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Abstract

Our understanding of long-term organic matter preservation comes mostly from studies in aquatic
systems. In contrast, taphonomic processes in extremely dry environments are relatively
understudied and are poorly understood. We investigated the accumulation and preservation of
lipid biomarkers in hyperarid soils in the Yungay region of the Atacama Desert. Lipids from seven
soil horizons in a 2.5 m vertical profile were extracted and analyzed using GC-MS and LC-MS.
Diagnostic functionalized lipids and geolipids were detected and increased in abundance and
diversity with depth. Deeper clay units contain fossil organic matter (radiocarbon dead) that has
been protected from rainwater since the onset of hyperaridity. We show that these clay units
contain lipids in an excellent state of structural preservation with functional groups and
unsaturated bonds in carbon chains. This indicates that minimal degradation of lipids has occurred
in these soils since the time of their deposition between >40,000 and 2 million years ago. The
exceptional structural preservation of biomarkers is likely due to the long-term hyperaridity that
has minimized microbial and enzymatic activity, a taphonomic process we term xeropreservation
(i.e. preservation by drying). The degree of biomarker preservation allowed us to reconstruct major
changes in ecology in the Yungay region that reflect a shift in hydrological regime from wet to dry
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since the early Quaternary. Our results suggest that hyperarid environments, which comprise 7.5%
of the continental landmass, could represent a rich and relatively unexplored source of
paleobiological information on Earth.
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1. Introduction

Understanding taphonomic processes and the conditions conducive to long term preservation
of organic matter has been critical for reconstructing the evolutionary history of life on Earth
(e.g., Peters et al., 2005) and in developing strategies to search for evidence of life elsewhere
(Eigenbrode, 2008; Summons et al., 2011). Microbial processes mediate the majority of
organic matter decomposition (Skopintsev, 1981; Petsch et al., 2001; Kuzyakov, 2010), with
only approximately 0.1% of the global net primary production preserved in the sediment
record (Holser et al., 1988; Des Marais, 2001). This limits the quantity and quality of
molecular fossils (a.k.a. biomarkers) that become preserved after organisms die.

Long-term preservation of biomarkers is enhanced when fast sedimentation or mineral
encapsulation impede or mitigate microbial attack (Van Veen and Kuikman, 1990; Farmer
and Des Marais, 1999), or under environmental conditions that limit microbial activity and
retard organic degradation, such as low temperature and humidity (Rethemeyer et al., 2010).
In this paper, we focus on the preservation of biomolecules in an environment that has been
extremely dry (i.e. hyperarid, aridity index <0.05) over geologic timescales. While hyperarid
deserts represent 7.5% of the Earth’s continental landmass (UNEP definition) and fossils are
known to be preserved in them (Pyenson et al., 2014), biomarker degradation and
taphonomic processes over geological timescales in a hyperarid environments has not been
previously investigated. We hypothesized that typical pathways of organic matter
degradation would be inhibited in long-lived hyperarid regions where low water activity
suspends microbial activity and greatly reduces enzyme action (de Gomez-Puyou and
Gomez-Puyou, 1998).

We investigated the accumulation and degree of preservation of biomolecules in million-
year-old hyperarid soils in the Atacama Desert, the oldest, continuously dry desert on Earth
(Clarke, 2006). We focused our investigation on lipids because they have functional groups
that are susceptible to microbial attack, but also contain recalcitrant hydrocarbon cores that
can be preserved over geologic time scales, recording the presence and activity of organisms
living millions to billions of years ago as well as the history of diagenetic conditions since
the time of deposition (Peters et al., 2005; Eigenbrode, 2008).

1.1 Study Site

The Yungay region of the Atacama Desert experiences <2 mm of precipitation annually
(McKay et al., 2003), with rain events often interspaced by a decade or more. The Aridity
Index value, which is defined as the ratio of mean annual precipitation to potential

Org Geochem. Author manuscript; available in PMC 2018 May 07.



1duosnue Joyiny VSN 1duosnuey Joyiny YSYN

1duosnue Joyiny VSN

Wilhelm et al.

Page 3

evapotranspiration, is approximately 0.004 in this region. This value is 30 times more arid
than the Mojave or Gobi Deserts (Davila and Schulze-Makuch, 2016). Surface soils in the
Yungay region primarily experience water activities that range from 0.01-0.52 over the
course of a diurnal cycle (Connon et al., 2007), well below 0.6, the threshold for microbial
growth (Grant et al., 2004). The extreme aridity causes an absolute lack of habitation by
plants or animals and can only support a sparse microbial population in surface soils that are
primarily derived from atmospheric inputs (Warren-Rhodes et al., 2006; Connon et al., 2007;
Lester et al., 2007). This region has been arid to semiarid since the late Jurassic (150 million
years), and has experienced continuous hyperaridity for the last ~2 million years (Hartley
and Chong, 2002; Hartley et al., 2005; Jordan et al., 2014). Fluvial incision and deposition
ceased at Yungay near the Plio-Pleistocene boundary coinciding with transition to hyperarid
climatic conditions within the region. Subsequent to drying, landforms have retained and
accumulated the aeolian deposits of atmospheric salts and dust in the upper meter of the soil
column (Ewing et al., 2006).

We sampled a 2.5 m stratigraphic sequence in a soil pit that was previously dug by (Sutter et
al., 2007), and can be generally categorized into three major units (Fig. 1A): (i) gypsiferous
soils in the top 90 cm; (ii) clay-rich units below 90 cm depth; and (iii) a 10 cm thick well-
cemented, massive halite unit that interrupts the clay units at 140-150 cm depth. Within the
top 2 meters of soil, 87% of the NaCl is located in this massive halite unit (Ewing et al.,
2006). Sparse plant material is found in the clay units below the massive halite unit (Ewing
et al., 2008; Supplementary Fig. 4).

Landform ages in this region are ~2 million years based on cosmogenic radionuclide
concentrations in surface boulders and Ar isotopes in interbedded volcanic ash deposits
(Ewing et al., 2008). During this time, atmospheric salts have been vertically redistributed in
the top ~1.5 meters of unaltered fluvial deposit and dust derived silicate matrix due to
episodic wetting events Ewing et al. (2006; 2008). Small rain events (1 mm or less) do not
saturate the surface soil in Yungay, nor are able to percolate past the gypsic crusts at 10-20
cm depth (Davis et al., 2010). These gypsic crusts act as a strong barrier to the diffusion of
moisture into the soil (Davis et al., 2010). For larger rain events that are able to percolate
down past the gypsic crust, according to (Ewing et al., 2006; 2008), the massive, well-
cemented halite unit at 140-150 cm signals the maximum depth of rainwater percolation and
salt distillation over the last 2 million years. This is further supported by the low
concentrations of soluble ions, including chloride, in layers below the halite (Supplementary
Fig. 1). Hence, the massive, well-cemented halite unit has acted as an aquiclude, preventing
clay layers beneath from being exposed to rainwater and other modern surficial processes
(Ewing et al., 2006). Consequently, organic matter in the deeper clay layers is of fossil
origin, possibly older than 2 million years but at least >40,000 years because it is
“radiocarbon dead” (Ewing et al., 2008), and represents a rare opportunity to investigate the
degradation of functionalized lipid biomarkers over geological timescales in the absence of
water.
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2. Methods

2.1 Sample Collection

We collected seven samples from the soil pit in Yungay. Samples were collected in
September 2014, before the decennial rain event that occurred in March 2015. Due to the
extremely low inventory of biomass in Atacama soils (Ewing et al., 2006), samples were
collected by scientists wearing full-body, sterile, clean-room suits (<1 colony forming unit
per 10,000 garments), masks, glasses, and gloves to minimize the introduction of emitted
anthropogenic biological contaminants (Meadow et al., 2015) during sampling. To remove
surface contamination and expose fresh faces of the different soil horizons, approximately
20 cm of the pit wall was removed using a solvent-cleaned chisel (details of cleaning
protocols are available in the SI). Samples were then collected in the soil pit from the bottom
up using a solvent-cleaned drill bit to loosen the material. A solvent-cleaned spoon was used
to scoop samples into glass jars that had been heated to 500°C for greater than 8 hours. Each
sample was collected using a unique drill bit and spoon to minimize cross contamination.
Samples were kept frozen until being returned to NASA Goddard Space Flight Center for
storage at —20°C.

2.2 Abbreviated Lipid Analyses

For each unique sample, approximately 100 g of soil was homogeneously powdered with a
solvent washed and ashed ceramic mortar and pestle. Soil samples were extracted using a
modified Bligh and Dyer protocol (Bligh and Dyer, 1959; Jahnke et al., 1992). The protocol
was modified primarily to minimize transfer steps and thus minimize loss from these
organically lean soils. The monophasic extraction mixture of HPLC-grade water, methanol,
and methylene chloride was split by further addition of methylene chloride and water to a
final volume ratio of 1:1:0.9. This mixture was gravimetrically separated and the resultant
total lipid extract (TLE) was collected, a portion set aside, and evaporated under a stream of
N> until a final volume of 40 uL was achieved. The TLE was subjected to a medium acid
methanolysis (Kates, 1989) to cleave ester-linked membrane fatty acids and to methylate
free fatty acids (FFA). This produced a total fatty acid methyl ester (FAME). The extract was
subsequently derivatized using bis-(trimethylsilyl) trifluoroacetamide (BSTFA) for silylation
of hydroxyl groups and remaining FFA. An aliquot of the derivatized TLE (20% of total)
was analyzed on an Agilent 5975C gas chromatograph-mass spectrometer (GC-MS)
(chromatographic conditions available in the Sl). The lipids were quantified relative to an
internal standard (5a-cholestanol, 12.5 ng on column). A portion of each TLE (10% of total)
was also analyzed for glycerol di- and tetraethers on a 1260 Infinity series liquid
chromatograph-mass spectrometer (LC-MS) (chromatographic conditions available in the
SI).

3. Results

The abundance and diversity of functionalized lipid groups increased with depth throughout
the profile (Fig. 1b and 2). The most abundant class of lipids detected were FAMEs, which
are formed through the transesterification of esterified fatty acids (e.g., complex membrane-
bound polar lipids, acylglycerols, steryl esters) as well as methylation of FFAs (Ichihara et
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al., 1996). Between 20 and 62 unique FAMESs were detected in each sample with alkyl chain
lengths between 13 and 34 carbons, including methyl-branched FAMEs (terminal branched
and mid-chain). The FAME profile composition was markedly different between horizons
(Fig. 2), with diversity and abundance increasing with depth (Fig, 1b & 2). FAMESs were
particularly abundant in the clay layers, with a maximum concentration in the deepest layer
analyzed (215 cm) of 742 ng/g soil, comprised of 62 unique FAMEs. The abundance of
FAMEs in the gypsiferous soil was lower by a factor of 4 or more. Deeper clay layers
contained FAMESs with unsaturated bonds in their alkyl chains (Fig. 2). Small amounts of
silylated fatty acids were also detected in soils 100 cm and below, reflecting free fatty acids
not methylated during our acid methanolysis procedure (Supplementary Table 4).
Additionally, a- and p-monohydroxy monocarboxylic fatty acids were detected that contain
a hydroxyl (OH) group exposed to the external environment and available to be chemically
altered. Based on the diagnostic fragment ions at /7/z 175 and 159, a-hydroxy fatty acids
were the more abundant member.

The upper gypsiferous soils were dominated by 7-C1g.9 and 7-C1g.0 FAMES, and contained
both iso and antiso FAMEs (Fig. 2). N-alkanes were also present in these units and had an
unusual, slight even-over-odd chain length preference in the C,5—Cs3 range (Fig. 3).
Contamination from petroleum can be excluded by the absence of phenanthrene and other
polycyclic aromatic hydrocarbons in the samples (Molkman, 2006). Hydroxy fatty acids were
not detected in the gypsiferous soils, with the sole exception of a single chain length class
(r+C14:0) found in the surface soil (Supplementary Table 2). Additionally, no archaeal lipids
were detected within gypsiferous units.

Conversely, the clay-rich units below the aquiclude contained a higher abundance of lipids
and included lipid classes that were not detected in the upper gypsiferous soils. The FAME
profile in these units was dominated by 7-Cys.g and Cy4.0 FAMES (Fig. 2). Dimethyl esters
of saturated a,w-dicarboxylic fatty acids (DCA) were detected in all samples below 100 cm
depth, with abundance and chain length ranges increasing with depth. The deepest clay unit
below the aquiclude had the largest abundance, and also the largest range in chain length
(Cg—Cg31) (Fig. 1c; Supplementary Table 1), while only trace amounts of C,» DCA was
observed in the halite unit. a- and B-monohydroxy monocarboxylic acids were also present
in clay units with a relatively high abundance of 7-24:0. A clay-rich sample at 185 cm depth
had the highest total abundance of this lipid class as well as the greatest diversity, with chain
lengths that ranged from C15 to C33. A-alkanes in these clay units contained an odd-over-
even chain length preference (Fig. 3).

Isoprenoidal glycerol dialkyl glycerol tetraethers (GDGTS) (Fig. 1d) and non-isoprenoidal,
branched GDGTSs were detected in clay-rich layers below 100 cm depth (Supplementary
Table 3), but not in the upper gypsiferous soils. An isoprenoidal GDGT (GDGT-0) was
extracted from a clay-rich unit at 140 cm depth, and three additional isoprenoidal GDGTs
(GDGT-1, GDGT-2, and crenarchaeol) along with five non-isoprenoidal GDGTSs were
identified in the clay-rich units at 185 cm and 215 cm depth respectively (Supplementary
Fig. 2 and Supplementary Table 3). Branched GDGTs were found in greater abundance than
isoprenoidal GDGTSs.
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Significantly, the well-cemented halite unit at 140-150 cm depth contained a GDGT profile
distinctive from both the gypsiferous and clay-rich units. It was characterized by a relatively
high abundance of isoprenoidal glycerol diether, archaeol (481 pg/g of soil), a lesser
abundance of isoprenoidal GDGT-0, and the halophilic archaeal biomarker, C50—Cysg
extended archaeol (Supplementary Table 3).

4. Discussion

4.1 Biomarker preservation under prolonged hyperarid conditions

Fatty acids are rapidly destroyed by biological degradation such as aerobic and anaerobic
respiration, fermentation, and photoheterotrophy (Brocks and Summaons, 2004; Kuzyakov,
2010), and incubation experiments with phytoplankton have demonstrated complete
degradation over the course of a few weeks (Sun et al., 1997). Hence, in most environments,
the presence of labile lipids such as FFAs and FAMEs is indicative of extant communities or
of recent biogenesis (Simoneit et al., 1998). Surprisingly, the concentration of FAMEs (Fig.
1b and 2) and FFAs (Supplementary Table 4) in Yungay soils was not only found to increase
with depth in the soil sequence, but FFAs and FAMES retained labile features such as
unsaturated bonds in the alkyl chains within the deeper, sealed-off clay units. In addition, a-
and B-monohydroxy monocarboxylic acids were primarily found in clay-rich units below 1
m depth (Supplementary Table 2), despite this class of fatty acid’s susceptibility to rapid
diagenesis (Molkman, 2006) and hydroxy!l group loss (e.g., Bordenave, 1993).

Given the short residence time of labile fatty acids in most environments, their detection
throughout the soil profile suggests that they either represent extant biomass, or
exceptionally well-preserved functionalized fossil lipids. We considered evidence for both
scenarios. The Yungay region is one of the driest areas in the Atacama Desert. The water
activity in the surface soils is well below the threshold for metabolic growth and enzymatic
activity (Connon et al., 2007), and should remain very low and constant below a depth of 1
m (Azua-Bustos et al., 2015). The extremely dry conditions are reflected in the low biomass
(103-10° cells cm™3) in surface soils (e.g., Navarro-Gonzalez et al., 2003; Connon et al.,
2007; and Crits-Christoph et al., 2013), and low organic carbon content (<102 ppm) (Connon
et al., 2007 and Ewing et al., 2006), which is “radiocarbon dead” (older than 40,000 years)
below a depth of 100 cm (Ewing et al., 2008). In addition, the D/L ratio of aspartic acid in
the top cm of soil indicates significant racemization of biologically produced amino acids,
and yields ages of 103 to 10° years (Skelley et al., 2007). Together, these data argue against
substantial biological activity or recent biogenesis of lipids, even in the topmost gypsiferous
soils. Instead, functionalized lipids in the top 1 m of soil likely represent relatively modern
atmospheric inputs, a conclusion supported by the fact that the majority of cultivable isolates
found in these soils are root-associated microbes in an environment where there has not been
plant growth in millions of years (Lester et al., 2007).

On the other hand, the deeper clay layers that contain the highest concentration and diversity
of lipids including plant lipids, have been isolated from rainwater as well as modern surface
inputs for a period of hundreds of thousands to a few-million years by the massive halite unit
at 140-150 cm depth. This halite unite is a marker of maximum water percolation (Ewing et
al., 2006) and has acted as an aquiclude. Soluble ion distribution in the soil profile
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(Supplementary Fig. 1) reaffirms that there has been little or no percolation of rainwater
through this halite unit (see below). Therefore, we argue that the functionalized lipids in the
deeper clay units, and especially the archaeal and plant lipids found to be absent from the
upper gypsiferous and surface soils, are fossils of organisms in an excellent state of chemical
and structural preservation since their time of deposition.

The remarkable degree of preservation of functionalized fatty acids and other lipids over
tens of thousands to a few million years in hyperarid soils can be explained by the extremely
low water activity, a taphonomic process that we term xeropreservation (preservation by
drying). Low water activity in soils arrests biological activity (e.g., both the synthesis and
degradation of lipids) and suspends or greatly reduces chemical degradation, inhibiting
modification of a cell’s own lipid membrane as well as the action of heterotrophs. In
particular, low water activity can inactivate or slow the reaction rate of the cell’s own lytic
enzymes, or those of heterotrophs, that degrade organic moieties upon cell death (e.g., de
Gomez-Puyou and Gomez-Puyou, 1998). By halting aerobic or anaerobic metabolic activity,
labile lipids such as fatty acids can be preserved. Such excellent lipid biomarker preservation
is comparable to other geological samples that have been subjected to rapid dehydration,
such as in polymerized resins like amber (Bada et al., 1999; Schweitzer, 2004), and opens
the possibility for extreme longevity of other labile biomarkers such as ancient DNA.
Additionally, the structural and chemical integrity of labile lipids throughout the soil profile
suggests that chemical oxidation of these biomolecules has been limited despite the
photochemical formation and accumulation of reactive oxidant species in these hyperarid
soils (Georgiou, 2015). Again, this is likely due to the extremely low water availability in
these soils, a factor exacerbated with depth, which limits soil organic oxidant chemistry.

Additionally, there are a number of abiotic conditions known to increase preservation of
organic matter. Clay minerals present in the soil, which include smectite and kaolinite, may
play a role enhancing the preservation of organics (e.g., polar lipids) through interaction
with charged mineral surfaces (Farmer and Des Marais, 1999; Eigenbrode, 2008; Summons
etal., 2011). Entombment by chemical precipitates is another mechanism of microbial
fossilization (Farmer and Des Marais, 1999; Melendez et al., 2013; Williams et al., 2015).
The many salts observed at Yungay could have served a similar function by encasing
microorganisms or organic matter, thereby leading to increased chance of long-term
preservation. It is also possible that the environmental conditions microorganisms were
exposed to prior to drying had some effect on the degree of preservation of intracellular
biomolecules. Stress (e.g., osmotic stress, decreases in pH, and starvation) has been shown
to induce a number of survival strategies including modifications in cell membrane fatty acid
composition, which afford protections to microorganisms that increase recovery after drying
(Morgan et al., 2006 and references therein). The possibility that cellular modifications from
environmental stressors before drying offer increased long-term preservation should be
investigated further.

4.2 Microbial diversity and paleoenvironmental reconstruction based on lipid biomarkers

Certain lipids have been used as taxonomic markers for particular groups of microorganisms
(e.g., Summons and Lincoln, 2012). Some recent work has called into question the utility of
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this approach, specifically as it relates to methylated hopanoids (e.g., Rashby et al., 2007;
Welander et al., 2010). However, ester-linked membrane fatty acids are commonly used to
assess microbial diversity (e.g., White et al., 1993), since the fatty acid chain length, number
and position of double bonds, cyclopropane rings, and position of methyl branches allow for
distinction between aerobes, anaerobes, sulfate-reducing bacteria, cyanobacteria,
actinomycetes, fungi, protozoa, plants, and green algae (Vestal and White, 1989 and
references therein). The excellent preservation of the labile and refractory lipids allowed us
to characterize taxonomic groups present in each stratigraphic unit, perform
palecenvironmental reconstructions based on known habitats of these groups, and assess
environmental change over time. We broadly used FAMEs, isoprenoidal glycerol ethers,
DCAs, and alkanes to distinguish between bacteria, archaea, and higher organisms such as
plants throughout the soil profile.

FAME profiles in the upper gypsiferous soils were indicative of a predominant bacterial
source (Volkman, 1998; Kaneda, 1991). The slight even-over-odd carbon chain length
preference in alkanes was unusual, and could indicate a distinctive microbial origin or
alteration of algal detritus (Elias et al., 1997). The lack of archaeal lipids from the
gypsiferous soils was consistent with previous work that noted an absence of archaeal
groups based on 16S RNA analyses (Crits-Christoph et al., 2013). These data support the
idea that the Yungay region soils contain a population primarily consisting of bacteria.

On the other hand, clay-rich units below 100 cm depth contained lipid biomarkers not
detected in the soils above, including lipids that are typically diagnostic of plants. The long-
chain DCAs detected are likely derived from plant biopolymers such suberin and cutin
(Wakeham, 1999). The odd-over-even chain length preference seen in Co4—C3;, r+alkanes is
a common biosignature of terrestrial plants (e.g., Wakeham, 1999; Volkman, 2006). The
finding of plant-derived lipids in clay-rich units is consistent with the finding of cm-long
fragments of fibrous plant material in samples at 185 cm and 215 cm depth (Ewing et al.,
2006, Supplementary Fig. 4). Plant-derived DCAs identified in units beneath the aquiclude
especially supports the argument for preservation of labile lipids under hyperarid conditions
as the plant material is certainly no longer living, and hasn’t been since burial (>40,000
years ago).

The presence of a- and B-monohydroxy monocarboxylic acids almost exclusively in the
clay units also points to past inputs of biological lipids. While monohydroxy
monocarboxylic acids can form from the decomposition of FAMEs, the profile of a.- and -
monohydroxy monocarboxylic acids in the clays differs from that of the FAME profiles and
is suggestive of a unique source instead of a diagenetic product. This class of lipid is
common in soil, marine, and lacustrine sediments (Volkman et al., 1998; Volkman, 2006 and
references therein), and occurs in a wide range of taxonomic groups, or can be produced as
intermediates in the alpha- and beta- oxidation of monocarboxylic acids, so their exact
source is difficult to determine, although the most abundant monohydroxy monocarboxylic
acid found (+24:0) is known to occur in certain seagrass species (Wakeham, 1999).

Isoprenoidal GDGTSs, a class of membrane lipids diagnostic for archaea (Pearson and
Ingalls, 2013; Schouten et al., 2013) were also found in the clay units, along with branched
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GDGTs that are sourced from bacteria (Weihers et al., 2006). Non-isoprenoidal, branched
GDGTs are proposed bacterial lipids (Weihers et al., 2006). Their greater abundance versus
isoprenoidal GDGTs in the lower clay units is consistent with a dominant bacterial signal.
Furthermore, this signal is inconsistent with offshore marine sources (e.g., Schouten et al.,
2013) which argues against atmospheric sources. This, along with the absence of GDGTSs in
the upper gypsiferous soils suggests that both bacterial and archaeal GDGTSs are syngenetic
to the host clay unit. Together with the evidence for plant biomarkers, the presence of
bacterial and archaeal GDGTSs towards the bottom of the soil profile indicates a past wetter
environment that was once capable of supporting a more diverse ecosystem than that what
exists under the current hyperarid environmental conditions.

Finally, the well-cemented halite unit at approximately 140-150 cm depth contained a
GDGT profile distinct from both the gypsiferous and clay-rich units. The relatively high
abundance of archaeol; a lesser abundance of isoprenoidal GDGT-0; and the presence of the
biomarker C,0—C>s5 extended archaeol (Supplementary Table 3) are all diagnostic of
halophilic archaea (Kates, 1978; Koga, 2005; Jahnke et al., 2008; Birgel et al., 2014). The
occurrence of the halite unit between two layered clay units (Figs. 1 and Supplementary Fig.
3) and the halophilic archaeal lipid biomarkers found within the halite unit are consistent
with formation in a small-scale evaporitic environment under a wetter climate regime. In this
scenario, the buried halite layer could represent a paleo-surface horizon formed during a
period of intense evaporation. This is in contrast to the proposed “wash-down” origin of the
halite layer, whereby the salt-rich horizon formed from the episodic vertical transport of
atmospheric salt during infrequent rain events and subsequent reprecipitation (Ewing et al.,
2006; 2008). The presence of diagnostic archaeal lipids found only in the halite unit, and the
presence of undisrupted fine laminations in the clay unit immediately above (Supplementary
Fig. 3), both suggest that rainwater percolation might not be the sole mechanism responsible
for the formation of the halite unit. However, soluble ion concentrations (Supplementary Fig.
1) do indicate that atmospherically-derived salts have been solubilized by rainwater and
reprecipitated for the most part above the halite unit (at 100 and 137 cm depth, see
supplementary information appendix for expanded results and discussion). Thus, the halite
unit still marks the maximum depth for percolation of rainwater as suggested by (Ewing et
al., 2006; 2008).

The wetter climate regime in the Yungay region inferred from the lipid biomarkers in the
clay and halite units could be related to permanent El Nifio-like conditions inferred for the
central Atacama 5.6—4.7 million years (Wang et al., 2015), or with short, punctuated wet
climate intervals during the last ~5 million years (Jordan et al., 2014), a timing that is
consistent with the estimated age of the soil profile (> 2 million years).

In summary, extreme and prolonged dryness has been responsible for the preservation of
labile biomarkers in hyperarid Atacama soils. This is likely due to the low water activity in
the soils, which prevents any significant microbial activity or chemical degradation of
organic compounds. The exceptional preservation of functionalized and more fragile or
labile lipids, especially at the bottom of the soil profile that has been sealed-off from
rainwater over a tens-of-thousands to a few million-years time scale, is comparable to the
preservation of other labile biomarkers in deep-frozen permafrost or in polymerized resins
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like amber, and allows us to reconstruct significant taxonomic changes that may point to a
shift in the hydrologic regime > 2 million years ago.

5. Conclusions

This study demonstrates that the range of stability for labile, functionalized lipid biomarkers
in clays is on the order of tens-of-thousands to a few million years under extreme hyperarid
conditions. Xeropreservation of biomolecules could represent an important, unexplored
source of paleobiological information in the Atacama region in northern Chile, including
Miocene sediments with marine vertebrates and invertebrates (Pyenson et al., 2014) and
Jurassic and Cretaceous sediments with dinosaur remains (Bell and Padian, 1995; Salgado et
al., 2008) and in other hyperarid desert environments. Xeropreservation could also have
implications for the search for lipid biomarkers preserved under hyperarid conditions on
Mars.
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Figure 1.
Yungay Soil Pit Stratigraphy & Key Lipid Abundances: a) The soil pit contains three major

units: gypsiferous soils (0-90 cm depth), clay-rich units (> 90 cm depth), and a 10 cm-thick
halite unit that interrupts clay units at 150 cm depth. Gypsiferous soils are matrix-supported
and contain angular lithics. A clay unit at 100 cm depth contains centimeter-sized
laminations composed of course sand. A clay unit at 140 cm depth contains fine sub-cm
sized laminations (Supplementary Fig. 3). The massive, well-cemented halite unit (~140-
150 cm) has two major morphologies: vertical, crystalline structures and mottled halite.
Beneath are alternating bands of well-sorted clay units and contain fibrous plant fragments
(cm-size) that become more concentrated with depth. A more detailed description of the
stratigraphic profile is provided by (Ewing et al., 2006; 2008). b, c, d) Total abundances of
FAME, DCA, and Isoprenoidal GDGT were found to increase with depth with the exception
of the halite unit (150 cm). Isoprenoidal GDGT and DCA were absent from upper
gypsiferous soil. Isoprenoidal GDGTSs are plotted on a logarithmic scale due to the presence
of a high relative abundance of Archaeol in the halite unit.

Org Geochem. Author manuscript; available in PMC 2018 May 07.



Page 15

Wilhelm et al.

Surface Soil (Gypsiferous Unit)

| o:eu 0:pgu
| o:geu o:ggU
- 0:zeu 0:zgu
| o:ieu 0:Leu
. o:0eu 0:0eu
| vogu 1:0€u
Noszu | 06U
I oszu . x= 0:82u
| vgeu W 1:gu
N oz @ | o:zzu
| vzgu | = 12U
= | vy m Lizu
= B oo I | ogzu
=) | vozu M L:92u
> W ooszu += | o:gzu
h o 5 | oweu
Q Wocu £ o'ggu
£ o 2 W oz
kY M oz m orLeu
] W ov [ 0:0zu
e Bosw 061U
£ B oosiv . S M o8

(3] . = -
= | vau = Liglu
<t L:gLu O Lgiu
= [1ew . A | 181U
ogle | ogle
fJouw © 0:L4u
(AL o (AL
B ool ‘:Iu B oou
L9l L9y
o918 o9le
Il oss1u o:gLu
0:GL! oG
N o 0:pLu
ogu oglu

8888R° 8e8°

ajdwes 6/3N\v4 bBu

215 cm Depth (Clay Unit)

250

O =
T > S T
8 ™ = & O
S35 3 8¢
D -8 8 g
.o & §5 >
wn C
0'veu L < w 2L
o:geu o m c w
_O“ch m e .m M n\m
[ 0:1eu c & I w
Jl ooeu w35 < <
_ = S uw =
| 1:ogu o m (& a— <
0:6zu - T 8 1
M oszu & c £ 0o
i % o c +~ O
| vgzu c n B ©
| o:zzu S v W ) —
Ligu > w S © &
: v S 5]
Lil2u Q < = ©
I o:9zu 5 M =) m
1:9zu S - |nnu o
j osw to 5= Q
— go g
W ozu L = c &
: <
. o:zeu L S =2 5
fl oeu L - 's S )
. X cc s
_ommz S o = 3 m
§ o s S 2C 8
gLy L A § o =
L:gLu = & vﬂlv.v % m
Lgiu © = s £ |m
ogLe o Q= o o
[ o:z1u ~ T ®© T ©
i1 w Lo ow W
| oou c N E = .
[ECI < = .S @»
‘9Le €L E < £ 2 (=]
0:91 ~ o - n_nH.v » =
0L e L 2 o
o'gh m o 2 S® 5
S
OpLu L m m o M %
oglu - o L
TI LIS 2o cs 2 m
88883 = ' =
&= ..nl-n .m m A D o]
» O W £ Y
> @
n © c ¥ O
23eI 2§
NZ 5 22T S
(O] Y— W D W o
S >0 v 5 [<B}
3£ g =2 L o3
=" c > £ .= 'S}
LWL > k- o

Org Geochem. Author manuscript; available in PMC 2018 May 07.

NASA Author Manuscript

NASA Author Manuscript

NASA Author Manuscript



1duosnue Joyiny VSN 1duosnuey Joyiny YSYN

1duosnue Joyiny VSN

Wilhelm et al.

Page 16

——0 cm (gypsic unit)

5 10 cm (sulfate-rich gypsic unit)
100 cm (clay unit)
140 cm (clay unit)

—150 cm (well-cemented halite)

—185 cm (clay unit)

—215 cm (clay unit)

Total ng of n-alkane per g of sample

18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39
Carbon Number

Figure 3.
n-Alkane Content in Yungay Pit Soils: The straight chain r-alkane content of Yungay soils

reveals two distinct patterns. Clay rich units exhibit an odd-over-even chain length
preference. Conversely, gypsiferous soils and the halite unit exhibit a slight even-over-odd
chain length preference.
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