Mortimer, 1973;
Riquelme et al., 2007; Nalpas et al., 2008; Muñoz-Farías et
al., 2023).

6.2.3 Facies Par-3: fluvial sand

The fluvial conglomerate of facies Par-2 is overlain by fa-
cies Par-3 (Fig. 7a), a well-sorted and semi-consolidated red
sand (62.0–52.0 mcd), which has only a few pebble-sized
clasts floating in the sandy matrix (Fig. 7l). Clasts are gen-
erally more frequent in the lower part of facies Par-3 and
progressively decline towards the top. The sand experiences
higher but less fluctuating conductivity and MS values than
the underlying conglomerate, whereas the NGR shows sig-
nificantly lower values (Fig. 7b–d).

Due to the good sorting of the sand, we postulate a flu-
vial origin of these deposits too. The significantly finer grain
size compared to the underlying conglomerates of facies Par-
2 and the gradual disappearance of pebbles, however, point
to a reduction in flow velocities as a result of a shift in the
basin hydrology. The latter is supported by the red color of
the sand that presumably results from subaerial hematite pig-
mentation. The hydrological change may be linked to the on-
set of a slow uplift of the block to the west of the modern-day
clay pan along a trace of the Quebrada Grande Fault System
(Blanco-Arrué et al., 2022), which may have progressively
reduced the throughflow and finally led to the formation of
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Figure 7. Initial results from the drilling and downhole logging at site PAR22 in the Paranal clay pan, showing the lithological facies of the
core composite next to the downhole-logging-derived electrical conductivity, NGR, and MS in holes PAR22-1A (red), PAR22-1B (green),
and PAR22-1C (blue). The photographs in panels (e)–(n) illustrate examples of the different sediment facies found in core PAR22.

the endorheic basin. However, climatic reasons, i.e., a signif-
icant reduction in the local precipitation, cannot be excluded
at this stage as a potential reason for the reduction in fluvial
transport energy.

6.2.4 Facies Par-4: sheetflood deposits

Facies Par-4 is characterized by a poorly to moderately sorted
reddish-brown to ochre silty sand (52.0–26.0 mcd; Fig. 7a, k)
with rarely intercalated pebble layers. The sand bodies have
a massive to slightly planar stratification. The onset of fa-
cies Par-4 is expressed well in a major drop in the downhole-
logging-derived conductivity to rather low and uniform val-
ues (Fig. 7b) corresponding to the shift from the conductive
to resistive strata in the TEM data (Fig. 3c). MS and NGR
values, however, stay relatively constant (Fig. 7c, d).

The silty sand of facies Par-4 shows distinct similarities to
facies PAG-5 in the PAG17 record. The high silt content and
the rather poor sorting contradict a purely fluvial formation
of facies Par-4 but rather point to a deposition from uncon-
fined to poorly confined sheetfloods as also reconstructed for
facies PAG-5. In contrast to facies PAG-5, however, some
of the sheetfloods forming facies Par-4 were obviously of
higher intensity, as indicated by the intercalated pebble lay-
ers. A particularly thick and coarse-grained layer at the base
of facies Par-4 in hole PAR22-1C prohibited further penetra-

tion with the sonic drill system in hole PAR22-1B. This layer
most likely also caused the strong seismic refractor at∼ 60 m
(Fig. 3d). Consequently, the transition of facies Par-3 to fa-
cies Par-4 marks a major shift in the hydrodynamics of the
basin, from an open fluvial channel to an episodic deposition
of sheetfloods in a terminal basin or clay pan.

6.2.5 Facies Par-5: laminated sheetflood deposits

Between 47.0 and 40.0 mcd, the silty sands of facies Par-4 are
intercalated by sediments of facies Par-5 (Fig. 7a), which are
marked by a distinct lamination of darker reddish sand and
light-ochre silt layers of approximately 5 mm in thickness
(Fig. 7j). In the Atacama Desert, such laminated sand–silt in-
terbeddings are also associated with unconfined sheetfloods,
but in contrast to facies Par-4, the deposition of the distinct
silty laminae rather indicates deposition in a shallow-water
environment (May et al., 1999; Nalpas et al., 2008). Thereby,
the thin sand layers are believed to represent the coarser bed-
load from the onset of the sheetfloods, whereas the silts orig-
inate from the settling of a fine-grained suspension load dur-
ing the waning phase of a flood event in a standing water
body (May et al., 1999). The existence of a standing water
body and the pronounced cyclicity of the local precipitation,
which is implied by the rhythmic nature of the sand–silt lam-
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Figure 8. Boulder field to the east of the Paranal clay pan as a
remnant of a debris flow from local alluvial fans.

ination, strongly differs from the modern conditions in the
Paranal clay pan (Wennrich et al., 2024).

6.2.6 Facies Par-6: proximal mudflow and debris-flow
deposits

At ∼ 26.0 mcd the distal alluvial deposits of facies Par-4 are
progressively replaced by more coarse-grained and poorly
sorted sand and gravel of facies Par-6 (Fig. 7a), which con-
tain abundant pebble layers (Fig. 7i). The coarse-grained sed-
iment components have probably led to elevated MS val-
ues, which reach their maxima in the core, although with
strong fluctuations (Fig. 7d). Simultaneously, the NGR val-
ues show a broad maximum intersected by a few distinct min-
ima (Fig. 7c).

Based on the similarities in the lithological properties of
facies Par-6 to facies PAG-4 in core PAG17, we also trace
this facies back to a series of amalgamated debris flows and
mudflows from adjacent alluvial fans, which occur to the
north and south of the clay pan or alternatively as overland
flows. This interpretation is supported by boulder fields at
the edges of the modern Paranal clay pan (Fig. 8), which pre-
sumably represent the coarse remnants of such high-energy
debris flows, with the finer fractions progressively eroded by
wind and/or subsequent floods.

6.2.7 Facies Par-7: distal alluvial sediment flow deposits

In the proximal alluvial deposits of facies Par-6, two in-
tervals are incised (approximately 15.5–12.1 mcd; approxi-
mately 1.0 mcd – top; Fig. 7a), which differ from Par-6 by
their much finer clastic material, i.e., by powdery clayey silt
with only traces of sand (Fig. 7h). The finer grain size of
this facies Par-7 corresponds to lower NGR and MS values
(Fig. 7c, d).

Facies Par-7 is lithologically very similar to facies PAG-7
in core PAG17, indicating a similar formation by alluvial sed-
iment flows. The upper one of the two facies Par-7 intervals
was also recovered in pilot core PAR-1, where it was dated to
the Holocene and attributed to distal overland flows or mud-
flows triggered by moderate rainfall events > 20 mm (Wen-
nrich et al., 2024). Additionally, six to seven darker coarse
silt layers occur in both core PAR-1 and the upper horizon
of facies Par-7 in drill core PAR22 (Fig. 7h). These dark lay-
ers in core PAR-1 were attributed to “Millennial-scale rain
events”, whose intensities significantly exceeded any historic
rainfall (Wennrich et al., 2024). However, due to the limited
age control on the record, the question is as yet unsolved as to
when exactly these events occurred and whether they are syn-
chronous with higher-amplitude flood events in the Holocene
succession of the Herradura clay pan near Yungay (Arens et
al., 2024).

6.2.8 Facies Par-8: volcanic ash deposit

At a depth of 14.2–14.0 mcd, an approximately 15 cm grey-
ish unit (Fig. 7g) is intercalated into the fine-grained beige
clay pan sediments of facies Par-7 (Fig. 7a). This facies Par-8
is a volcanic ash deposit, which is confirmed by microscopic
investigations that yielded abundant volcanic glass shards.
The tephra layer exhibits a clear fining-upward trend from
fine sand at the base to silt towards the top. Due to the com-
parably fine grain size of the tephra and the absence of an
erosive base, a rather distal volcanic eruption, presumably
in the Altiplano–Puna volcanic complex (APVC; de Silva,
1989) or the southern Central Andes Volcanic Zone (SCVZ;
Stern, 2004), can be assumed to be the source of the tephra. A
definitive correlation with a specific volcanic center or even
a certain eruption, however, requires a comprehensive study
of the glass major and trace element geochemistry. Other
macroscopically visible tephra layers are lacking in both the
PAG17 and PAR22 records. This is surprising given the large
number of tephra layers outcropping in the Atacama Desert
in general and in the vicinities of the investigated clay pans in
particular (e.g., Placzek et al., 2009; Breitkreuz et al., 2014;
Ritter et al., 2022).

6.2.9 Facies Par-9: pedogenic calcium sulfate

Facies Par-9 is incised in facies Par-7 at a depth of approx-
imately 6.0–4.0 mcd (Fig. 7a). It is composed of coarse-
grained sand and gravel-rich strata that are cemented by a
fine-grained whitish matrix (Fig. 7e). This horizon is also
visible in the downhole-logging data as a minimum in the
NGR data (Fig. 7c).

Facies Par-9 has a striking similarity to facies PAG-6 in
core PAG17, suggesting a common formation as calcium-
sulfate paleosols. As mentioned before, due to the slow
accumulation of atmospheric sulfates, the pedogenesis of
calcium-sulfate-rich soils in the Atacama requires long-term
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stable arid conditions (Ritter et al., 2022) and is often linked
to phases of low deposition or non-deposition (Jordan et al.,
2014; Rech et al., 2019). Thus, facies Par-9 likely represents
a certain hiatus in the PAR22 record, presumably due to ei-
ther climatic or tectonic-induced alluvial-fan starvation. In
contrast to facies PAG-6, however, at approximately 5.9 mcd
depth facies Par-9 also contains a distinct cobble layer made
of well-crystallized gypsum (Fig. 7f), which was unfortu-
nately only recovered in the core catcher of one of the PAR22
runs. The nature of such crystalline gypsum excludes a pe-
dogenic formation and rather points to precipitation from
sulfate-saturated waters. This side-by-side occurrence of pe-
dogenic and lacustrine or groundwater gypsum in facies Par-
9, which might involve phases of recrystallization, is not yet
understood and needs further investigation.

7 Paleo-environmental and climatic implications

The various sedimentary facies recovered in the PAG17 and
PAR22 drill cores illustrate specific depositional environ-
ments in the two basins that are controlled by the paleocli-
mate conditions and basin-specific characteristics as well as
their tectonic evolution. Despite being only 250 km apart,
both drill cores yield some major differences in their sed-
imentary facies, especially in the lower part of the cores. In
the upper part, in contrast, both cores have some similar sedi-
ment facies, although with discrepancies in their specific suc-
cessions.

The basal sediments in the PAR22 core above the base-
ment rocks consist of a thick sequence of fluvial conglom-
erates and sands that represent a deposition in an open flu-
vial system prior to the tectonic blocking. Such a fluvial sys-
tem implies a more constant water throughflow and thus sig-
nificantly wetter conditions than today, presumably prior to
the postulated intensification of hyperaridity in the Atacama
Desert since the Miocene (e.g., Amundson et al., 2012; Dunai
et al., 2005; Evenstar et al., 2009; Rech et al., 2019). These
pre-blocking sediments were, however, not recovered from
the PAG clay pan.

Due to the tectonic blocking, both the PAG and Paranal
systems became closed terminal basins. These events are
displayed through different lithological facies and must not
be contemporaneous. In the PAG basin, the initial tectonic
blocking formed a large permanent lake likely fed by sur-
face water and local groundwater flows. The lack of erosional
features in the fine-grained facies PAG-1 suggests that the lo-
cal precipitation in the catchment balanced and/or exceeded
evaporation from the lake surface over a longer period, which
requires significantly more precipitation compared to today.
Recurring calcium-sulfate intercalations of facies PAG-2,
however, imply cyclic calcium-sulfate (likely gypsum) pre-
cipitation due to an enhanced evaporation–precipitation. In
the Paranal basin, in contrast, the post-blocking deposits con-
sist of sheetflood deposits of facies Par-4 and Par-5 that con-

tradict persistent lacustrine conditions and rather point to an
episodic alluvial deposition in a temporary shallow-water en-
vironment. As the timing of the ponding of both clay pans
is still poorly constrained, the differences in the PAG and
Paranal post-blocking successions might be due to different
precipitation regimes at both sites after the tectonic blocking.
However, differences in the basin characteristics may have
been influential, like the closer proximity of the Paranal site
to the local alluvial fans or the availability of local ground-
water.

The thick proximal mudflow and debris-flow deposits of
facies PAG-4 and Par-6 illustrate that at some point the de-
position in both basins was fully controlled by the strong al-
though episodic activity of the local alluvial systems without
significant groundwater influence. High infiltration rates of
the local hillslope soils in both clay pan catchments, how-
ever, require much more intense torrential rainfall rates com-
pared to today to generate such mudflows and debris flows
(Wennrich et al., 2024) and enable the propagation of local
alluvial fans towards the drill sites. Intercalated paleosols of
facies Par-9 and PAG-6 in the upper parts of the mudflow
and debris-flow deposits in both cores suggest that depo-
sitional episodes were progressively interrupted by longer-
lasting phases of non-deposition and soil formation.

Distal alluvial sediment flow deposits of facies Par-7 and
PAG-7 on top of the sediment sequences of both clay pans il-
lustrate another change in the sedimentary processes in both
catchments to dominating distal overland flows or mudflows.
This lower-energy deposition implies a decreasing proximity
of the alluvial-fan drainages, presumably caused by a pro-
gressive climatic and/or tectonic-induced alluvial-fan starva-
tion.

Overall, the facies successions of both cores indicate a
similar evolution from wetter conditions with more persistent
rainfall to more episodic precipitation patterns. In the follow-
ing, the increasing occurrence of paleosols and the signs of
progressive fan starvation towards the top suggest aridifica-
tion trends that are noticeable at both sites. Differences in the
facies distributions between the two records, however, might
be due to differences in the site sensitivities, e.g., different
rain-rate thresholds for the initiation of surface runoff. Alter-
natively, these differences can also point to larger discrepan-
cies in the core ages or heterogeneities in the precipitation
histories of both clay pan areas.

8 Conclusions and outlook

Comprehensive studies of two clay pans in the Coastal
Cordillera of northern Chile, i.e., the PAG and Paranal clay
pans, applying multi-method site surveys, deep drillings,
and downhole logging, allow some fundamental conclu-
sions concerning their potential as archives of the Neogene–
Quaternary precipitation history of the Atacama Desert.
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Multidisciplinary analyses of the up to 6.2 m long pilot
cores reveal highly variable near-surface sediments in the
two clay pans based on their sedimentological, geochemi-
cal, mineralogical, and biological compositions. These dif-
ferent characteristics reflect different depositional settings in
response to hydroclimatic fluctuations in the catchments of
the clay pans. The chronology of the pilot cores, developed
through a combination of different dating techniques such
as radiocarbon and luminescence dating as well as magne-
tostratigraphy, implies sediment formation since MIS 3 and
MIS 7 for the Paranal and PAG sites, respectively, although
partly discontinuous.

From the geophysical site surveys it becomes evident that
the clay pans host sediment records that are more than 100 m
thick. Extrapolations of the sedimentation rates of the pilot
cores suggest that the sediment records in the clay pans cover
several million years. The basement morphology of the PAG
clay pan exhibits a simple bowl-shaped geometry, whereas
an incised channel of up to 80 m is suggested underneath the
Paranal clay pan. In both clay pans, the TEM data imply a
three-layer structure, with the resistive basement overlain by
a low-resistivity basal sediment unit and an upper sediment
unit with significantly higher resistivities. According to the
seismic velocity model, which reaches up to 70 m into the
sediments, the upper sediments show a few distinct seismic
refractors as evidence of lithological boundaries, which ex-
hibit only little horizontal variability.

The lithological description of the drill cores and the
downhole-logging data clearly show that the lower resistiv-
ity of the lower sediment units does not reflect the same fa-
cies, but two very different sediment facies. In the case of
the PAG clay pan, the low-resistivity unit is composed of an
alternation of fine-grained clastic and evaporitic playa lake
deposits, whereas coarse-grained fluvial conglomerates and
sandstones built the lower sediment unit in the Paranal clay
pan. In contrast, the overlying sediments in both clay pans
show numerous similar facies, which reflect proximal mud-
flows and debris flows, sheetfloods, distal alluvial sediment
flows, and pedogenic calcium sulfates but differ in their in-
dividual facies successions. A macroscopically visible vol-
canic ash layer is found in the Paranal clay pan but is absent
in the core from the PAG clay pan. Both cores are similar in
that they contain sediments whose deposition, e.g., in a per-
manent lake and a fluvial setting, reflects much more humid
conditions than those reconstructed from the pilot cores for
the last glacial–interglacial cycles. The differences in the fa-
cies distribution between the two records, however, indicate
that they differ in age, but the differences probably also re-
flect different precipitation histories despite their relatively
close proximity.

Drill cores PAG17 and PAR22 are currently being investi-
gated in detail for their sedimentology, geochemistry, miner-
alogy, and paleoecology. One of the most challenging aspects
is to achieve robust chronologies. Radiocarbon and lumines-
cence datings, which are important methods for the chronol-

ogy in the uppermost sediments, might already exceed their
maximal datable time ranges of ≤ 55 ka (Hogg et al., 2020;
Wagner, 1998) or < 1 Ma (Ankjærgaard et al., 2013; Zander
and Hilgers, 2013) within the first core meters. Therefore,
further methods for determining age constraints shall be ap-
plied, including tephrochronology, magnetostratigraphy, and
U-series dating of evaporites. Furthermore, cosmogenic nu-
clide burial dating of quartz as well as meteoric 10Be dat-
ing might provide additional chronological tie points with
theoretical limits as far back as the Middle Miocene (Balco
and Shuster, 2009; Ma et al., 2018; Lebatard et al., 2010).
The results will provide unprecedented information on the
long-term precipitation history in the hyperarid core of the
Atacama Desert, which shall be discussed in the light of
global and regional tectonic, oceanographic, and atmospheric
changes.

Data availability. Downhole-logging data of the PAG17 and
PAR22 drillings as well as CNE dating results of the Paranal paleo-
drainage are available from the CRC1211 database (https://www.
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