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ARTICLE INFO ABSTRACT

Handling Editor: M. Tighe As located in one of the oldest and driest deserts on Earth, soils in the Atacama Desert are greatly affected by
atmospheric dust deposited on soil surface and the related fate of water-dispersible colloids (WDCs, <300 nm).
We hypothesize that formation and content of these WDCs change with topography and age of natural soils. To
highlight the processes involved, we investigated a mid-sized and gently (~5°) sloping alluvial fan system of
multi-phase evolution at 1480 m a.s.l. in the Paposo region of the hyper-arid Atacama Desert, which is
considered typical for this part of the Coastal Cordillera. Sampling was done along a topographic transect in 11
pits, and assessed the distribution and composition of WDCs by means of asymmetric flow field-flow fraction-
ation (AF4). The younger fan section (optically stimulated luminescence (OSL)-age of ~13.6 ka) exhibited a
pronounced surface roughness and steep slopes. Here, WDCs from the top soils (0-1 cm) free of plants contained
nearly 54 + 7% of medium-sized colloids (MCs, 210-300 nm) with a dominance of Si and Al. The elevated
concentrations of fine colloids (FC, 24-210 nm) and particularly nanocolloids (NCs, 0.6-24 nm) was shown in
levelled surface soils near shrubs with predominance of organic carbon (OC) and Ca. With higher collodial OC
and Ca content in soils near shrubs, more WDC-P was formed concomitantly through increased OC-Ca-P asso-
ciations. Larger variations in total WDC content were detected in the surface soils of the older fan section, which
was dated to ~56.4 ka. Here, the peaking NC had almost disappeared and thus MC dominated, probably
reflecting re-aggregation and wind erosion over longer periods of time across a relatively smooth land surface.
The WDCs and WDC-P peaked at 5-10 cm depth in the older fan section, as here a solid mineral/salt layer was
present, while in the younger fan section the WDCs were more likely to be translocated from ‘permeable’ surface
into deeper layers, likely reflecting leaching with occasional heavy rainfall. Overall, forms and distribution of
WDCs depended on both topographic position and sediment age, thus making colloids as unique tracers of soil
development processes during myriad or more years.
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1. Introduction

It has been suggested that soil formation and properties in the Ata-
cama Desert are affected largely by the atmospheric deposition of par-
ticulate material on soils (Ewing et al., 2006; Wang et al., 2014; Li et al.,
2019). Amundson et al. (2012) found that a volume of 50% or more of
particles came from atmospheric deposition. As one of the oldest and

driest deserts on Earth, most areas of the Atacama Desert have experi-
enced long-term hyper-arid conditions with limited water availability
(Davis et al., 2014; Saez et al., 2012; Sun et al., 2018). These special
climatic conditions make it possible to preserve the sedimentary record
because of the very low (usually water-driven) erosion rates and
leaching processes (Arenas-Diaz et al., 2022). The prevailing topo-
graphic conditions, such as the natural barrier of cordilleras preventing
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dust outbreaks, reduce aeolian entrainment and wind reworking, which
also contribute to the preservation of fine-grained deposits in the
pedosphere (Carretier et al., 2018; Placzek et al., 2010; Reyers et al.,
2019).

However, dust deposited in soils differs in particle size, shape,
composition, and mineralogic properties due to variations in sources,
transportation processes, and aeolian transformation (Choobari et al.,
2014; Reyers et al., 2019). In addition, fine particles in the atmosphere
are difficult to immobilize due to the smooth surface of desert pave-
ments, which may be prone to wind erosion (Clarke, 2006). Because of
insufficient humidity to support plant growth or microbial activities in
the hyper-arid region, organic carbon (OC) contents and nutrient (like
phosphorus) turnover are low (Ewing et al., 2006; Morchen et al., 2019;
Latorre et al., 2003). These uncertainties during the soil formation
processes make it difficult to identify element accumulation and nutrient
cycling in the hyper-arid region, especially in areas where there is a lack
of wet deposition combined with less fog penetration.

Soil colloids with common particle size of 1-10% nm are character-
ized by high specific surface areas with a large bonding capacity for
mineral elements (e.g., Si, Al, Fe, Ca, and Mg) and nutrients such as
phosphorus (P) and OC (Missong et al., 2018a; Zhang et al., 2021). As
the smallest particulate phase in soils, these colloids are sensitive to
disturbances in pedogenesis, which can increase the transformation and
transport of both mineral elements and nutrients (Missong et al.,
2018b). P is one of the limited nutrients for life and it shows high
mobility in soil systems along with colloid particles by bonding to
organic or mineral fractions (Bol et al., 2018; Wang et al., 2020). In
water-limited regions like desert or neighboring margins, the aeolian
deposition of P is one of the pathways for the long-term maintenance of
productivity (Okin et al., 2004). In the Atacama Desert, dust-born P
additions may have a local reach as the dust cycle here is isolated from
the global scale (Arenas-Diaz et al., 2022; Ginoux et al, 2012).
Furthermore, occasional rainfall enhances the life bloom which may
result in the accumulation of P in soils by exchanging dominant size
particles or bonding ways. The varied bonding forms among different
colloidal sizes may not only affect the P availability but also reflect the
state of fine particle aggregations (Jiang et al., 2015b; Zhang et al.,
2021). However, past studies have mainly focused on the dynamics of
colloids and the availability and bonding forms of colloidal-P in organic-
rich soils such as forest, agricultural land, or grassland soils (Jiang et al.,
2015a; Li et al., 2021; Missong et al., 2018b). Only a few studies have
investigated colloids in a landscape free of vegetation, such as in the
central Atacama Desert.

In a preliminary study by Moradi et al. (2020), the depth distribution
of the water-dispersible colloids (WDCs, <500 nm) and P content from
each 10 cm was investigated in the active (“Fan”) and abandoned
(“Crust”) sections of an alluvial fan system in a hyper-arid region of the
Atacama Desert. The results showed that the movement and distribution
of colloids were affected by small, local scale differences, as the crust-
like surface may have been beneficial for nanoparticle accumulation
due to reduced infiltration capacity during water leaching processes.
However, only two sites were sampled and analyzed in the study, which
provided limited information about the alluvial system. In general, al-
luvial fans are typical landforms that provide geomorphic surfaces with
a multiphase history of soil formation (Bartz et al., 2020). Alluvial fan
formation usually occurs during the multiple wetter periods before the
late Pliocene (Amundson et al., 2012). Subsequently, during long-term
dryer periods, wind erosion and dust accumulation tended to smooth
the surface and form mature desert pavements in alluvial fan systems
with limited runoff and an absence of vegetation (Carretier et al., 2018).
Though fluvial impacts on the landscape have been extremely rare in
recent centuries, several remarkable rainfall events driven by the El
Nino-Southern Oscillation (ENSO) were recorded in the past three de-
cades, including in June 1991, February 2001, March 2015, and June
2017 (Houston, 2006; Jordan et al., 2020; Ortega et al., 2019; Reyers
et al., 2021; Schween et al., 2020). These occasional rainfalls may have
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facilitated plant growth, resulting in the transformation of nutrients like
P (Jordan et al., 2020; Orlando et al., 2010). In addition, infiltration
processes that remove fine materials from the surface to deeper layers
are easily triggered by the high permeability that is characteristic of the
salt-rich soils in the Atacama Desert (Aguilar et al., 2020; Jungers et al.,
2013; Pfeiffer et al., 2021). Therefore, not only the morphological fea-
tures, but also the topographic variations, the age of the soil parent
material, and plant growth in an alluvial fan system may all be of rele-
vance with regard to the turnover of fine colloids in soils. Here, a new
transect of 11 pits along the same alluvial fan system studied by Moradi
et al. (2020) was sampled in order to provide more details on WDC and
colloidal-P distribution in relation to the different alluvial fan sections.
For the lower to intermediate elevations of the steep Coastal Cordillera
in this part of the Atacama Desert, mid-sized alluvial fans with surface
slopes of 5-6° and at least two different surface generations such as the
one investigated here are typically found at the transition of smaller
streams to the episodically active and broad channels of the larger
Quebradas. In addition, subdivision sampling of the surface layer from
0to 10 cm (0-1, 1-5, and 5-10 cm) was conducted to explore the effect
of the diverse landscape on colloids in the modern layers. We hypoth-
esized that (1) the WDC composition in the top layer (0-1 cm) among the
different pits was mainly affected by the dry deposition and eolian
reworking; (2) the depth distribution of WDCs was mainly related to
leaching process induced by occasionally rainfall; and (3) colloidal P
may work as a tracer for differences in nutrient distributions among sites
with disturbance of other elements.

2. Methods and materials
2.1. Field sites and sampling

Sample sites were located along a topographic transect crossing the
same alluvial fan system initially studied for n = 2 sites only by Moradi
et al. in 2019 (Fig. 1a). The alluvial fan system is located in the hyper-
arid region of Paposo (approximately 25°0'52"S, 70°20'8'W), which
has a mean annual temperature of 17.2 °C and mean annual precipita-
tion of <0.1 mm (Quade et al., 2007). The study transect is situated at
1480 m.a.s.l., positioned within the central portion of the alluvial fan
(Fig. 1b). This location not only receives the input of materials from the
upper sections but also undergoes the release of fine particles during
rainfall events. The transect shows a variety of landscapes. Furthermore,
one section within the transect has been marked by the presence of
several shrubs (Fig. 1c, Fig. 3a). In order to increase replicates, a total of
11 sites were sampled based on the topographic characteristics along the
transect of the alluvial fan system, including P1 on the hillslope, P2-P7
in the younger fan section, P8 on the edge/at the transition between the
older and younger fan sections, and P9-P11 in the older fan section
(Fig. 1b, Fig. 1c). Among the 7 sample sites located in the younger fan
section, P2 and P3 belong to a modern channel, whereas P7 was dug in a
channel that seemed to be inactive during recent flooding (Fig. 2). There
are sparse, dry shrubs (Huidobria fruticosa) located in the younger fan
section (Morchen et al., 2021). P3 was sampled downward from one
such shrub, P4 was collected in the direct vicinity of a shrub, and P6 was
dug upward from a shrub.

Sampling was performed in March 2020. At each site, we collected
soil samples from the land surface to a depth of 10 cm below the surface
(b.s.), divided into three layers: 0-1 cm, 1-5 ¢cm, and 5-10 cm. Sampling
took place after removal of loose rocks and plant debris. Depth profiles
were then sampled at regular intervals of 10 cm up to a depth of 50-80
cm b.s. (Fig. 2). The maximum sampled depth was set by practical
constraints on digging e.g., presence large rocks or hardpans, which
cannot be broken up and dug through without the use of pneumatic
hammer. Spades and pickaxes were used to dig the pits in the younger
fan section, and a demolition-type jackhammer was used to dig the pits
in the older fan section as the ground was hard and consolidated. Drone
flights were used to obtain a full picture of the geomorphological terrain
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Fig. 1. Study area. (a) Digital elevation model of the study area at 1480 m.a.s.l.; the upper limit of the fog bank is typically around 1100 m. (b & c) Position of soil
profiles on the fan, showing the two different alluvial fan sections, with red colors dominating the abandoned surface, and gray to brown colors indicating the
younger and active fan section. (d) Geomorphology units of the study sites: A-Bedrock, B-Hillslope deposits/scree deposits, C-Older (inactive) alluvial fan generation,
D-Younger (active) alluvial fan generation, E-Modern flood plain, Dotted blue line-Water pathway. P1-P7 belong to the younger fan section, P8 is at the transition
between the older and younger fan sections, and P9-P11 are in the older fan section.

context for the alluvial fan system and sampling sites (Fig. 1b).

2.2. Optically stimulated luminescence (OSL) dating

Optically stimulated luminescence (OSL) dating analysis for the two
sections (the older fan section and the younger fan section) was con-
ducted at the Institute of Geography, University of Cologne. Pre-
treatment for burial dose determination followed standard procedures
to extract potassium feldspars in the grain-size fraction 150-200 pm.
Equivalent dose measurements were performed using a post-infrared
infrared protocol with a stimulation temperature of 225 °C (pIRIR22s;
Buylaert et al., 2009). The appropriateness of the protocol was
confirmed by means of dose recovery tests (dose recovery ratios of 1.00

4+ 0.01 and 1.03 £ 0.01) and residual dose measurements (<1% of the
natural dose). Since equivalent dose distributions (with 12 aliquots
each) do not indicate incomplete signal resetting prior to deposition, the
central age model (Galbraith et al., 1999) was used for burial dose
calculation. Dose rates were based on radionuclide concentrations of the
sediment determined using high-resolution gamma spectrometry and
the empirical potassium content of the feldspars of 10 + 2% (Smedley
etal., 2012). Dose rate and age calculations were performed using DRAC
software (Durcan et al., 2015). Since fading measurements revealed g-
values of <1.5%/decade, no fading correction was conducted.
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Fig. 2. Profile map of the soil samples from the alluvial fan system shown in Fig. 1(b & c); P1-P7 belong to the younger fan section, P1 is on the hillslope, P2-P3 are
in a modern channel, P8 is at the transition between the older and younger fan sections, and P9-P11 are in the older fan section.

2.3. Water-dispersible colloid (WDC) extraction

Desert soils were air dried in situ before sampling and sieved to
smaller than 2 mm without stones in order to perform water-dispersible
colloid (WDC) analysis. WDC extraction was performed based on a
commonly used procedure (Séquaris & Lewandowski, 2003). In brief,
approximately 10 g of soil was mixed with 20 ml of Milli-Q water (1:2)
and shaken on a horizontal shaker at 150 rpm for 6 h. An additional 60
ml of deionized water was then added to the suspension before sedi-
mentation. To remove particles larger than 20 pm, a sedimentation time
of 10 min was applied, which was calculated according to Stokes’ law.
The supernatant containing the non-settling phase was transferred by
pipette to centrifugation tubes. The desired colloids <300 nm were
obtained by centrifuging for 10 min at 7500 rpm. The centrifugation
time was calculated based on Hathaway (2018). Furthermore, dynamic
light scattering (DLS) (Nano ZetaSizer, Malvern) measurements were
performed to determine the size range of the separated WDCs.

2.4. Asymmetric flow field-flow fractionation (AF4)

The WDCs <300 nm were freshly size separated by means of asym-
metric flow field-flow fractionation (AF4) (AF2000, Postnova Analytics,
Landsberg, Germany). AF4 coupled online with organic carbon detec-
tion (OCD; DOC-Labor, Karlsruhe, Germany) was used to determine the
WDC-OC content, while colloidal Mg, Al, Si, P, Ca, and Fe were
measured using online inductively coupled plasma mass spectrometry
(ICP-MS; Agilent 7500, Agilent Technologies, US). The parameters of the
AF4 separation method were determined based on the previously
mentioned study by Moradi et al. (2020) and are shown in Table S1. To
evaluate the particle size resolution of field-flow fractionation (FFF)
separation, the same method was used to analyze latex standards as
reference materials on the basis of samples (Moradi et al., 2020).

2.5. Statistical analysis

In this study, the formation age of alluvial fan and presence of plant
were considered as two independent variables. The alluvial fan system
was divided into three sections: the younger fan section far away from
plants (P2, P5, and P7), the younger fan section near plants (P3, P4 and
P6), and the older section with an absence of plants (P9, P10, P11).
Levene’s and Shapiro-Wilks tests were conducted to ensure that the data
were normally distributed and had homogeneous variances. Then,
independent-samples t tests (P < 0.05) for WDC-P content, the relative
proportions of elements in WDCs, Si/Al and the fractions of WDCs were
performed at a given depth to determine the significant differences by
the soil age and presence of plant, respectively. Depth of 40-50 cm was
the deepest comparison layer because P4 and P5 were sampled up to this
depth. One-way ANOVA tests (P < 0.05) were conducted to determine
the statistical differences of WDC-P content among soil profile (above
50 cm) in different fan sections. Pearson correlations were used to assess
the relationships between P with the elements OC, Mg, Si, Al, Ca, and Fe
in WDCs of three different size subfractions. Statistical analyses were
conducted using SPSS v22.0 software (IBM, USA). All figures were
constructed using the OriginPro v9.1 software (OriginLab, USA).

3. Results
3.1. Geomorphological characteristics and chronology information

The alluvial fan is 80 m wide and ~200 m long and has a typical
triangle-shaped form (Fig. 1b). Together with its direct surrounding
surfaces, the system contains 4 main geomorphological units including
bedrock, hillslope deposits/scree deposits, an older (inactive) alluvial
fan generation, and a younger (active) alluvial fan generation (Fig. 1d),
with the latter indicating a multi-phase evolution of the fan. The older
and the younger fan sections are separated by a ~0.8 m-high topo-
graphic step (Fig. 2, Fig. 3b).
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The surface of the younger fan section is characterized by distinct
bar-and-swale topography with 0.1 to 0.5 m relief (Fig. 2). Sparse plants
and clasts ranging from pebbles to cobbles were observed on the well-
packed pavement surface (Fig. 3a & c). The alluvial sediments and soil
layers exhibit gray colors and rather loose bedding (Fig. 3g). The profiles
in this younger section have a distinct stratigraphy with well-defined
layers of different grain size (Fig. 3g). In contrast, the landscape of the
older (inactive) fan section lacks plants (Fig. 3a). A mature desert
pavement is present on the surface, with heavily varnished and rubified
clasts ranging in size from cobbles to small boulders (Fig. 3a & b).
Compared with the younger fan section, the older fan section is flat and
does not exhibit bar-and-swale morphology (Fig. 3a & b). This inactive
section is characterized by reddish sediment colors, indurated sediment
layers, and a solid layer nearly 3 cm thick at a depth of 5-10 cm below
the surface (Fig. 3e). The P8 soil profile, which is located at the edge of
the older fan section, showed similar indurated sediment characteristics,
though without a solid layer in the 5 to 10 cm layer (Fig. 3f). OSL ages in
the younger and active fan section (sample F2) date to ~13.6 ka, while
sediments from the older and inactive fan section (F1) have an age of
~56.4 ka (Table 1).

Table 1
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Fig. 3. Morphological characteristics of the
alluvial fan. (a) Overview panorama photo of
the alluvial fan at Paposo 1480 m.a.s.l.; A-
Bedrock, B-Hillslope deposits/scree deposits,
C-Older (inactive) alluvial fan generation, D-
Younger (active) alluvial fan generation,
Dotted blue line-Water pathway. (b) Surface
of the older fan section and edge/transition
between the older and younger fan sections.
(c) Surface of the younger fan section. (d)
Sample sites P1, P2, and P3. (e) Profile of the
older fan section (P9), with (1) fine particles
at the surface and (2 & 3) a ~3 cm mineral/
salt solid layer at 5-10 cm. (f) Edge profile of
P8. (g) Profile of the younger section (P2).

3.2. Size fractionation and elemental distribution of WDCs in the surface
layer (0-1 cm)

In the surface layer (0-1 cm), the concentrations of WDC—including
both mineral elements and OC—amounted to around 65 + 2.7 mg kg™
bulk soil i Samples from the younger fan section with an absence of plants
(P2, P5, and P7) (Table S2). In comparison, the WDC content in samples
from the older fan section (P9, P10, and P11) exhibited a larger range,
from 54.8 mg kg~ ! to 112.8 mg kg~ ! soil (Table S2). The presence of
shrubs increased the variation in WDC concentration from 61.2 mg kg ™!
to 525.2 mg kg~! in the surface layer from sites P3, P4, and P6
(Table S2). The elemental proportions of WDCs in the surface layer (0-1
cm) differed among three sections (Fig. 4, Table S3, Table S4, Fig. S2). In
general, the contribution of Ca for WDCs was lower in the older than that
of the younger one (Table S3). The OC accounted for the largest pro-
portions of WDCs in samples collected near shrubs, increasing by one
magnitude from 6.9 + 3.4 to 68 + 20% at younger fan section
(Table S4).

Fractograms of the surface layer (0-1 cm) in all 11 soil profiles
depicted three elemental peaks with similar elution time between
samples (Fig. 4, Fig. 5). The first peak consisted of nanocolloids (NCs)
with a size range of 0.6-24 nm (Moradi et al., 2020). The second peak
from approximately 24 to 210 nm was related to fine colloids (FCs), and
the third peak was associated with medium colloids (MCs) eluted from

Optically stimulated luminescence (OSL) dating results of samples from the alluvial fan.

Sample‘rﬁ U (ppm) Th (ppm) K (%) DR (Gy/ka) N OD (%) De (Gy) g-value (%/dec) Age unc. (ka)
F1 2.6 +0.2 13.3+ 0.9 2.7 £ 0.1 52+ 0.2 12 10+3 261 + 10 0.7 +£0.1 56.4 + 2.8
F2 2.7 £ 0.2 13.2+ 0.9 2.5+0.1 5.0 + 0.2 12 44 +9 68 +£9 1.5+ 0.7 13.6 + 1.8

§ Both samples were taken at ~30 cm below the surface. U, uranium; Th, thorium; K, potassium; DR, dose rate; N, number of aliquots; OD, overdispersion; De, burial
dose (in gray). The OSL dating was carried out in the Cologne Luminescence Laboratory.
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Fig. 4. Fractogram of water-dispersible colloid (WDC) elements, e.g., magnesium (Mg), aluminum (Al), silicon (Si), calcium (Ca), iron (Fe), and organic carbon (OC)
in the top layer (0-1 cm) of soils at 11 sampling sites, obtained by flow field-flow fractionation (FFF) coupled with inductively coupled plasma mass spectrometry
(ICP-MS) and organic carbon detection (OCD). P1 is on the hillslope, P2, P5 and P7 belong to the younger fan section with an absence of plants, P3, P4, and P6 are in
the younger fan section near plants, P8 is at the transition between the older and younger fan sections, and P9-P11 are in the older fan section. Nano: Nanocolloid
fraction from 0.6 nm to 24 nm; Fine: Fine colloid fraction from 24 nm to 210 nm; Medium: Medium colloid fraction from 210 nm to 300 nm. Note different scaling of

Y-axes for the 11 figures.

210 to 300 nm. The three WDC sizes showed site-specific distribution
patterns (Table S3, Table S4). The MCs were the dominant particle size
of WDCs in the surface layer both of the younger fan section far away
from plants (54 + 7% of all WDCs) and the older fan section (54 + 20%
of all WDCs) (Fig. 4, Table S3). In contrast to the younger fan far away
from plants, the NCs were significantly depleted at the surface soil
samples from the older fan section (Table S3). Noteworthy, NCs were
elevated while MCs decreased in samples collected near shrubs
compared to those with an absence of plants (Fig. 4, Table S4). FCs,
amounting to 39 + 3% of all WDCs, were abundant in samples near
plants (Fig. 4). Si, Al, and Fe showed similar fractogram trends and peaks
and were the main constituent elements of fine- and medium-sized WDC
fractions from the soil surface when no plants were present (Fig. 4,
Fig. S4, Fig. S5). In contrast, the fractogram trends for OC and Ca were
different from those for Al, Si, and Fe for all surface samples except those
from P8 (Fig. 4). Most colloidal OC and Ca accumulated in the first (NC)
and second peaks (FC) of the fractogram. Furthermore, the NCs were
dominated by OC and Ca content for samples in the younger fan section
(Fig. S3).

3.3. WDCs in soil horizons

Differences in the WDC content were apparent between samples in
soil horizons (Fig. 6). There was no common pattern of WDC depth
distribution among the samples taken from the younger fan section. The
maximum amounts of colloids in the younger fan section were mainly

detected below 10 cm (with the exception of P3 and P4) (Fig. 6,
Table S2). Plant growth mainly affected soil properties of the top layer.
WDCs in P3 and P4, the sites below or near the plant, reached a
maximum of 525.2 and 112 mg kg’1 bulk soil at 0-1 cm (Table S2, Fig. 6,
Table S4). The influence of fan age on overall distribution and compo-
sition of WDCs was not solely limited to the surface layer but extended to
deeper in the profile (Table S4). Compared with sites in the younger fan
section, the depth distributions of WDCs in the older fan samples were
more homogeneous. The largest amount of WDCs was identified in the
layer from 5 to 10 cm, with 163-561 mg kg’1 bulk soil in P9, P10, and P11
(Fig. 6, Table S2). For the most part, Si, Al, and Fe were identified as the
predominant elements in each layer, and were abundant in both FC and
MC fractions. The stoichiometric Si/Al ratio of WDCs at deeper layers
(20-40 cm) was around 3 + 0.2, which was significantly higher than
that of samples from the younger fan section (2.5 + 0.13). No more than
1 mg kg’1 bulk soil NC-OC was detected in profile from the older fan
section, which was less than that found in most of the samples from the
younger fan section, especially in sites near shrubs (Table S2). In P8,
which is located on the topographic step between the younger and older
fan generations, the maximum WDC content (367 mg kg’1 bulk soil) Was
observed in the top layer (0-1 cm), with a sharply decreasing trend as
depth increased (Fig. 6, Table S1).

3.4. Phosphorus (P) associated in the WDCs

No significant effect was induced by alluvial fan age on WDC-P
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Fig. 5. Fractogram of nanocolloidal (Nano), fine-colloidal (Fine), and medium-colloidal (Medium) phosphorus (P) in the top layer (0-1 cm) of 11 samples analyzed
by asymmetrical flow field-flow fractionation (AF4) coupled with inductively coupled plasma mass spectrometry (ICP-MS). P1 is on the hillslope, P2, P5 and P7
belong to the younger fan section with an absence of plants, P3, P4, and P6 are in the younger fan section near plants, P8 is at the transition between the older and

younger fan sections, and P9-P11 are in the older fan section.

content in 0-1 cm while significantly more WDC-P (1.07 + 0.3 mg kg !
bulk soil) Were found in the samples collected near shrubs compared with
sites with an absence of plants (0.28 + 0.06 mg kg_1 bulk soil) (Fig. 5,
Fig. 7, Table S2). For the most sites, 42-68% WDC-P was associated with
FCs while plants enhanced the contribution of NCs.

In general, the depth distribution of P content was comparable to the
depth distribution of the WDC content, with some variations (Fig. 6,
Fig. 7, Fig. S6). WDC-P increased substantially in the sites near plants
compared with other samples from the younger fan section not located
near shrubs (Fig. 7). Noteworthy, WDC-P had accumulated significantly
at 5-10 cm in the older fan section (Fig. 7). WDC-P was predominantly
carried by FCs in all profiles (Fig. 7). Correlation analysis results showed
that the dominate FC-P was significantly correlated with both mineral
elements (Si, Ca, Fe, and Al) and OC in all samples (Table S5). NC-P was
identified to cluster with OC in samples located on the younger fan
section while it was significantly correlated only with mineral elements
in samples from the older fan section. MC-P in samples collected near
shrubs (P3, P4 and P6) was strongly correlated with OC and Ca, while it
was significantly correlated with mineral elements (Si, Ca, Fe, and Al) in
samples collected under the absence of shrubs in the younger fan section
(P2, P5, P7) and samples located on the older fan section (P9, P10, P11)
(Table S5).

4. Discussion
4.1. The formation age of the alluvial fan and its surface characteristics
The Coastal Cordillera is a narrow mountain range with predominant

elevations of ~1000-2000 m a.s.l. While numerous large coastal alluvial
fans are found in elevations of <200 m a.s.l. along the western margin of

the Coastal Cordillera between 20.5°S and 25.5°S (Bartz et al., 2020;
Walk et al., 2020; Walk et al., 2023), medium-sized alluvial fans with
gently sloping surfaces (~2-6°) are typically found at intermediate el-
evations of the Coastal Cordillera, where they feed the episodically
active stream channels of the larger Quebradas. As located in the hyper-
arid region with mean annual precipitation of <0.1 mm, alluvial fan and
stream channel activation mainly occurs during El Nino-related pre-
cipitation events (Haug et al., 2010; Sager et al., 2021). The alluvial fan
system studied here is characterized by slopes of approximately ~5-6°
and is therefore typical for this part of the hyper-arid Coastal Cordillera.
Furthermore, as characteristic for numerous alluvial fans in general but
also in this part of the Coastal Cordillera, the studied alluvial fan shows
inactive/abandoned and younger/active sections, with the active/
younger areas incised into the older part of the fan (Riquelme et al.,
2003; Walk et al., 2023).

The aridification process in the hyper-arid core of the Atacama
Desert has been ongoing from at least ca. 9 Ma to 37 Ma, although it has
been interrupted by several wetter periods or periods of less arid con-
ditions (Dunai et al., 2005; Rech et al., 2006; Ritter et al., 2019). Alluvial
fan formation and, thus, the deposition of the sediments investigated in
this study occurred during the late Pleistocene, likely during periods
with increased moisture availability and/or precipitation. The OSL data
revealed that the older section of the alluvial fan was active around ~56
ka, whereas the sediments of the younger section dated back to ~14 ka,
which is consistent with more humid periods recorded in the hyper-arid
core of the Atacama Desert (Bartz et al., 2020; Diederich et al., 2020;
Ritter et al., 2019). For instance, the intervals from 75.7 to 60.7 ka and
from 53.4 to 15.3 ka were identified as humid phases based on the
paleoclimate record of the Salar der Atacama (~23°S) (Bobst et al.,
2001). Furthermore, in the area of 22-24°S, more humid conditions
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Fig. 6. Element concentrations of WDCs at different soil depths in the alluvial fan. P1 is on the hillslope, P2, P5 and P7 belong to the younger fan section with an
absence of plants, P3, P4, and P6 are in the younger fan section near plants, P8 is at the transition between the older and younger fan sections, and P9-P11 are in the
older fan section. Top horizontal axis and bars represent the concentrations of colloidal elements, e.g., magnesium (Mg), aluminum (Al), silicon (Si), phosphorus (P),
calcium (Ca), and iron (Fe). Bottom horizontal axis and dotted line represent OC concentrations.

were also documented from 15 to 10 ka (Latorre et al., 2002). Although
the reasons for the formation of the distinct topographical step between
the older and younger fan generations remain unclear, the depositional
activity in the alluvial fan seems to have ceased with the transition to
dryer conditions at the beginning of the Holocene. Later, the alluvial fan
surface was preserved during the more arid conditions prevailing
throughout the Holocene, as previously observed in the Atacama
(Amundson et al., 2012; Placzek et al., 2010). While the data thus sug-
gests that soil formation-type processes started at ~56 ka on the older
alluvial fan surface, and at ~14 ka on the younger alluvial fan surface,
atmospheric inputs of soluble salts and insoluble particles that accu-
mulated in the soil surface are prone to aeolian relocation with
extremely slow erosion rates. Moreover, it can generally be assumed that
leaching processes were absent during the dry period (Arenas-Diaz et al.,
2022).

Compared with the older fan section, the younger fan section showed
a higher surface roughness with more small-scale topographic variations
(Fig. 2, Fig. 3). The surface of the alluvial fan tends to be smoother in the
older section, where the bars and swales observed in the younger fan
section are absent (Frankel & Dolan, 2007). In general, the continuing

accumulation of sulphate-rich aeolian dust in the surface layer has
resulted in the dramatic volumetric expansion and smoothed appear-
ance of the landscape in the central Atacama (Clarke, 2006; Ewing et al.,
2006; Rech et al., 2003). As a result, desert pavements weakly cemented
by a thin sulphate crust with an overlying layer of more powdery dust
are a common feature of the architecture in the Atacama Desert, and
were also observed in the older fan section (Clarke, 2006). Therefore, 7
sample sites were selected within the younger fan section to effectively
illustrate the impact of varied topographic characteristics on distribu-
tion of fine particles while 3 samples were chosen on the older fan
section.

4.2. WDCs in the surface layer (0-1 cm) affected by topographic
variations

The top layer from O to 1 cm belongs to the local regolith, which
shows susceptibility to the input of fresh fine particles from atmospheric
deposition and reworking due to weathering erosion (Sun et al., 2018; Li
et al., 2019). Based on an estimated age of ~6.6 Ma, Wang et al. (2015)
found a soil buildup of 2.25 m in the Atacama Desert via soil formation
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with Tukey’s HSD test; P < 0.05). Significant difference of plant growth (a, b) is shown with star.

and deposition; at this buildup rate, the surface soil (0-1 cm) may form
over nearly 2.9 ka. The age of soil formation at 0-1 cm is younger than
that the overall age of the younger fan section. Thus, the WDC fracto-
grams from the 0-1 cm layer were analyzed to identify the topographic
influences on the concentration, composition, and distribution of soil
colloidal fractions (Fig. 4). A larger variation in WDC content and
dominant size fractionations were identified in samples from the older
fan section (P9, P10, and P11) than in samples from the younger fan
section with an absence of plants (P2, P5, and P7) (Fig. 4, Table S2,
Table S3). The heterogeneous characteristics of the surface WDCs in
samples from the older fan section (P9, P10, and P11) may be due to
spatially uneven soil formation processes such as dust deposition or
aeolian reworking. The smooth top layer of the older fan section with its
increased soil erodibility may activate dust emission and random
transportation by winds (Hennen et al., 2022), thus leading to a spatially
heterogeneous distribution of colloids. A greater surface roughness is
beneficial for capturing atmospheric deposition particles (aerosols and
dust) and can reduce soil erodibility by winds (Arenas-Diaz et al., 2022;
Ewing et al., 2006; Finstad et al., 2016). As a result, the smaller surface
disturbance of WDC concentration and distribution was related to a
larger surface roughness in samples from the younger fan section with an
absence of plants. Though the surface layer of P8 (at the transition be-
tween the older and younger fan sections) was detected as part of the
reddish sediment at the edge of the older fan section, the WDC patterns
from P8 were different from those of other soil samples from the older
fan section (P9, P10, and P11). The results confirmed that topographic

variations had a major impact on colloid distribution, and may support
the higher randomness of aeolian reworking on the surface layer, which
is more exposed to winds. The size distributions of WDCs does not only
reflect particle release upon water contact, but may well also reflect
changes in particle aggregation (Jiang et al., 2015b; Zhang et al., 2021).
The main reason for the lacking peaks in NC signals for the samples from
the older fan section (P9, P10, and P11) could thus indicate both, that
they were blown-off as indicated above, or additionally aggregated to
larger colloids with time. In either way, lower portions of NCs coincided
not only with different topographic morphology but also with different
fan ages (Table S3).

Calcium which was even not classified as the major element of WDCs
for the surface diminished even further with time (Table S2, Table S3).
In the Atacama Desert, the main source of calcium (Ca) is the accrual of
salts such as CaCO3 and CaSOg4, which originate from windblown dust
from the Pacific Ocean and/or from aeolian reworking aerosols (Ewing
et al., 2006; Clarke, 2006; Rech et al., 2003). CaCO3 contents decreased
with an increasing age of alluvial fan systems in Paposo area (Ewing
et al., 2006; Walk et al., 2023). Higher WDC-Ca content was found in
1-5 cm layer of our older fan section, which may support the assumption
that more Ca was translocated here through leaching processes over
time (Fig. 6, Table S3). Indeed, larger amounts of Ca assemble in aridic
soils is due to less loss by leaching processes (Wang et al., 2014; Li et al.,
2019; Oerter et al., 2016). Note, upward migration due to evaporative
processes induces the accumulation of Ca on the surface during long-
term arid periods (Pfeiffer et al., 2021).
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4.3. WDCs in the surface layer (0-1 cm) affected by plants

In our study, the WDC-OC and WDC-Ca content in the surface layer
(0-1 cm) was higher in samples collected near shrubs (P3, P4, and P6)
than in samples with an absence of plants (P2, P5, and P7) from the
younger fan section (Fig. 4, Table S2). Higher WDC-OC concentration in
soils may be caused by increased soil OC inputs due to plant growth (Yan
etal., 2018; Zhang et al., 2021). The orientation of samples in relation to
plants had a strong effect on the magnitude of WDC-OC concentration
isolated from the bulk soil (Fig. 4). WDC-OC in P3, which is located
downward from a plant, was 467 mg kg’1 bulk soil, Which was higher than
that in both P4 (74.5 mg kg’1 bulk soi)—located in the direct vicinity of a
plant—and P6 (29.5 mg kg’1 bulk soil)s Which is located upward from a
plant (Table S2). The varied distribution of plant litters in the surface
layer may be mainly due to the occasional rainfall. The downslope
waterflow may lead to the accumulation of more plant litters in sites
downward from plants, such as P3 (Fig. 3c). In addition, winds may also
play an important role in material scavenging and transportation in
desert systems (Jacques-Coper et al., 2015; Reyers et al., 2019). The sites
downward from the shrubs located in the modern channel provide a
shelter from transportation by wind, which may increase material
accumulation.

Net Ca mineralization from decomposing plant debris can increase
the Ca amounts in bulk soil (Dijkstra, 2003). This may be one of the
reasons for the higher WDC-Ca identified in the surface layer from
samples collected near shrubs (P3, P4, and P6). However, with the
exception of WDC-Ca, other WDC-bound mineral elements (Si, Al, Fe,
and Mg) in the surface layer of samples sampled near shrubs decreased
compared with those with an absence of plants (Fig. 4, Table S2,
Table S4). This may be due to the formation of larger-sized soil aggre-
gates between organic matter and inorganic compounds of the above
elements under higher Ca ion concentrations in sites near plants (Tot-
sche et al., 2018; Wang et al., 2020; Zhang et al., 2021).

With the higher WDC-OC and WDC-Ca amounts, NCs accounted for
the largest proportion of WDC size fraction in the P3, P4, and P6 sites
(Fig. 4, Table S4). The Ca" bridging effect with organic matter most
likely contributed to NC formation, which was consistent with the re-
sults obtained by Li et al. (2021) for agricultural soils and by Wang et al.
(2020) for calcareous forest soils.

4.4. Depth distribution of WDCs in younger and older alluvial fan sections

Various depth distributions of WDCs from the different sampling
sites were determined for different sections of the alluvial fan system
studied here (Fig. 6, Table S3, Fig. S1, Fig. S2). The maximum amounts
of colloids were found in the soil layer from 5 to 10 cm in the older fan
section (P9, P10, and P11). In contrast, the largest proportion of WDCs
was accumulated below 10 cm in sites located in the younger fan section
with no plants (Fig. 6, Table S2). The depth pattern of the younger fan
section was synchronous with the results for the “Fan” section observed
by Moradi et al. (2020), which showed the maximum WDC (<500 nm)
concentrations at a depth of 10-20 cm. These results were considered to
be mainly due to the absence of a hard layer in the surface (0-10 cm) of
the “Fan” section with a higher infiltration rate (Moradi et al., 2020).
The coarser soil texture detected in the “Fan” section facilitated in-situ
translocation of colloidal particles (Table S6; Moradi et al., 2020). The
total WDC concentration at the old fan site was not systematically lower
than that in the young one, suggesting that aggregation processes with
depth likely affected WDCs to a minor degree. The spatial variability of
WDC depth distribution in our study can, therefore, at least be partly
attributed to the different hydrological characteristics of the two sec-
tions. The average infiltration rate value of the active alluvial fan section
seems to be higher compared with the inactive section, which displays
similar surface features to the nearby hillslope. In a field study con-
ducted between 22 and 26°S, Pfeiffer et al. (2021) estimated that the
infiltration rate capacity of the alluvial fan was around 244 mm h™?,
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while the value was 78 mm h™! on the nearby hillslope. Physical,
chemical, and biogenic crusts as well as stone cover are of great rele-
vance for the hydrological response of desert soils to rainfall (Assouline,
2004; Belnap, 2006; Lavee & Poesen, 1991). In our study, a relatively
more mature desert pavement is present on the older fan section surface,
with heavily vanished and rubified clasts ranging in size from cobbles to
small boulders (Fig. 3). This well-packed pavement may exhibit less
permeability in the surface layer (Owen et al., 2013). Furthermore, the
younger fan section may be conductive to infiltration because of its
rough surface (Ma et al., 2022). Additionally, a solid mineral layer of
nearly 3 cm thickness was observed in the 5-10 cm layer of the older fan
section (Fig. 3e). The mobilization of colloidal particles caused by water
flow during infiltration processes may be inhibited by this solid mineral
layer at 5-10 cm, leading to the accumulation of WDCs (Fig. 6,
Table S2). In addition to the contribution made by downward soil water
movement, the upward migration of waters driven by evaporation
resulted in the gathering of fine particles in a certain layer, which may
also partially contribute to the formation of the solid layer (Amundson
et al., 2008; Davis et al., 2010; Finstad et al., 2014).

An irregular depth distribution of WDCs was detected in the deeper
layer below 10 c¢m in the older fan section, which was similar to the
disordered depth distribution of sites from the younger fan section
(Fig. 6). Due to the formation of composite modern and relict soil layers
through the interplay between occasional fluvial events and persistent
aeolian erosion (Williams et al., 2021), it was not possible to identify a
common trend for WDC depth distribution. Thus, soil layers may reflect
a multiphase history of pedogenesis. Evenstar et al. (2009) reported that
regionally extensive planation surfaces were unlikely to have any
chronostratigraphic significance due to their multiphase history. In
addition, soil formation processes such as wind erosion or leaching may
be spatially variable and provide discontinuous cover over the soil
surface. Alcayaga et al. (2022) suggested that small playa records were
not helpful in reconstructing the regional climatic history of the recent
past because of the high spatial patchiness of the rainfall events that
occurred.

The site from the “Crust” section sampled by Moradi et al. (2020) was
located in the downbhill direction of the P8 site in our study, at the
transition between the older and younger fan sections, rather than in the
older fan section (Fig. 1b). Coincident with the apportionment of WDCs
in the “Crust” section, we observed a sharply decreasing trend in WDCs
in P8 with decreasing depth (Fig. 6). All maximum element content was
detected in the surface layer. WDCs (Si, Al, Fe, Ca, OC, and P) in the
surface layer of the “Crust” section, i.e., from 0 to 10 cm, amounted to
nearly 922 mg kg’1 bulk soil (Moradi et al., 2020). However, the surface
layer in P8 referred to the layer from O to 1 cm. When the relevant
content in P8 from 0 to 10 cm was calculated, a relatively lower con-
centration (386 mg kg’1 bulk soil) Was observed (Fig. 6, Table S2). WDC
content below 10 cm in P8 was also lower than that in the “Crust” sec-
tion analyzed by Moradi et al. (2020). The discrepancy may be due to
the different size of the WDCs extracted: we extracted colloids <300 nm,
while they extracted <500 nm WDCs. In addition, the downslope
movement of fine particles through lateral flow in surface and subsur-
face layers may enhance the discrepancy (Pfeiffer et al., 2021; Placzek
et al., 2010). The accumulation of colloidal particles decreased in the
direction of the hilltop and increased in the direction of the footslope.

Si and Al were present as the dominant elements in the colloids and
the Si/Al ratio of WDCs in all samples collected without plants both from
the younger and the older fan section, was more than 2 (Fig. 4, Table S2,
Table S3). This result is in accordance with the findings obtained by
Moradi et al. (2020), which identified that colloids not only originated
from clay minerals (chlorite) but also from sand-derived particles.
Multiple sources of the soils are involved in the Atacama Desert,
including the erosion of silicate parent materials and the input of dust
containing clay minerals, e.g., smectite, chlorite, and kaolinite
(Amundson et al., 2012; Ewing et al., 2006; Moradi et al., 2020). It
should be noted that the major atmospheric bulk deposition in inland
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sites of the Atacama Desert was mineral assemblage (anorthite-gypsum-
quartz-albite) (Wang et al., 2014). In the deeper 20-40 cm soil layer, the
stoichiometric Si/Al ratio was significantly increased in the older fan
compared to younger fan section without plants (Table S3). This may be
due to more colloids released from silicate parent materials erosion with
time in deeper layers.

4.5. P association to WDCs

Though colloidal P was detected in minor amounts in hyper-arid
desert soils with 0.03-1.95 mg kg™! bulk soil, P was enriched 11-fold
in the WDCs in comparison to the bulk soil (P in bulk soil data refer-
enced from Moradi et al., 2020) (Table S2, Table S6). In general, nu-
trients within WDC fractions are enriched compared with the bulk soil
because of the high specific surface area (Missong et al., 2018a; Wang
et al., 2020). When the fractogram for WDCs was compared with that for
WDC-P, it was observed that the abundance of WDC-P was dependent on
WDC elements (mineral elements and OC) in soils (Fig. 4, Fig. 5).
However, the results of correlational analysis varied in different
colloidal size fractions among different sampling sites, which provided
more association details of P with colloids (Table S5). Phosphorus,
usually exists as phosphate anion, likely associates with organic matter
through cation bridging by bivalent cations (e.g., Ca%*, Mg?") or binds
to the positively charged mineral surface of amorphous Al and Fe oxides
via electrostatic interaction (Li et al, 2020; Said-Pullicino et al., 2021;
Regelink et al., 2015). OC was not involved in NCs in the associations of
P with clay minerals from samples in the older fan section, which may be
due to the negligible NC-OC in the smooth old section which was sus-
ceptible to wind erosion (Table S2, Fig. S3). The results showed that NC-
P may be clustered with mineral elements (Ca, Mg, Fe, Al, Si) reasonably
via charge interactions in the older fan section. In fact, OC was identified
as a key component in the binding of P in FCs (Table S5). Fine-colloidal P
(FC-P) fractions, which show the highest intensity of the three colloidal
sizes in most soils (42-74%), were correlated with both mineral ele-
ments and OC in FCs no matter in the younger fan section or the older
one (Table S5). As was determined for arable land by Li et al. (2021), FC-
P was correlated with clay minerals and likely to form a complex of OC-
clay-P. Clay minerals may presumably immobilize the P in the soil
through adsorption, ligand exchange and precipitation (Amadou et al.,
2022; Celi etal., 2001; Gérard, 2016). Jiang et al. (2015b) also identified
that inorganic and organic P compounds sorbed strongly to the posi-
tively charged surfaces of the edge of clay minerals and that of amor-
phous Al and Fe (hydr)oxides. MC-associated P was correlated with OC
and Ca in samples collected near plants, however, samples far from
plants implied a fixation of P with Fe/Al (hydr)oxides or clay minerals in
MCs (Table S5). Ca was present in large amounts along with a high
concentration of OC in WDCs from samples near shrubs (P3, P4, and P6)
(Table S2), which may form OC-Ca-P bridges (Jiang et al., 2023; Yang
et al., 2019). Thus, more colloidal P was observed in the top layer (0-1
cm) of P3, P4 and P6, which contained large amounts of WDC-OC and
WDC-Ca (Fig. 6, Fig. 7, Table 54).

5. Conclusion

The composition and distribution of water-dispersible colloids
(WDCs, <300 nm) in the surface layer (0-1 cm) of the sample sites under
hyper-arid conditions were affected by topographic variations, the age
of natural soil development and vegetation cover. More nanocolloids
(NGCs, 0.6-24 nm) and WDC-P were detected in the surface soil of sam-
ples collected near shrubs with more input of OC and Ca. An irregular
depth distribution of WDCs was observed in the profile of samples from
the younger fan section while WDCs accumulated in layers above 10 cm
in samples from the older fan section. On the one hand, this can reflect
the complex pedogenesis history of the deeper soil layers. However, on
the other hand it likely indicates differences in the downward water
flow, which was inhibited by a mineral/salt solid layer at the older fan
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sites, resulting in WDC accumulation at 5-10 cm. Hence, even in this
hyper-arid environment, rare events of rain affected soil depth proper-
ties and therewith the overall (geo)ecology of the whole fan landscape.
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