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Abstract: Lipids and their oxidation products were quantified in loess samples from the Negev Desert
(Israel), well known to be a source of desert dusts in the eastern Mediterranean Basin. The results
obtained showed the presence of higher plant material (angiosperms and gymnosperms), but also
bacteria and fungi. Although a strong autoxidation of lipids could be demonstrated, the resulting
oxidation products appeared to be weakly accumulated, likely due to the high temperatures and
solar irradiance observed in the Negev Desert. Incubation of this dust analogue in fresh water (to
mimic their behavior in rainwater) resulted in the release of metal ions (mainly iron), but also a fast
heterolytic degradation of their weak content of hydroperoxides. Induction of autoxidation processes
in dry and wet atmospheric dusts arising from the Negev Desert in seawater (needing simultaneous
presence of metal ions and hydroperoxides) seems thus very unlikely due to the relatively high pH of
seawater hindering metal dissolution and the degradation of hydroperoxides in rainwater.

Keywords: Negev Desert; loess deposits; dust analogue; lipids; lipid oxidation products;
hydroperoxides; metals; autoxidation

1. Introduction

Terrestrial particulate organic matter (TPOM) discharged by rivers and atmospheric
inputs into the sea partly consists of previously-degraded nitrogen-poor terrestrial plant
residues and has long been considered refractory to marine decomposition processes [1,2].
However, coastal marine sediments show a weak terrestrial signature [3], suggesting that
either the global budgets and distribution estimates are wrong or, more likely, that TPOM
rapidly undergoes intensive degradation once at sea [4]. The processes involved in the
degradation of these very large quantities of TPOM at sea remain poorly understood, which
is a bottleneck to the development of coupled physical–biogeochemical numerical models
that could correctly estimate the fate of TPOM in the oceans and its implications for trophic
balance of marine ecosystems.

The paradigm of TPOM being refractory to decomposition processes at sea has re-
cently been challenged by several studies conducted in Siberian [4,5] and Mediterranean
estuaries [6]. These studies have demonstrated that, contrary to what was thought, TPOM
is in fact very sensitive to bacterial degradation processes at sea. More recently, research in
the Mackenzie, Rhône and Amazon Deltas used specific lipid markers [6] to demonstrate
that well-preserved TPOM in rivers underwent very intense degradation as soon as it
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reached the sea [6–10]. These works have shown that the degradation was driven by two
major processes: bacterial degradation and autoxidation.

Autoxidation processes have been totally ignored in the marine environment until
now. Autoxidation is an abiotic oxidation of OM involving radical chain reactions in three
phases: (i) initiation of free radicals, (ii) propagation as these radicals attack other molecules,
and (iii) termination once the reactive species disappear. These processes, which act in any
oxic environment, can affect not only unsaturated lipids (see [11] for a review) but also
proteins or amino acids (see [12] for a review) and biopolymers such as lignin [13]. We
previously showed that the strong autoxidation of TPOM observed in estuaries resulted
from the intervention of certain radical-producing enzymes (lipoxygenases) contained
in plant debris and whose activity intensifies with increasing salinity [9], and that the
intensity of this abiotic degradation in high-, mid- and low-latitude areas was related to the
photooxidation or autoxidation status (and thus hydroperoxide contents) of higher plants
on Earth [9].

We also attributed the high biodegradation of TPOM observed in estuaries to: (i) the
selection of bacteria better adapted to degrading TPOM in the salinity gradient [10] and
(ii) the intervention of a “priming effect” that favors assimilation of recalcitrant substrates
(TPOM) in the presence of readily-assimilable cosubstrates (phytoplankton) [14].

In the more general framework of our studies of the degradation of TPOM at sea, we
focused on the aeolian inputs from deserts. Deserts are effectively the biggest source of
dust atmospheric inputs, with an estimate of 600 Tg yr−1 from the Sahara alone [15,16].
These aeolian particles, composed mainly of mineral material, contain a number of metals
(including Cu, Fe, Mn, Zn, Co, and Cd) but also fragments of leaves or cuticles of C4 plants
(halophytes and various grasses) that dominate the sparse sub-Saharan vegetation [17].
These desert inputs reach the sea surface either as dust (dry inputs) or as rain (wet inputs).
It was recently shown that the dissolution of metal components (especially iron) carried by
dry inputs is extremely low in seawater but relatively high in rainwater due to its relative
acidity [18]. Once dissolved, the metal components of these inputs are likely to catalyze
(via redox reactions [19]) the autoxidation of the TPOM they carry. Once inputs come into
contact with seawater, these autoxidative processes could also be induced by lipoxygenases
found in higher plant debris and whose activity intensifies in the presence of NaCl [9].

Here, to investigate these processes, we quantified lipids and their oxidation products
in dust analogue by loess soil from the Negev Desert (Israel), which is a well-known source
of desert dust in the Eastern Mediterranean Basin [20]. We also performed lipid and metal
analyses after first incubating these samples in slightly acidic fresh water (to mimic their
behavior in rain). These different experiments converge to afford a better understanding of
the fate of dry and wet atmospheric inputs in the Mediterranean Sea.

2. Materials and Methods
2.1. Sampling and Chemical Characterization of the Dust Analogue Material

The desert dust analogue was produced from loess soil in the southern Negev Desert
in Israel. This region is covered by widespread Pleistocene loess material that has since been
shifted by fluvial and aeolian processes. The sampling site (31◦14′48.43′′ N, 34◦38′2.97′′ E)
is situated within a closed area (a military base) without any human interference during
the last decades. This soil is characterized by bare surfaces as well as coverage of biological
crust, and annual and seasonal vegetation. More information and photos about these plots
and about dust emission can be found in [21] and [22].

Samples were extracted from the topsoil layer (2 cm) of bare surfaces. This layer is
subjected to dust emission, as demonstrated by [21]. Total organic carbon and carbonate
content are 2.3% and 22.4%, respectively [21]. To produce the dust analogue, we followed
common procedures described by previous works on dust analogue from the loess soil
(e.g., [23–26]). The samples were processed through a setup of sieves to achieve a par-
ticle size smaller than 63 µm, which is the threshold for aeolian transport of sediments
(e.g., [27]). Mineralogical composition of the dust analogue by the XRD method revealed
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42% quartz, 27% calcite, 20% Na silicate, 3% K silicate, 6% Kaolinite, and 2% Fe2O3. Particle
size distribution by the laser diffractor method revealed that the fraction of the clay-sized
particle (<2 µm) is 13.69%, and fine silt (2–20 µm) is 39.59%. These properties are com-
parable to those of Middle Eastern dust samples that were previously captured in Israel
(e.g [22,28–32]) as discussed also in [26].

2.2. Major and Trace Metal Composition of the Loessic Soil

Trace metals were analyzed in duplicate after total acid digestion. Briefly, homog-
enized samples were transferred into acid-cleaned Teflon tubes added with 1.5 mL of a
HNO3/H2O2 (1:2) mixture to remove organic matter. After drying, the mineral fraction
was digested by adding 1 mL of HF/HNO3 (1:1 trace-metal grade) at 100 ◦C for 12 h. After
re-drying, the samples were held diluted in a HNO3 2% solution until analysis [33]. Major
and trace elements were measured by inductively-coupled plasma mass spectrometry on
an Agilent 7700x system.

2.3. Incubations in Fresh Water

Crustal dust dissolution in rainwater is hard to simulate, as it depends on a cluster of
factors such as rain pH [34–36]; aging of the dust over long-range transport [37], including
in cloud acidification processes [38]; dust concentration in the atmosphere and composition
of the dust itself [39]. Consequently, the main objective we set here was not to faithfully
mimic those processes leading to metal release by dust dissolution, but rather to get a rough
idea of the minimal metal concentration that can be expected through rainwater dissolution.
We therefore decided to run dissolution experiments without any pre-treatment (contrary
to previous tests [40]) in slightly acidic mQ water at a pH around 6.8 (i.e., close to values
recorded for rainwater in Israel [41]).

One hundred milligrams of dust analogue was incubated in 100 mL of ultra-pure
mQ water at pH 6.82 at 20 ◦C in the dark in duplicate. This concentration is in the
range of those measured in wet atmospheric inputs (5–8000 mg L−1) in the Mediterranean
Sea [42]. Four incubation times were selected: T0 (dust particles removed immediately
after shaking), T12h, T24h and T96h. After incubation, the solutions were decanted and the
supernatant was filtered on nitrocellulose (Whatman 47 mm, 0.45-µm-pore-size membrane
filter). The dissolved fraction was acidified to 2% final concentration using nitric acid (Trace-
SELECT, Fluka). The particles were recovered on pre-combusted GF/F filters and stored at
−20 ◦C until lipid analysis. All the material used was pre-washed in HCl 1 M solution
(Trace SELECT, Fluka) and then rinsed three times with ultra-pure mQ water.

2.4. Treatment

Samples (dust analogue or GF/F filters) were reduced at room temperature with excess
NaBH4 (70 mg) after adding methanol (25 mL, 30 min) to reduce labile hydroperoxides
(resulting from photo- or autoxidation) to alcohols, which are more amenable to analysis
by gas chromatography (GC). Water (25 mL) and KOH (2.8 g) were then added, and the
resulting mixture was saponified by refluxing (2 h). After cooling, the mixture was acidified
(HCl, 2 N) to pH 1 and extracted with dichloromethane (DCM; 3 × 20 mL). The combined
DCM extracts were dried over anhydrous Na2SO4, filtered, and concentrated by rotary
evaporation at 40 ◦C to yield total lipid extracts (TLEs).

A different treatment was employed to estimate the relative proportions of hydroper-
oxides and their ketonic and alcoholic degradation products in atmospheric inputs [43].
The procedure involved ultrasonic extraction of lipids with chloroform–methanol–water
(1:2:0.8, v/v/v), separation of the supernatant by centrifugation at 3500 g, evaporation to dry-
ness, and division of the residue into two equal parts. The first sub-sample was acetylated
in acetic anhydride–pyridine (1:2, v/v) overnight, which converted hydroperoxides to the
corresponding ketones [44], then evaporated to dryness and saponified. The second sub-
sample was evaporated to dryness, reduced with NaBD4, and saponified. The amounts of
hydroxyacids present after acetylation and NaBD4 reduction were then compared in order
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to estimate the amounts of hydroperoxyacids and hydroxyacids present in the samples,
and deuterium labelling (via NaBD4 reduction) made it possible to estimate the proportion
of ketoacids.

2.5. Silylation

Dry TLEs and standards were derivatized by dissolving them in 300 µL pyridine/bis-
(trimethylsilyl)trifluoroacetamide (BSTFA; Supelco; 2:1, v/v) and silylating them in a heating
block (50 ◦C, 1 h). After evaporation to dryness under a stream of N2, the derivatized
residue was dissolved in ethyl acetate/BSTFA (to avoid desilylation) and then analyzed by
GC-MS/MS and GC-QTOF.

2.6. Gas Chromatography–Electron Ionization Quadrupole Time-of-Flight Mass Spectrometry
(GC-QTOF)

Accurate mass measurements were made in full scan mode with use of an Agilent
7890B/7200 GC/QTOF system (Agilent Technologies, Les Ulis, France) with a cross-linked
5% phenyl-methylpolysiloxane capillary column (Agilent Technologies; HP-5MS Ultra
inert, 30 m × 0.25 mm, 0.25-µm film thickness). Analyses were performed with an injector
set at 270 ◦C and operating in pulsed splitless mode. Oven temperature was ramped from
70 ◦C to 130 ◦C at 20 ◦C min−1 and then to 300 ◦C at 5 ◦C min−1. Pressure of the Carrier
gas (He) was held at 0.69 × 105 Pa until the end of the temperature program. Instrument
temperatures were 300 ◦C for the transfer line and 230 ◦C for the ion source. Nitrogen
(1.5 mL min−1) was used as collision gas. Accurate mass spectra were recorded across
the range m/z 50–700 at 4 GHz with the collision gas opened. The QTOF-MS instrument
provided a typical resolution ranging from 8009 to 12,252 from m/z 68.9955 to 501.9706.
Perfluorotributylamine (PFTBA) was used for daily MS calibration. Unsaturated lipid
components of higher plants (erucic, linoleic, p-coumaric, and ferulic acids; sitosterol;
squalene; and α- and β-amyrins) were identified by comparing their TOF mass spectra,
accurate masses and retention times against standards. Quantification of each compound
involved extraction of specific accurate fragment ions, peak integration, and determination
of individual response factors using external standards and Mass Hunter software (Agilent
Technologies, Les Ulis, France).

2.7. Gas Chromatography/Tandem Mass Spectrometry

GC–MS/MS analyses were performed using an Agilent 7890A/7010 tandem
quadrupole gas chromatograph system (Agilent Technologies, Les Ulis, France) with a
cross-linked 5% phenyl-methylpolysiloxane capillary column (Agilent; HP-5MS ultra inert,
30 m × 0.25 mm, 0.25-µm film thickness). Analyses were performed with an injector set at
270 ◦C operating in pulsed splitless mode. Oven temperature was ramped from 70 ◦C to
130 ◦C at 20 ◦C min−1, then to 250 ◦C at 5 ◦C min−1 and finally to 300 ◦C at 3 ◦C min−1.
Pressure of the carrier gas (He) was held at 0.69 × 105 Pa until the end of the temperature
program and then ramped from 0.69 × 105 Pa to 1.49 × 105 Pa at 0.04 × 105 Pa min−1. The
mass spectrometry conditions were: electron energy, 70 eV; source temperature, 230 ◦C;
quadrupole 1 temperature, 150 ◦C; quadrupole 2 temperature, 150 ◦C; collision gas (N2) flow
rate, 1.5 mL min−1; quench gas (He) flow rate, 2.25 mL min−1; mass range,
50–700 daltons; cycle time, 313 ms. Oxidation products of monounsaturated fatty acids
(MUFAs), sterols and amyrins were assigned by comparing retention times and mass spec-
tra against standards. Quantification was carried out with external standards in multiple
reaction monitoring (MRM) mode. Precursor ions were selected from the more intense ions
(and specific fragmentations) observed in electron ionization (EI) mass spectra [45].

2.8. Metal Analyses

Major and trace element concentrations were measured by inductively-coupled plasma
mass spectrometry (ICP-MS) on an Agilent 7000x system. External calibration was per-
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formed using commercial solutions (Carlo Erba Company, Val de Reuil, France) diluted as
required in 2% nitric acid. Blanks were lower than 2% for all elements.

3. Results and Discussion
3.1. Composition of Dust Analogue
3.1.1. Organic Composition

Negev loess deposits originate from the late Pleistocene [46]. Due to the lack of dating,
it was not possible to differentiate the organic compounds originating from the vegetation
of that period from those of today. TLEs of this dust analogue appeared to be dominated
by unspecific C14-C18 saturated fatty acids and C18:1∆9 (oleic) acid (Tables 1 and S1). They
also contained small proportions of more specific acids such as C18:1∆11 (vaccenic) and
branched C15:0 fatty acids indicative of the presence of bacteria [47,48]. The presence of
ω, (9-10)-dihydroxy-C16:0 acids (components of plant cuticular waxes [49,50]), ferulic and
p-coumaric acids (components of lignocellulose, [51]), sitosterol and campesterol (dominant
sterols of higher plants, [52]) (Table 1) attests to the presence of higher plant material in
these loess deposits.

Table 1. Concentrations and origins of the lipid components of Negev loess deposits.

Lipid Concentration Origin

C18:1∆9 (oleic) acid 43.0 ± 10.0 a Plants, fungi, bacteria
C18:1∆11 (vaccenic) acid 5.1 ± 1.3 a Bacteria
C18:2∆9,12 (linoleic) acid 8.2 ± 0.9 a Plants, fungi

C22:1∆13 (erucic) acid 6.4 ± 1.3 a Brassicaceae
ω,(9-10)-dihydroxy-C16:0 acids
9,10-epoxyoctadecanoic acid c

Dehydroabietic acid

22.3 ± 2.7 a

10.2 ± 1.9 a

4.1 ± 1.9 a

Higher plants (cuticular waxes)
Fungi-infected plants

Gymnosperms
p-coumaric acid 0.6 ± 0.1 a Higher plants (lignocellulose)

Ferulic acid 2.4 ± 0.3 a Higher plants (lignocellulose)
Cholesterol 8.8 ± 3.1 a Plants, fungi, animals

Campesterol 0.5 ± 0.1 a Higher plants
Sitosterol
Ergosterol

0.6 ± 0.1 a

0.3 ± 0.1 a
Higher plants
Fungi, yeasts

α-amyrin 24.2 ± 8.2 b Angiosperms
β-amyrin 26.6 ± 3.7 b Angiosperms, fungi

a µg g−1, b ng g−1, c detected in the form of the corresponding methoxyhydrins, 9,10-diols and chlorohydrins.

More precise information concerning the nature of this plant material was then ob-
tained using more specific markers such as C22:1∆13 (erucic) acid, dehydroabietic acid and α-
and β-amyrins (Table 1), indicating the presence of Brassicasseae [53], gymnosperms [54,55]
and angiosperms [56], respectively. Methoxyhydrins, diols and chlorohydrins resulting
from the degradation of 9,10-epoxyoctadecanoic acid during the treatment [49] were also
detected in the TLEs (Table 1). The presence of this epoxy acid, formed from oleic acid by
fungal enzymes in wheat plants infected by stem rust [57], confirmed the presence of fungi
in the loess samples investigated.

Photo- and autoxidation products of MUFAs (isomeric allylic hydroxy acids [58]),
sterols (3β,6α/β-dihydroxysterols and 3β,5α,6β-steratriols [7]), dehydroabietic acid
(7α/β−hydroxydehydroabietic acids [59]) and amyrins (11-oxoamyrins [60]) were quan-
tified after NaBH4-reduction. The results obtained (Figure 1, Table S2) showed very low
rates of oxidation of MUFAs, sterols and dehydroabietic acid.



Water 2022, 14, 4092 6 of 16

Water 2022, 14, x FOR PEER REVIEW 6 of 16 
 

 

Photo- and autoxidation products of MUFAs (isomeric allylic hydroxy acids [58]), 
sterols (-dihydroxysterols and -steratriols [7]), dehydroabietic acid 
(hydroxydehydroabietic acids [59]) and amyrins (11-oxoamyrins [60]) were quanti-
fied after NaBH4-reduction. The results obtained (Figure 1, Table S2) showed very low 
rates of oxidation of MUFAs, sterols and dehydroabietic acid.  

 
Figure 1. Oxidation state of the main lipids detected in Negev loess deposits. 

The surprising preservation of higher plant tracers (erucic acid, campesterol, sitos-
terol and dehydroabietic acid) can be attributed to: (i) the presence of high proportions of 
ferulic and p-coumaric acids in this material (Table 1) exhibiting highly efficient antioxi-
dant activity due to their ability to scavenge free radicals, donate hydrogen atoms or elec-
trons, or chelate metal cations [61,62] or (ii) an intense degradation of the oxidation prod-
ucts formed (hydroperoxides) under the prevailing environmental conditions (strong UV 
irradiance and high temperatures of the Negev desert). The strong oxidation observed in 
the case of- and -amyrins (Figure 1, Table S2) argues strongly for the second hypothe-
sis: autoxidation of amyrins affords particularly stable allylic 11-hydroperoxyamyrins 
that resist NaBH4 reduction and are only converted to 11-oxoamyrins at the very high 
temperature (270 °C) of splitless GC injectors [60]. The high proportions of these resilient 
oxidation products detected in the samples (Figure 1) thus attest to the presence of 
strongly altered angiosperm material. The low proportions of oxidation products of the 
other unsaturated higher plant lipids (Figure 1) thus likely result from the lability of the 
hydroperoxides formed rather than from any lack of reactivity of these lipids. Note that 
the higher oxidation state of -amyrin relative to -amyrin is not in agreement with pre-
vious observations carried out in senescent higher plant material [60]. 

3.1.2. Metal Concentrations 
Concentrations of trace metals of concern in this study (Fe, V, Mn, Zn, Cu, Co and 

Cd), as well as major elements allowing to characterize the original loess material (Ca and 
Al), are presented in Table 2 (dust sample). Two replicates were analyzed. Total Ca and 
Al concentrations were about 13.8% and 4.1% in the sample, respectively. The previous 
determination of carbonate content at this site (around 22%) by [63] would indicate that 
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The surprising preservation of higher plant tracers (erucic acid, campesterol, sitosterol
and dehydroabietic acid) can be attributed to: (i) the presence of high proportions of
ferulic and p-coumaric acids in this material (Table 1) exhibiting highly efficient antioxidant
activity due to their ability to scavenge free radicals, donate hydrogen atoms or electrons, or
chelate metal cations [61,62] or (ii) an intense degradation of the oxidation products formed
(hydroperoxides) under the prevailing environmental conditions (strong UV irradiance
and high temperatures of the Negev desert). The strong oxidation observed in the case of α-
and β-amyrins (Figure 1, Table S2) argues strongly for the second hypothesis: autoxidation
of amyrins affords particularly stable allylic 11α-hydroperoxyamyrins that resist NaBH4
reduction and are only converted to 11-oxoamyrins at the very high temperature (270 ◦C)
of splitless GC injectors [60]. The high proportions of these resilient oxidation products
detected in the samples (Figure 1) thus attest to the presence of strongly altered angiosperm
material. The low proportions of oxidation products of the other unsaturated higher plant
lipids (Figure 1) thus likely result from the lability of the hydroperoxides formed rather
than from any lack of reactivity of these lipids. Note that the higher oxidation state of
α-amyrin relative to β-amyrin is not in agreement with previous observations carried out
in senescent higher plant material [60].

3.1.2. Metal Concentrations

Concentrations of trace metals of concern in this study (Fe, V, Mn, Zn, Cu, Co and
Cd), as well as major elements allowing to characterize the original loess material (Ca and
Al), are presented in Table 2 (dust sample). Two replicates were analyzed. Total Ca and
Al concentrations were about 13.8% and 4.1% in the sample, respectively. The previous
determination of carbonate content at this site (around 22%) by [63] would indicate that
part of the Ca content could originate from a source different from calcareous rock (detrital
siliciclastic rocks or an organic source). Ref. [64] evidenced fairly high compositional
variability in Negev loess. Calcite content ranged from 16% to 45%. Quartz was fairly
dominant, but the bulk loess composition also featured phyllosilicates, K-feldspars and
plagioclase. Furthermore, the coarse fraction of the loess is essentially quartzofeldspathic,
which explains the fairly high Al concentration, whereas Fe concentration was lower than
that typically measured in the upper continental crust [65].
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Table 2. Total metal concentrations (µg g−1) in dust analogue collected in northern Negev and percent
release relative to initial content in the particulate phase during incubation experiments (T0, T12h,
T24h and T96h) and the respective SD.

Concentrations Dust Sample T0 T12h T24h T96h

Ca 137,988 ± 13,990 2.21 ± 0.13 4.02 ± 0.15 4.42 ± 0.10 4.11 ± 0.24
Fe 32,589 ± 3143 0.06 ± 0.01 0.68 ± 0.25 1.55 ± 0.51 0.02 ± 0.01
Al 41,357 ± 3580 0.10 ± 0.01 0.90 ± 0.21 1.84 ± 0.61 0.27 ± 0.01
Zn 77.1 ± 1.3 15.62 ± 3.77 10.86 ± 11.50 13.09 ± 11.85 2.73 ± 1.07
Cu 21.4 ± 1.9 3.43 ± 0.96 2.58 ± 0.69 3.44 ± 0.26 4.37 ± 2.87
V 112 ± 11 0.56 ± 0.02 2.12 ± 0.21 3.50 ± 0.32 2.73 ± 0.05

Mn 613 ± 63 0.21 ± 0.034 0.68 ± 0.29 1.29 ± 0.35 0.06 ± 0.02
Co 13.7 ± 1.5 0.17 ± 0.031 1.03 ± 0.35 1.91 ± 0.54 0.31 ± 0.06
Cd 0.63 ± 0.09 2.59 ± 1.11 2.01 ± 0.68 2.89 ± 1.08 1.13 ± 0.60

There are scarce data in the literature regarding trace metals present in loess samples
from Israel. Nevertheless, one can mention Netivot loess [28], located a few kilometers
north, which shows a quite similar composition. Only Zn and Cd contents in our loess
sample are slightly more concentrated than in the Netivot one (65 µg.g−1 and 0.63 µg.g−1,
respectively). Moreover, Lucke et al. [66] reported that concentrations of Zn and V in
loessial soil, Negev reference samples, and recent dust storms occurring in the Negev area
ranged between 43 and 98 µg.g−1 and 14 and 115 µg.g−1, respectively. These reported
values fit well with the contents observed in our sample.

3.2. Incubations of Dust Analogue in Fresh Water
3.2.1. Metal Dissolution

Fe, Mn, Co and, to a lesser extent, V exhibited quite similar patterns during incubation,
with an increase in concentration at T12h and T24h followed by a decrease at the final time
point T96h (Figure 2). Their concentrations peaked at T24h to reach 26-fold (Fe), 6-fold
(Mn), 13-fold (Co) and 6-fold (V) higher that at the initial time point T0. Interestingly, Fe
and Mn concentrations showed huge decreases at the final T96h time point (63% and 70%,
respectively) compared to the initial T0 concentration, whereas Cu, Cd and Zn immediately
showed a high solubilization rate that stabilized with time. Among these three elements,
only Zn showed a significant decrease in concentration at T96h. Note that the standard
deviation for this Zn was relatively high, indicating heterogeneous dissolution processes
from one sample to another. Nevertheless, the highest release percentage relative to the
metal concentrations in dusts (Table 2) was for Zn (about 15% at T0), followed by Cu (4.4%
at T96h), then Cd, V, Co, Al, Fe and Mn (2.89%, 2.73%, 1.91%, 1.84%, 1.55% and 1.29% at
T96h, respectively).

It has been shown previously that metals fall into three modes of dissolution: gradually-
dissolving metals that exhibit increasing dissolved concentrations over time (Ni, Al, Cu and,
to a lesser extent, Mn); rapidly-dissolving metals for which all soluble metal gets released
immediately and remains quite constant over time (Zn, Co, Cd); and particle-reactive met-
als for which concentrations first increase but then decrease due to sorption onto particles
or container walls (Fe) [67]. This fits partially with our observations. High Zn dissolution
could also originate from recent soluble atmospheric anthropogenic Zn deposited onto
the soil sample [66]. These incubation experiments highlight the possible release of metals
potentially involved in autoxidation processes during atmospheric transport.
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Figure 2. Concentration of trace metals during incubation experiment in mQ water.

3.2.2. Impact on Lipid Oxidation Products

If, as we confirmed above, the incubation of dust analogue in fresh water leads to the
dissolution of certain metal ions, it could also affect the stability of the hydroperoxides
present in the dust material, which are likely to play a key role in inducing autoxidative
processes at sea [45]. Indeed, the relative acidity of rain water (up to pH 2 in highly-polluted
zones [18]) can also induce quick hydrolytic cleavage of these compounds [68].

We thus ran analyses to track degradation of the more resistant hydroperoxides (i.e.,
oxidation products of amyrins) in fresh water. In addition to 11α-hydroperoxyamyrins,
intensive autoxidation of α- and β-amyrins also produces 11α-hydroperoxyamyrons
and 11-oxoamyrons [48] (Figure 3). NaBH4 reduction, which is inefficient on the hy-
droperoxy and oxo groups of these different compounds, was unable to differentiate 11α-
hydroperoxyamyrins from 11-oxoamyrins or 11α-hydroperoxyamyrons from 11-
oxoamyrons (Figure 3). In order to provide proof that the focal compounds were 11α-
hydroperoxyamyrins and 11α-hydroperoxyamyrons, TLEs were reduced with LiAlD4 and
silylated (Figure 3).

The results obtained (Figure 4) showed that 70% of the amyrin oxidation
products in Negev loess deposits are in the form of 11α-hydroperoxyamyrins and
11α-hydroperoxyamyrons, with the remaining 30% in the form of 11-oxoamyrons.

Incubating Negev loess deposits in fresh water resulted in very fast degradation
of amyrin oxidation products (Figure 5, Table S3), likely from heterolytic cleavage of
11α-hydroperoxyamyrins and 11α-hydroperoxyamyrons. While this heterolysis of the
hydroperoxide O–O bond is generally acid-catalyzed [68,69], it was previously observed in
senescent phytoplanktonic cells [70].
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Figure 5. Time-course degradation of amyrin oxidation products in fresh water.

The involvement of such degradative processes was confirmed by the increasing
amounts of deuteratedω-hydroxynonanoic acid detected after NaBD4 reduction of dust
samples incubated in fresh water and that signal heterolytic cleavage of oleic acid oxidation
products toω-oxononanoic acid during the incubation (Figure 6). Note that 11-oxoamyrons
also can be degraded after 1,4-addition of water on their conjugated 11-oxo group and retro-
aldol reaction [71]. The very fast degradation of the stable hydroperoxides resulting from
amyrin oxidation observed at the pH of the fresh water employed (6.8), which is in the high
range of pH generally found in rainwater [18,72], strongly suggests that wet atmospheric
inputs from the Negev desert arriving at sea would be very poor in hydroperoxides.
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Figure 6. TOF chromatograms showing the production of increasing amounts of deuterated ω-
hydroxynonanoic acid (arising from heterolytic cleavage of oleic oxidation products) during incuba-
tion of dust analogue in fresh water.

Autoxidation processes are generally induced by homolytic cleavage of peroxy bonds
by redox-active metal ions undergoing one-electron transfer, UV radiation, high tempera-
tures, or lipoxygenases [9,19]. Despite the release of some redox-active metal components
of dust analogue in rainwater (see above), their very low content of hydroperoxides result-
ing from (i) homolytic cleavage under the effect of high desert-environment temperatures
and solar irradiances and (ii) heterolytic cleavage in rainwater would substantially limit
autoxidative alterations of this material at sea (Figure 7). If the small quantities of hydroper-
oxides present in the dry inputs can reach the sea without being degraded, they should be
preserved there, as the relatively high pH of the seawater limits the dissolution of metal
ions [18] (Figure 7). Given the moderate temperatures of Mediterranean surface seawater
(ranging from 13 ◦C to 26 ◦C according to season [73]) and the well-known rapid attenua-
tion of solar UV radiation in seawater [74], it seems very unlikely that these parameters
would have an effect on the induction of autoxidation processes in atmospheric dust inputs.
As previously demonstrated in river estuaries [9], residual hydroperoxides also can be
cleaved by the action of lipoxygenases present in plant debris and whose activity intensifies
with increasing salinity. However, this hypothesis can be rejected here, due to the strongly
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detrital nature of the Negev loess deposits and the total absence of PUFAs (lipoxygenase
substrates [75]) found in them.
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4. Conclusions

Analyses of lipids and their oxidation products in loess material from the Negev Desert
demonstrated that higher plant components undergo intense autoxidation in the desert en-
vironment, mainly affording hydroperoxides. Due to the extreme environmental conditions
present in this desert (high temperatures and solar irradiance), any lipid oxidation products
quickly get degraded and only the more stable products (11-hydroperoxyamyrins) accumu-
late. Incubation of these loess samples in fresh water (in order to mimic their behavior in
rainwater) showed intense dissolution of some metals (mainly iron) and fast heterolytic
degradation of the residual hydroperoxides. During the deposition of dry atmospheric
dusts originating from the Negev desert into the Mediterranean Sea, the autoxidation of
higher plant components (which cannot be induced without the simultaneous presence of
metal ions and hydroperoxides) should be very weak due to the limited capacity for metal
dissolution at the typical pH of seawater. If metal dissolution is strongly favored in wet
atmospheric inputs (due to their low pH), then there should also be intense heterolysis of
hydroperoxides under these conditions, which would again limit the induction of autoxi-
dation processes. As a consequence, autoxidative degradation of lipid components of dust
particles arising from the Negev desert should be very weak in seawater. The low intensity
of these processes should therefore favor the preservation of plant material transported by
atmospheric inputs in marine sediments.
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//www.mdpi.com/article/10.3390/w14244092/s1, Table S1: Concentrations of the different lipids
detected in Negev loess deposits (results of triplicates); Table S2: Concentrations (µg/g) of lipids and
their oxidation products in Negev loess deposits (means of triplicates); Table S3: Concentrations of α-
and β-amyrin oxidation products before and after incubation in fresh water.
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