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Abstract
Soil Processes and Microbial Communities in a Hyperarid System
by
Kari Michelle Finstad
Doctor of Philosophy in Environmental Science, Policy and Management
University of California, Berkeley

Professor Ronald G. Amundson, Chair

The Atacama Desert is a coastal desert in South America spanning both Peru and Chile. While
the desert experiences a range of climate regimes, perhaps the most unique region of the desert
lies in the north of Chile where annual precipitation is less than 2 mm. This hyperarid region of
the desert often goes decades without precipitation and is believed to have maintained a semi-
continuous hyperarid climate for the last few million years.

Hyperaridity has had a profound impact on the geochemical and biological processes of the
region. One of the most notable and economically important features of the desert are the salars.
Salars are the location of past lakes that have lost their surface water due to changes in climate
and/or tectonic activity. They provide minable concentrations of iodine, boron, and other salts,
and are recognized as one of the only habitats for microbial life in this region. Presently, they are
covered in thick and rugged salt crusts, often made of sodium chloride (halite) and calcium
sulfate (gypsum).

Due to the extreme and persistent aridity, shallow groundwater is pulled upward towards the
surface via capillary flow. This upward water movement is the reverse direction of most well
drained desert soils, and leaves a diagnostic imprint in the soil chemistry. The first chapter of my
dissertation explores how soils in salars differ from those found in other more humid deserts, and
proposes changes to the USDA Soil Taxonomy that would allow for a more accurate and
informative classification of them.

To further understand and catalogue the rates and processes of soil formation in this unique
environment, in my second chapter I examine the chemical and isotopic profiles of two soils of
differing ages in the Salar Llamara, Chile. I found that soil development is actively occurring,
with evaporation of shallow groundwater driving the major geochemical processes. The upward
movement of water produces a distinctive salt profile, with the most soluble salts concentrated
on the surface and the least soluble salts near the base.

Through monitoring and experimental work, I calculated long-term evaporation rates, and found
that they decrease with soil age as the salt crust thickness increases. While it has been suggested
that these salars are part of an ancient landscape, this work provides evidence that they are



dynamic and evolve on relatively short timescales. Finally, despite the lack of rainfall, I found
that the crusts are able to sustain microbial growth by buffering environmental changes in
temperature and relative humidity.

While the hyperarid region of the Atacama Desert only receives rare and infrequent precipitation,
it is exposed to marine fog from the Pacific Ocean on a regular basis. The amount of fog changes
predictably from west to east as the distance from the coast increases. For many years the
Atacama Desert was suggested to be the dry limit to life. However, in the last decade it has been
recognized that microbial communities are capable of surviving in salt crusts on the surface of
salars. At a relative humidity over 75%, halite is able to absorb enough moisture from the
atmosphere to create a saline solution in its mineral pores. In this way, salt crusts can provide
organisms with liquid water in the absence of precipitation.

My third chapter is a detailed investigation of the microbial community composition and
structure in this unique ecosystem. Using next metagenomics techniques, I reconstructed 124
distinct draft quality genomes from three sites along a fog frequency transect. All communities
are comprised of a large variety of Halobacteriales, Salinibacter, Chlorophyta, and
Cyanobacteria. Additionally, some communities contain lower abundances of Nanohaloarchaea,
Actinobacteria, Gammaproteobacteria, Thermoplasmatales, and Naegleria. Candidate Phyla
Radiation bacteria (OD1 and TM7) not previously reported from hypersaline environments
before, were also found in low abundance in some of the communities.

While there is a lot of overlap in community membership across sites, samples cluster by site
based on bacterial and archaeal abundance patterns. The concentration of photosynthetic
organisms declines with increasing distance from the fog source (Pacific Ocean), and
radiocarbon dating showed that carbon cycling is occurring more rapidly in sites with more fog
events. I conclude that the strongest driver of community membership is fog delivered moisture,
controlled by proximity to the coast.

The final chapter of my dissertation explores a unique late Quaternary paleoenvironmental
record in loess deposits. Within what is largely a deflationary landscape, I found small loess
dunes that have been slowly accreting for the last 20,000 years in depressions of the highly
eroded Soledad formation. One of the unique local climate characteristics of this area is the
strong and persistent on-shore winds.

Radiocarbon ages of organic matter embedded within the deposits show that the dunes began
accumulating rapidly at the Last Glacial Maximum, and that the accumulation of sediment
slowed considerably after the Pacific Ocean attained its present post-glacial level. Chemical and
isotopic analysis of the sediment and fatty acids preserved within the dunes provide evidence for
increased marine fog density and intensity of onshore westerly winds beginning 10,000 yr BP. At
this time, grain size increases while accumulation rates simultaneously decrease, suggesting
greater wind speeds and/or decrease in sediment supply. Organic sediment §'°N values steadily
decrease, suggesting a shorter path length between N upwelling (Pacific Ocean) and N
deposition in the dunes. This unique and continuous record of paleo-conditions provides a
window into local processes occurring over the last 20,000 years.
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Chapter 1:
Hyperarid Soils and the Soil Taxonomy

Introduction

The Soil Taxonomy has undergone much evolution, particularly within the Aridisol order, since
its initial publication in 1975 (Yaalon, 1995). As soils of previously understudied regions are
examined, pedological features may be discovered that are inadequately described within the
existing Soil Taxonomy (Soil Survey Staff, 1999). Many earth and ecological scientists rely on
the taxonomic nomenclature of a soil to derive significant information about its origin and utility
(Schimel and Chadwick, 2013). It is therefore important that the Soil Taxonomy continue to
reflect current research and understanding if it is to remain pertinent and useful to scientists
globally.

Much of the criteria currently used to classify Aridsols are derived from the deserts of western
North America that span a broad range of altitudes, latitudes, temperatures, and moisture. The
majority of this region is arid, with precipitation (P) to potential evapotranspiration (PET) ratios
of 0.05 to 0.2. While challenging to life, plant available moisture can be available for significant
periods of time and water is available to move downward under unsaturated flow. In contrast,
international research in the past few decades has begun to reveal the pedological features of
hyperarid environments (P/PET < 0.05) (eg. Amit and Yaalon, 1996; Ewing et al., 2006; Quade
et al., 2007; Bockheim and McLeod, 2008). These soils bear genetic features considerably
different from those in more humid environments, such as the deserts of North America. First,
the landscapes lack or have minimal plant cover. A striking illustration of this is to compare
Google Earth imagery to the distribution of a hyperarid climate shown in Fig. 1 — the low imprint
of biology is striking. As a consequence of minimal plant cover, the cycling of organic matter
and biotic mixing processes in these soils are largely absent. Additionally, in the more extreme
hyperarid regions there is little leaching of the most soluble salts from the soil profile. In most
North American deserts, soils have minor amounts of sulfates and even smaller quantities of
more soluble salts such as halite. In contrast, the prolonged lack of precipitation in certain
hyperarid environments has produced landscapes with solute accumulations far exceeding that
found in more humid deserts. In the Atacama Desert for example, the near-continuous
hyperaridity has preserved Pliocene-aged fluvial landforms and soils cemented with
combinations of sulfates, chlorides, and nitrates (Rech et al., 2006; Amundson et al., 2012).
Similarly, soils in different regions of Antarctica contain horizons cemented with nitrates,
chlorides, and sulfates (Bockheim, 2014), and Pleistocene soils cemented with chlorides have
been identified in the Negev Desert (Amit and Yaalon, 1996).

The present Soil Taxonomy lacks diagnostic horizons for soil horizons cemented with halite
(NaCl) or enriched with nitratine (NaNOs). More fundamentally, it lacks a way to distinguish the
unique pedogenesis that occurs in hyperarid environments. Here we suggest that these omissions
hinder the ability of scientists and researchers to convey the pedologic history and utility of these
soils, which are found across the globe. In this paper we examine and discuss soils from the
Atacama Desert in relation to their formation and classification as an illustrative example of
hyperarid pedogenesis. We then summarize the literature on indurated salic and nitric horizons,
and consider how the Soil Taxonomy might be amended to accommodate them.



Current Soil Taxonomy

The current Soil Taxonomy includes diagnostic horizons for a range of salts: CaCOs (calcic),
CaS04°2H,0 (gypsic), and salts more soluble than gypsum (salic). To qualify, horizons with
these salts are required to be at least 15 cm thick, non-cemented, and contain a threshold amount
of the given salt (Soil Survey Staff, 1999). While gypsic and calcic horizons are specific to
sulfate and carbonate respectively, salic horizons include all salts more soluble than gypsum.
There is currently no means to designate a salic horizons composed primarily of halite or nitrate.

In addition to these diagnostic horizons, there are also petrogypsic and petrocalcic horizons that
are cemented. Indurated gypsic and calcic horizons are defined by their lateral continuity,
induration, and thickness (Soil Survey Staff, 1999). An indurated horizon is important in the Soil
Taxonomy because it is indicative of great antiquity, restricted plant growth, and considerable
limitations to the use of the soil. The current Soil Taxonomy does not, however, include an
indurated salic (petrosalic) horizon, which in some hyperarid deserts is equally as important as
petrogypsic and petrocalcic horizons.

Finally, the Aridic Soil Moisture Regime (SMR) is currently the most water-limiting in the Soil
Taxonomy and includes soils in both aridic and hyperaridic climates. In normal years these soils
are defined as dry (in the control section) more than 50% of the time while soil temperatures are
above 5°C at 50 cm depth and some or all parts of the soil are moist less than 90 consecutive
days when the soil temperature is above 8°C at 50 cm depth (Soil Survey Staff, 1999).

# Geographical Location o%g::il;:n Descriptive Term P?E;Seed Reference

1 Atacama Desert, Chile Subsurface Nitric Horizon Nitric Ewing et al., 2006

2 Dry Valleys, Antarctica Subsurface Nitric Horizon Nitric Bockheim, 1997

3 Turpan-Hami area, China Subsurface Nitric Horizon Nitric Qin et al., 2012

4  Atacama Desert, Chile Subsurface Salic Horizon Petrosalic Ewing et al., 2006

5 Negev Desert, Israel Subsurface Petrosalic Horizon Petrosalic Amit and Yaalon, 1996

6 Dry Valleys, Antarctica Subsurface Petrosalic Horizon Petrosalic Bockheim, 1997

7 Kerman, Iran Subsurface Petrosalic Horizon Petrosalic Moghiseh and Heidari, 2012
8 Azran, Jordan Subsurface Hard Salic Horizon Petrosalic Khresat and Qudah, 2006
9 Namib Desert, Namibia Subsurface Pedogenic Halite Crust Petrosalic Watson, 1983

10 Death Valley, USA Surface Rock Salt Petrosalic Hunt et al., 1966

11 Libyan Desert, Egypt Surface Salt Crust Petrosalic Aref et al., 2002

12 Atacama Desert, Chile Surface Petrosalic Horizon Petrosalic This paper

13 Arabian Desert, Saudi Arabia Surface Blocky Salt Crust Petrosalic Goodal et al., 2000

Table 1. A selection of publications that have previously described an indurated salic or nitric
horizon. Only horizons 10 cm or more in thickness were included. Map number corresponds to
the number on Figure 1. The location of the horizon, either surface or subsurface, indicates the
direction of water flow (downwards vs. upward, respectively). The original term used to describe
the horizon is noted alongside the designation proposed in this study.
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Figure 1. The global distribution of hypearidity in warm deserts. Points indicate the location
of previously described indurated salic or nitric horizons and the numbers correspond to the
references listed in Table 1. Soils #2 and #6 are not displayed because the aridity data set did
not include values for polar regions. "Aridity data set is from Zomer et al., 2008, 2007 and
available at http://www.cgiar-csi.org.



Global Distribution of Hyperaridity and Indurated Salic and Nitric Horizons

Aridity (in the climatological sense), is dependent on the relationship between moisture inputs
and moisture losses, and is measured as P/PET. PET is calculated from measurements of mean
monthly temperatures and the average number of daylight hours per month. At values of P/PET
< 0.05, a region is considered to be hyperarid. Figure 1 shows the global distribution of
hyperaridity. In 1997, the United Nations Environmental Programme concluded that 7.5% of the
Earth’s land surface is hyperarid and an additional 12.1% is arid (UNEP, 1997).

Indurated salt crusts are widespread and described in the literature by pedologists and
sedimentologists, both in hyperarid and arid regions (Fig.1 and Table 1). Many of them are
present in playas and undergo dynamic cycles of dissolution during the rainy season and
recrystallization during the dry season. In contrast, precipitation events in hyperarid regions
where rainfall is less than 100 mm year™ are too infrequent and insufficient to fully dissolve salt
accumulation. This prolonged moisture deficit allows for the growth of thick indurated surface
horizons from evaporating water.

The location of the horizon within the profile is dependent on the direction of water movement.
Well-drained soils with downward migrating water develop petrosalic horizons in the subsurface.
This is the case for soils #4 - 9 in Table 1. Alternatively, an upward movement of water
concentrates very soluble salts at the surface where the petrosalic horizon forms (soils 10 - 13 in
Table 1). Nitric horizons are widespread in the Atacama Desert, the Dry Valleys of Antarctica,
and the Gobi Desert. The origin of these salt deposits has been traced to atmospheric deposition,
and the presence of such large deposits signifies great antiquity (Qin et al., 2012).

The lack of nitric and petrosalic horizons in the current Soil Taxonomy makes it very difficult to
determine the distribution of soils with these horizons, as there is no means to denote their
presence using the taxonomic nomenclature. As demonstrated in Table 1, a variety terms have
been used to describe them both by pedologists and sedimentologists. Regardless of the absence
of these diagnostic horizons in the Soil Taxonomy, some authors have still chosen to use the
terminology ‘petrosalic’ (Amit and Yaalon, 1996; Backheim, 1997; Moghiseh and Heidari,
2012).

A Case Study of Hyperarid Pedogenesis: The Atacama Desert

Climate and Geology
The aridity of the Atacama Desert is truly astounding. Geomorphic studies suggest that the
Atacama has experienced a near-continuous hyperarid climate since the late Pliocene (Hartley

and Chong, 2002; Amundson et al., 2012). Almost all of the land between 15 and 30 °S from sea
level to 3500 m above sea level is considered hyperarid, which amounts to an area of ~150,000
km? (Houston and Hartley, 2003). There are a number of factors that conspire to maintain this
extreme climate, including cold upwelling ocean currents, a rain-shadow from the Andes, and a
subtropical high-pressure belt (Houston, 2006). It is not uncommon for areas in the region to
receive precipitation only once every 10 years or more. Its tropical latitude leads to small
temperature changes between winter and summer months.



While the full diversity of soils in the Atacama Desert is far from understood, this section
provides an overview of typical features. Due to long-term and relatively continuous
hyperaridity, the Atacama possesses suites of alluvial fans and terraces that are commonly
Tertiary in age. Water is limiting for many common pedogenic processes. Even on Pliocene-aged
soils chemical weathering, as measured by the formation of Bw or Bt horizons, is almost
negligible. The slow but continuous deposition of dust and aerosols infills and physically
expands the soils, while the rare rainfall events dissolve the incoming sulfate, chloride, nitrate
salts and create soil horizons ordered by solubility of the salt (Ewing et al., 2006). Additionally,
carbonates are nearly absent due to the lack of biological soil CO; and the dominance of the
sulfate anion (Ewing et al., 2006; Quade et al., 2007). In the heart of the Atacama Desert at
elevations of 1000 to 1500 m, sulfate horizons overly subsurface horizons enriched in soluble
salts, dominantly NaCl with lesser quantities of NaNOj. On older surfaces, both the sulfate and
halite/nitrate horizons are indurated (Ewing et al., 2006).

These well-drained fans and terraces dominate the landscape and many terminate in internally
drained basins. During cooler periods these basins may have formed pluvial lakes from Andean
runoff, but as a result of tectonic deformation and prolonged hyperaridity they are now
distinctive salt-covered flats or playas known in Spanish as salars. Due evaporative losses of the
upward migrating water table, these salars are covered by a dense NaCl crust that continues to
react with atmospheric humidity (Ericksen and Salas, 1990). Occasionally due to wind deflation
of salts these crusts also are found extending beyond the playa “boundary”.

In the Atacama Desert the subsurface pedogenic concentration of salts in the Bzm horizons on
well-drained surfaces, particularly nitrates and iodates, are economically mineable resources.
Soils containing caliche ore deposits (the local name for nitrate-rich horizons) are estimated to
cover 2.8 million hectares of Chilean deserts. These deposits are the only natural source of
nitrate in economically significant quantities, and the most concentrated horizons contain 6.5-
8.5% NaNOs by weight (Harben and Theune, 2006). From the 19" to the early 20" century these
horizons were mined heavily and became one of the largest sources of nitrate (Ericksen, 1981).
Additionally, indurated salic horizons contain anomalously high concentrations of iodine (I) and
chromium (Cr). Many of these indurated salic horizons contain I concentrations 3-4 orders of
magnitude higher than average continental crust and currently serve as the greatest source of
mined [ in the world (Perez-Fodich et al., 2014).

In summary, there are two (though likely more) distinctive and widespread pedohydrological
regimes: (1) alluvial fans and related terraces dominated by sparse downward soil water
movement, and (2) dry lake beds or nearby environs impacted by the upward migration of
waters. As we will discuss, being able to distinguish these settings taxonomically is an important
objective.
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Figure 2. A map of the Atacama Desert with the location of the Yungay site and the Salar de
Llamara sites. Salar deposits are shown in black, nitrate deposits in gray, and Mio-Pliocene
alluvial fans in light gray.



Soil Descriptions

Here we discuss three soil pits from the Atacama Desert in nothern Chile representative of the
two distinctive geomorphic surfaces described above (Fig. 2). The first soil is from a well-
drained, post-Miocene alluvial fan in the Yungay region located near Antofagasta, Chile (Fig. 3).
It was first described and reported by Ewing et al., 2006. Rare rainfall events occurring over the
past millions of years have distributed atmospheric-derived salts through the profile as a function
of their solubility. Porous and very soft gypsic horizons ~20 to 30 cm thick are commonly found
on the surface (Table 2). These overly an indurated Petrogypic horizon that extends from 39-71
cm. Beneath the Petrogypsic horizon is a salic horizon (85-102 cm), and an indurated salic
horizon from122-146 cm. The indurated salic horizon contains ~ 16 kg nitrate m™ and 90 kg
chloride m™ (Fig. 5). The current classification of this soil to the subgroup level is a Petrogypsic
Haplosalid.

The other two soils are from the Salar de Llamara near Iquique, Chile and represent a short
chronosequence of Pleistocene and mid-Holocene soils (Fig. 4). These soil pits were excavated
and characterized using standard pedological methods in June 2013 (Soil Survey Staff, 1999).
Splits of each horizon were sent to ALS Geochemistry in Reno, NV for total chemical analysis
and water extracts were analyzed for SO4> and CI” using a Thermo Scientific Dionex ICS1500
with an AS25 analytical column (ion chromatography) at UC Berkeley. Both soils have an
indurated salic horizon at the surface comprised almost entirely of halite, which varies in
thickness from 51 cm at the Pleistocene site to 22 cm at the Holocene site. Below these horizons
are gypsic and a calcic horizons (Fig. 6, Table 2). In contrast to the Yungay site, these soils have
experienced a long history of upward migrating water driven by evaporation. This has resulted in
a reverse order of salt accumulation with halite on the surface and sulfate deeper in the profile.
Both of these soils are classified as Gypsic Haplosalids.

In the present Soil Taxonomy, the well-drained, post-Miocene soils in the Atacama Desert are
commonly classified as Petrogypsic Haplosalids or Typic Petrogypsids depending on the depth
of the salic (Bzm) horizon. These designations are insufficient because they confer no
information about the presence of an indurated salic horizon, or the mineable quantities of nitrate
or iodate. The soils we have observed within the salars are classified as Gypsic Haplosalids.
Similarly, these designations provide no insight into the dense and nearly impenetrable halite
crust that covers the surface, or the orientation of the gypsic and salic horizons relative to that in
the more common well-drained soils. The inclusion of all three of these soils into Haplosalids is
problematic. First, it would be highly desirable to distinguish the different soil forming
environments and soil characteristics (Fig. 5 vs 6). Second, both soil types are greatly impacted
by indurated salic horizons — the excavation of all of these soils requires the use of a jack
hammer. Third, the presence of a rugged and indurated salic horizon on the soil surface is a
feature of both pedogenic and practical interest.



Yungay - Pliocene

+

Salar de Llamara - Holocene

Salar de Llamara - Pleistocene

Petrogypsic Haplosalid Gypsic Haplosalid Gypsic Haplosalid
Horizon Depth Cr Horizon Depth  SO4” Cr Horizon Depth SO, Cr
(cm) (mmol/ (cm) (mmol/ (mmol/ (cm)  (mmol/ (mmol/
g soil) gsoil)  gsoil) gsoil)  gsoil)
Beyk 0-2 0.01 Bzm 0-22  3.07 7.90 Bzml 0-3 0.23 8.10
Bykl 2-3 0.00 Bz 22-31 4.46 1.07 Bzm?2 3-30 1.07 9.06
Byk2 3-12 0.01 Bykl 31-37  3.38 0.14 Bzm3 30-51  0.99 11.28
Byk3 12-26 0.01 Byk2 37-48 3.10 0.06 Bykz 51-65 2.46 0.65
By 26-39 0.01 Byk3 48-61 1.68 0.03 Ckl 65-82 0.55 0.79
Byknzm 39-71 0.19 Bk 61-73  0.28 0.03 Ck2 82-99 0.62 0.54
Bynzk 71-85 0.12 Ckyl 73-78  3.19 0.00 Ck3 ?3_9 0.34 0.23
Byknz 85-102 0.26 Cky2 78-89  3.21 0.00
Bnzyk 102-122  1.62 Cky3 89-94  3.08 0.03
Bnzm 122-146  11.58
Cnzkyl 146-154  5.38
Cknzyl 154-180  0.09
Cknzy2 180-192  0.06
Cknzy3 192-211  0.07
Cknzy4 211-232 0.08

Table 2. Horizon descriptions and soluble ion concentrations from the Yungay soil and the

Holocene and Pleistocene soils in the Salar de Llamara.

"Data for the Yungay soil was taken from Ewing et al., 2006.



Figure 3. The Yungay site, a well-drained Mio-Pliocene
alluvial fan. This is a very common landscape in the
hyperarid Atacama Desert.

Figure 4. The Pleistocene site in the Salar de Llamara, a
dried lake. The surface is now covered in a rough and
indurated halite crust formed through prolonged
hyperaridity and evaporative loss of the water table.



Figure 5. An example of a soil profile from a well-drained
alluvial fan in the Atacama Desert. Large sulfate polygons
are present at the surface overlying a nitrate rich horizon
and an indurated salic horizon deeper in the profile.

Figure 6. Soil profile from the Pleistocene site in the Salar
de Llamara. The first 3 horizons (0-51cm) are hard, dense
halite crust. These overly a sulfate-rich horizon at 51- 65 cm.
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Proposed Amendments to the Soil Taxonomy

To better classify the diversity of desert soils such as those described above, and to effectively
communicate the management best suited for them, we propose that the Soil Taxonomy be
amended to better represent soils in hyperarid regions. This includes the addition of (1) a
petrosalic diagnostic subsurface horizon, (2) a nitric diagnostic subsurface horizon, and (3) a
Petrosalids great group in the Aridisols order. Additionally, we advocate for the definition and
adoption of a Hyperaridic SMR. We suggest that the new diagnostic subsurface horizons be
defined as described below.

Petrosalic horizon (Bzm)

A horizon at least 10 cm thick which must be cemented or indurated by salts more soluble that
gypsum, and because of lateral continuity, roots can penetrate only along vertical fracture with a
horizontal spacing of 10 cm or more.

This definition is analogous to that used for the definition of petrogypsic and petrocalcic
horizons. The need for a diagnostic petrosalic horizon has been expressed in the past by others
(eg. Bockheim, 1997) and was adopted by the International Union of Soil Scientists in 2007
(IUSS Working Group WRB, 2007). The lack of inclusion in the Soil Taxonomy thus far may
stem from a belief that petrosalic horizons are rare or will slake in water. However these
horizons occur in numerous regions of Earth (Table 1) and due to the prolonged extreme aridity
under which they have formed will not slake in water.

Nitric horizon (Bz or Bzm)
A horizon 15 cm or more thick with 12 cmol(-)/L nitrate in 1:5 soil:water extract and in which
the product of its thickness (in cm) and its nitrate concentration is > 3,500.

This is the current criteria used to designate a Nitric Anhyorthel in Soil Taxonomy (Soil Survey
Staff, 1999), and the same definition suggested for a nitric horizon by the International
Committee on Permafrost Affected Soils (Bockheim, 1997). For a soil with a bulk density of 1.5
g cm” this is equivalent to 2.5% nitrate.

To accommodate these new diagnostic subsurface horizons we also propose the addition of a
Petrosalids great group in the suborder Salids, and five subgroups to the new Petrosalids great
group (Epi Petrosalids, Petrogypsic Petrosalids, Gypsic Petrosalids, Nitric Petrosalids, and Typic
Petrosalids). We suggest that the new key for the Salids be as follows:

Petrosalids Great Group

Key to Great Groups

GBA. Salids that are saturated with water in one or more layers within 100 cm of the mineral
soil surface for 1 month or more in normal years.

Aquisalids
GBB. Salids that have a petrosalic horizon within 200 cm of the soil surface.
Petrosalids
GBC. Other Salids.
Haplosalids
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Petrosalids
Key to Subgroup
GBBA. Petrosalids that have a petrosalic horizon at the soil surface.
Epi Petrosalids

GBBB. Petrosalids that have a petrogypsic horizon within 100 cm of the soil surface.
Petrogypsic Petrosalids

GBBC. Petrosalids that have a gypsic horizon within 100 cm of the soil surface.
Gypsic Petrosalids

GBBD. Petrosalids that contain a horizon 15 cm or more thick with 12 cmol(-)/L nitrate in 1:5
soil:water extract and in which the product of its thickness (in cm) and its nitrate concentration is
> 3,500.

Nitric Petrosalids

GBBE. Other Petrosalids.
Typic Petrosalids

Hyperaridic Soil Moisture Regime (SMR)

Finally, we suggest that a fundamental way to distinguish pedogenesis in hyperarid climates is
lacking. The creation of a Hyperaridic SMR would provide a critical means to distinguish
between pedogenesis occurring in arid and hyperarid environments. This SMR should consider
soils that experience rainfall averages incapable of removing soluble salts from the upper 150 cm
over long time scales, therefore allowing the formation of indurated horizons. Such a revision to
the Soil Taxonomy would require an international effort to arrive at an appropriate definition and
classification system, however it would greatly enhance the usefulness of the Soil Taxonomy. To
limit the need for major revisions to Aridisols, we suggest that the Hyperaridic SMR could be
indicated at the family level (eg. coarse-gypseous, isothermic, shallow, hyperaridic Typic
Petrogypsid).

Impact of Proposed Changes

With these proposed changes the well-drained, post-Miocene soils in the Atacama Desert would
change from their current designation as Petrogypsic Haplosalids to Petrogypsic Petrosalids, and
the salar soils would change from their present designation as Gypsic Haplosalids to Epi
Petrosalids. Additionally, all of the indurated salic horizons described in Table 1 would be
classified as petrosalic horizons and the horizons enriched with nitrate classified as nitric
horizons. Changes to the classification of these soils would vary depending on other individual
factors of the soil, however many of them would change at the Great Group and/or Subgroup
level to incorporate the new additions proposed here. These changes would also facilitate a more
accurate description of future soil surveys and analysis in other hyperarid locations.
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Conclusions

As new research is compiled, it is becoming clear that soils of hyperarid regions have unique
features and processes not occurring in the more humid deserts. Horizons present in hyperarid
regions are not included as diagnostic horizons in the Soil Taxonomy and as a result these soils
are not adequately identified by the current Aridisols architecture. We propose that the Soil
Taxonomy be amended to include a petrosalic diagnostic subsurface horizon, nitric diagnostic
subsurface horizon, and a Petrosalids great group within the Aridisols order. Additionally, future
research to define a new Hyperaridic SMR should be considered. The goal of this paper is to
present the pedological characteristics of hyperarid soils to a broad audience and begin a larger
discussion of possible changes to the Soil Taxonomy. The changes proposed here would create a
more encompassing classification system.
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Chapter 2:
Rates and Processes of Soil Formation in Salars of the Atacama Desert, Chile

Introduction

Geochemical processes in the Atacama Desert are limited by water. Most of the region consists
of uplands and alluvial fans dependent on sparse rainfall (<2 mm y™) to drive soil and
geochemical processes. However, the region also contains closed basins that receive both surface
runoff and subsurface flow from the adjacent High Andes. Once a lake or wetland is desiccated,
the evaporation of shallow groundwater by capillary flow promotes an upward movement of
solutes, a direction that is the reverse of the normal water trajectory of most desert soils (Finstad
et al., 2014). Studies of soil formation in these geological settings are very limited, and none
have been conducted in northern Chile.

In Chile, salt covered evaporitic basins are called salars and are distinguishable by the hard salt
crusts commonly found on their surfaces (Chong, 1984; Ericksen and Salas, 1990).
Approximately half of the salars in northern Chile contain halite (NaCl) crusts, an area of more
than 4,000 km’ (Stoertz and Ericksen, 1974). Most of the salars are located in the Andes, with
only a handful in the Central Depression near to the Pacific coast. Salars in this region of the
world are of growing significance. First, fluid migration and chemical fractionation have locally
deposited economically viable concentrations of iodine, boron, and other salts (Boschetti et al.,
2007; Perez-Fodich et al., 2014; Chong et al., 2000). Second, somewhat paradoxically, salt crusts
on the surface of salars can harbor microbial communities persisting on liquid water obtained
through the deliquescence of halite (Davila et al., 2013). Presently, there is only a preliminary
understanding of the geological evolution of these crusts and on how these processes influence
the microbial communities (Artieda et al., 2015). The observation of microorganisms surviving
in a hyperarid salt environments such as the Atacama Desert is relevant to Mars, where halite-
rich outcrops have been identified (Osterloo et al., 2008).

A pedogenic process-oriented understanding of salar evolution is still lacking. To address some
of these issues, we examined the chemical and isotopic profiles of salts in the Salar Llamara
within the Central Depression. We focus on two sites, one 15,484 cal yr BP and one 19,348 cal
yr BP, to understand the rates of geochemical processes, and the resulting nature and properties
of the unique soils in these locations.

Geological setting

The Salar Llamara lies in the Central Depression in northern Chile (Fig. 1). Since the Miocene
the area has been part of an evaporitic basin, one whose area has decreased over time due to the
development of drainage systems to the Pacific (Pueyo et al., 2001; Saez et al., 1999). Geological
maps and fieldwork conducted as part of this study identified what are apparently some of the
most recent major fresh water lakes. The lakes or wetlands were likely formed during episodes of
increased Andean runoff (Gayo et al., 2012; Nester et al., 2007; Rech et al., 2002), and their
subsequent drying has formed a distinctive salar.
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One of the sites is located on a younger unit of lacustrine origin, mapped as PIHs
(undifferentiated Pleistocene-Holocene saline deposits of halite, sulfate, and nitrates). The other
site is slightly higher in elevation and is either lacustrine in origin or formed on the distal end of
an alluvial fan, and is mapped as PIHa(p) (Pleistocene-Holocene alluvial deposits of antiquity,
playa facies) (Quezada et al., 2012) (Fig. 2). For simplicity, we refer to them here as Qh and Qp,
respectively. The sediment underlying the halite crust in both locations is a very fine-grained,
laminated sediment consistent with a lacustrine setting or distal alluvial fans. Occasional strata of
what appear to be freshwater marls are also present. Radiocarbon dating of organic matter within
the sediments revealed a generally declining age with decreasing depths, and distinctive age
differences between the two sites. Samples from the Qh site are 12,209-15,484 cal yr BP and
samples from the Qp site are 19,144-19,348 cal yr BP (Table 1).
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Figure 1. Elevation profile of the Salar Llamara and field sites. The Salar Llamara sits in
the Central Depression created by the High Andes to the east and Coast Range to the west.
Digital elevation model (DEM) was taken from GeoMapApp (Www.geomapapp.org).
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Methods

Site description and soil sampling

Soils were excavated to depths of ~1 m with the assistance of a portable jackhammer. Soil
features were identified and described using methods outlined in the USDA Soil Survey Manual
(Soil Survey Staff, 1999). Bulk soil samples of identified horizons were placed in zip lock bags
and transported back to the lab. Subsamples were taken in ~5 cm increments from the Bzm
horizons at each site for 8°’Cl analysis. Three halite nodules from each site were also collected
for subsequent study, and a groundwater sample was obtained from a backhoe trench that had
been emplaced near the Qh site.

Environmental monitoring

Decagon Devices Inc. (Pullman, WA) microclimate monitoring systems were installed at each
site to track hourly fluctuations in air temperature, pressure, and relative humidity, and a leaf
wetness sensor was installed to detect fog and dew condensation. Because it did not rain during
the year of study, we assume that any “wetness” recorded by the leaf wetness sensor is due to
dew formation on the surface. A value of 475 counts was chosen as the threshold for the
presence of dew, which according to the manufacturer is a conservative threshold. Monitoring
began June 2013 and ran continuously for 14 months.

Seven Onset HOBO® Pro v2 (U23-002) temperature and relative humidity (T/RH) sensors were
installed within halite nodules at each site, following the approach of Davila et al. (2008). Halite
nodules were bored using an electric drill, and T/RH sensors (~1 cm) were inserted in the
boreholes. Once a sensor was inserted into the crust, the hole was sealed with epoxy. The sensors
were installed into the crust using slightly different methods at the two sites. At the Qh site,
boreholes were made directly into the side of halite nodules. At the Qp site, an electric saw was
first used to cut the nodule in half before sensor emplacement (Fig. 3). Removing half of the
nodule using the saw (at the Qp site) allowed for the monitoring of denser crust located deeper
within the nodule than would otherwise be accessible without first removing outer layers (at the
Qh site).

An additional sensor was positioned just beneath the surface of one of the common surface
polygons (parallel to the surface) at each site. Three additional T/RH sensors were placed at
different depths within each soil, horizontally installed from the excavation walls. In total, the
two uppermost soil sensors were inserted within the cemented halite horizons, while the lower
two were in the fine-grained sediments. At the Qh site they were placed at 2, 20, 60, and 98 cm,
and at the Qp site at 2, 37, 58, and 119 cm. All sensors recorded hourly fluctuations in T and RH
beginning in June 2013 and ran continuously for 14 months.

In June 2013, the entire covering of halite nodules and surface crust was removed from a 1.5 m*
plot at the Qh site. A Bushnell 119636C camera was then positioned to take a photograph every
hour of the site to record the development and regeneration of new material. The camera was
allowed to run for 2 years before photos were downloaded. After 14 months, a sample of the
regenerated crust was removed and taken back to the lab for analysis.
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Figure 3. Installation of temperature and relative humidity sensors within the halite nodules
at each site. Sensors were installed directly into the side of nodules at the Qh site (a), and
installed deeper within the nodule at the Qp site (b) after section the nodule with an electric
saw. Approximate size of sensor is 1 cm diameter.
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Analytical methods

Soil chemistry and exchangeable salts

Soil samples were dried, sieved to <2 mm, and pulverized with a mortar and pestle. Splits of
each soil horizon were sent to ALS Geochemistry in Reno, NV for major and rare earth element
concentration (CCP-PKGO01) and measurement of Cl concentrations by nitric acid digestion and
titration (CL-VOLG66). Water extracts of the soil samples and the material that was removed from
the regenerated surface crust at the Qh experimental plot were analyzed for SO4~ and CI using a
Thermo Scientific Dionex ICS1500 with an AS25 analytical column (ion chromatography) at UC
Berkeley. Pulverized soil was dissolved in excess deionized water and shaken for 4 hours to
completely dissolve all salts. The samples were then filtered through a 0.2 um filter and stored in
a refrigerator at 2 °C for less than one week prior to analysis. Standards made from the Dionex
Seven Anion Standard (No. 05790) were analyzed along with the samples. Calcium, potassium,
and sodium in water extracts were determined using an ICP-OES in the College of Natural
Resources at UC Berkeley. For these analyses, a portion of the water extracts prepared above
was diluted in 2% HNOj;. Standards were created using Inorganic Ventures ICP standards
CGNA1, CGKI1, and CGCA1 and used to calculate final sample concentrations. The relative
standard deviation (RSD) are better than 2% for each element based on daily analysis.

Radiocarbon measurements

Three halite nodule samples from each site were prepared for radiocarbon analysis by first
removing inorganic carbon and excess salts. 20 g of pulverized halite was soaked in 1 M HCI for
24 hours with intermittent shaking to agitate the solution, followed by centrifuging and decanting
the acidic supernatant. To ensure complete removal of HCI, the samples underwent alternating
soaking and shaking in deionized water for 24 hours, then they were centrifuged and the
supernatant discarded. This washing process with deionized water was repeated twice before
samples were dried at 60 °C. A similar procedure was used to prepare two soil samples from
each soil pit, with the exception that pulverized soil was soaked in 0.5 M HCI solution for
inorganic carbonate removal. One carbonate sample from a marl lens near the Qh site was
prepared for analysis by acid etch. The material was washed in deionized water to remove
associated organic sediment and debris, then crushed and repeatedly subjected to HCI etches to
eliminate secondary carbonate components.

Radiocarbon analysis of the soil pit and halite samples was performed on the Van de Graaff FN
accelerator mass spectrometer (AMS) at the Center for Accelerator Mass Spectrometry at
Lawrence Livermore National Laboratory, Livermore CA. Approximately 0.5 g of washed
sample was prepared for '*C measurement by sealed-tube combustion to CO, in the presence of
CuO and Ag, and then reduced into iron powder in the presence of H, at 570 °C (Vogel et al.,
1984). Beta Analytic Inc. analyzed the carbonate sample from nearby the Qh pit by using an
accelerator mass spectrometer (AMS) after the reduction of sample carbon to graphite. The
University of California, Irvine Keck Carbon Accelerator Mass Spectrometry facility analyzed
the tree trunk sample from the coppice dune on a 500 kV compact AMS unit from National
Electrostatics Corporation. §'"°C values were used to correct for fractionation and '*C isotope
values are reported in A'*C notation and corrected for '*C decay since 1950 (Stuiver and Polach,
1977). Radiocarbon ages were calibrated to calendar yr BP using the CALIBomb online program
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(http://calib.qub.ac.uk/CALIBomb/) with the dataset and extension curve corresponding to our
study region (SH_CAL13; SHZ1 2) (Hogg et al., 2013; Hua et al., 2013).

Sulfate stable isotope ratios

Sulfate S stable isotope ratio analysis was performed in the Laboratory for Environmental and
Sedimentary Isotope Geochemistry at the Department of Earth and Planetary Science, UC
Berkeley. Soil sulfate was dissolved in water by shaking pulverized soil for 4 hours in excess
deionized water. Sediment was then removed by filtering through a 0.2 um paper filter. Sulfate
was precipitated as BaSO, by adding excess 1 M BaCl, to the solution, then dried at 65 °C
(following the protocol outlined in Michalski et al. (2004)).The same procedure was used to
measure the groundwater sulfate S from the Qh site. Approximately 50-200 pg of BaSO, sample
was run in duplicate on a GV Isoprime isotope ratio mass spectrometer and a Eurovector
Elemental Analyzer (EuroEA3028-HT). The analytical precision of the measurement is better
than 0.2%o. Values are reported as 5°'S relative to CDT.

Chlorine stable isotope ratios

The chlorine stable isotope composition of soil leachates and groundwater samples were
determined in the Department of Geological Sciences, University of Texas at Austin. Chlorine
was extracted from pulverized soil by shaking in excess ultrapure (18 MQ) deionized water for 4
hours, then filtering through a 0.2 um filter. Samples were prepared following the procedures of
Eggenkamp (1994) as modified by Barnes and Sharp (2006) and Sharp et al. (2007). Sulfur was
removed as H,S by adding 8 mL of 50% HNO; and heating for 3 hrs at 80 °C. 4 mL of IM
KNO; was then added to reach high ionic strength, followed by 1 mL of 0.4 M AgNO;. AgCl
was allowed to precipitate overnight in the dark then filtered through a glass fiber filter. The
filter and precipitate were then inserted into a Pyrex tube and pumped to vacuum. Samples were
reacted with 10 pL CH;3I to produce CH3Cl. The tubes were sealed and allowed to react at 80 °C
in the dark for 48 hours before analysis. 5°'Cl values were measured on a ThermoElectron MAT
253 mass spectrometer and are reported in standard per mil notation vs. SMOC (Standard Mean
Ocean Chloride; 8°’Cl SMOC = 0%o). Several duplicate samples from each site were run along
with seawater standards. The analytical precision is + 0.14%o based on the analyses of in-house
seawater standards over the past year.

Carbonate stable isotope ratios

Carbonate C and O stable isotope analysis was performed in the Laboratory for Environmental
and Sedimentary Isotope Geochemistry at the Department of Earth and Planetary Science, UC
Berkeley. Pulverized soil samples were washed 3 times with deionized water to remove excess
salts then dried at 50 °C overnight. 10-100 pg of calcite was analyzed using a GV IsoPrime mass
spectrometer with a Dual-Inlet and MultiCarb system. Each unknown sample was run in
duplicate and several replicates of the international standard (NBS19) and two internal lab
standards (CaCO3-I & II) were measured during the run. The overall external analytical
precision is £0.04%o for 8"°C values and +0.07%o for 3'°0 values. §"°C values are reported
relative to V-PDB and §'°0 values relative to V-SMOW.
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Results and discussion

Geological setting

While some of the NaCl crusts in salars of the region are of Tertiary origins, field observations
and radiocarbon dating of the soils examined here reveal that they have formed over late
Pleistocene lacustrine deposits (see dating discussion which follows). Surrounding the outlines of
the Qh salar, and in some places within the salar, there are salt-encrusted coppice dunes. A
radiocarbon date from the carbonized trunk of a bush on one of these nearby dunes was 547 cal
yr BP (Table 1). This suggests that both that the loss of surface water and the formation of salt
indurated landscapes can occur over a short geologic time frame.

Based on the boundary between flat lying sediments and salt encrusted coppice dunes, the
“shoreline” of the Qh salar is located at ~760 m.a.s.l. Two radiocarbon constraints are available
for this former wetland or lake. First, a radiocarbon measurement of a marl lens obtained from an
excavation at about 50 cm depth at the wetland periphery yields an age of 7,343 cal yr BP (Table
1). Second, organic matter embedded in the apparently lacustrine sediments from our soil pits
provided ages of 12,209 and 15,484 cal yr BP (Table 1).

The Qh landform is incised 10 to 15 m into remnants of an older lacustrine or marsh-like setting
present at ~ 775 m.a.s.l. Organic material in fine-grained sediments exposed in the soil
excavation yielded radiocarbon ages of 19,144 and 19,348 cal yr BP (Table 1). This unit has
been dissected by streams draining to the present basin low point (Qh), as indicated by alluvial
fans that cut through this geological unit. The reasons for incision likely include both the
ongoing tectonic tilting of the region (Allmendinger et al., 2005; Jordan et al., 2014) and the
ongoing incision of the Quebrada Amarga, the drainage system that connects the Rio Loa to the
regional base level. The ages of the organic material in the soils coincides with two well-
documented wet periods known as the Central Andean Pluvial Events (CAPE), which activated
stream discharge of the tributaries of the Salar Llamara (Quade et al., 2008).
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13 14
Facility ~Facility # GPS Site Sample P °Cwo . Cae
cm (%0) cal yr BP
21°11'59.43"S .
CAMS 166850 60°40'38.42"W Qh halite surface -25.44 9.3 3.0  modern -
21°11'59.77"S .
CAMS 166851 69°40'37. 19"W Qh halite surface  -24.77 8.8 3.3 modern -
21°12'1.02"S .
CAMS 166852 69°40'36.52"W Qh halite surface  -24.89 7.4 3.0  modern -
21°12'2.12"S
CAMS 165364 69°40'38.90"W Qh Qh 4 37-48 -2743 7339 103 12209 817
21°12"2.12"S
CAMS 165162 69°40'38.90"W Qh Qh 10 94-96 2770  -8014 1.9 15484 270
166846 21°2046.41"S hali f: 29.41 281.0 25 2546 54
CAMS 600343668 W P alite surlace - =oat 9l &
166847 21°2046.92' hali it 27.01 6235 29 8521 117
CAMS 69o3436.18"W P alite surlace =21 0520 &
166849 21°2046.63" hali fi 25.99 2342 25 1995 68
CAMS 693435 14w QP alite surface =20, ete &
21°20'45.46"S
CAMS 165159 €9°3437 56"W Qp Qp5 65-82 2717 -8652 2.0 19348 328
21°20'45.46"S
165161 8 109-120 -26.80 -861.5 2.0 19144 302
CAMS 69343756 P e ’
21°12'26.81"S coppice dune
UCIAMS 165230 69°38'19 97" W near Qh bush trunk surface - =124 1.8 547 17
21°1027.2"S
Beta 263666 69°3701 oy ear Qh  marl lens 50 0.90 - - 7343 79

Table 1. Radiocarbon dates from two samples from within the soil pits and three halite
nodules from the surface. Additional dating was done from near the Qh site from a trunk of a

carbonized bush on a salt encrusted coppice dune and from carbonate sample taken from a

marl lens near the periphery of the shoreline. Radiocarbon ages were calibrated to calendar yr
BP using the CALIBomb online program (http://calib.qub.ac.uk/CALIBomb/) with the dataset

and extension curve corresponding to our study region (SH _CAL13; SHZ1-2) (Hogg et al.,

2013; Hua et al., 2013).
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Soil profiles

Both soils are classified as Gypsic Haplosalids according to the USDA Soil Taxonomy (Fig. 4;
Table 2). They each have a continuous cemented halite layer (Bzm) on the surface, though the
thickness of this layer differs between sites. At the Qh site it spans 0-22 cm, and at the Qp site 0-
51 cm. Beneath the Bzm layers the soil material appears to be of lacustrine origin, with varying
degrees of sand, silt, and clay. From 22-73 c¢m in the Qh profile, moist and soft layers of reddish
silt and sand-rich material containing visible sulfate crystals were present. Further below this,
yellowish calcite containing horizons were found at 73-94 cm, with loose sand below this at 94-
96 cm.

The Qp site has a similar soil chemical sequence. Beneath the Bzm horizon, soft sulfate
concentrations were observed from 51-65 cm. Deeper in the profile from 65-99 cm, organic
material and charcoal pieces were present within moist and soft layers of variegated black,
orange, and grey. A horizon of loose sandy material was observed from 99-109 cm, and 109-120
cm was comprised of variegated brown material with calcite seams.

Most playas and saltpans undergo repeated cycles of wetting and drying as the surface receives
precipitation during seasonally wet months and evaporation of this water during the dry months.
This cycle is well-documented to create stratigraphic profiles with alternating mud from the
flooding of the surface, and halite layers deposited during evaporation (Lowenstein and Hardie,
1985). The sequence of soil horizons described above from the Qh and Qp sites do not show this
alternating pattern, rather they have evaporitic horizons concentrated at the surface and lacustrine
material concentrated deeper in the profile. This is indicative that this salar has not undergone
repeated cycles of wetting and drying, but instead has been continuously drying since the final
stages of lake/marsh evaporation.

A groundwater lens was present at the Qh excavation, and a nearby backhoe pit suggests that the
local water table is at ~2.5 m below the surface. In contrast, groundwater was not observed at the
Qp location and is greater than 5 m below the surface based on the absence of water in stream
channels incised nearby into the landform. However, both the soil excavation and natural
exposures along the incised stream channels revealed moist sediment. Rates of evaporation are
highly dependent on the depth of the groundwater, with shallower water leading to more rapid
evaporation (Houston, 2006). A more detailed discussion on the rates of salt accumulation and
evaporation can be found later in sections 4.3 and 4.4.
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Figure 4. Soil profiles from the Qh (younger) and Qp (older) sites. Soil features were
identified and described using methods outlined in the USDA Soil Survey Manual (Soil
Survey Staff, 1999) and both are classified as Gypsic Haplosalids. The water table at the
Qh site was visible in a nearby backhoe trench at ~2.5 m. At the Qp site, the water table
is believed to be > 5 m. Radiocarbon dating details can be found in Table 1.
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Soil water flux

There are strong water gradients in the upper 1.5 m of both soils as revealed by the RH sensors
placed within the excavation pits. It is apparent that the Qh site has a higher water content at all
measured depths than the Qp site (Table 3; Fig. 5). The RH sensors show that from 60 cm and
below, the Qh soil maintains 100% RH year-round. In comparison, sensors in the Qp soil
indicate an average yearly RH of 79% at 58 cm and 87% at 119 cm depths. The RH profiles in
both soils are indicative of upward water flow from evaporative removal of groundwater, with a
higher rate of evaporation at the Qh site.

Dec - Feb Mar - May Jun - Aug Sep - Nov Entire year
avgT avgRH avgT avgRH avgT avgRH avgT avgRH avgT avgRH

°C % °C % °C % °C % °C %
Qh2cm 26 32 21 37 15 47 22 34 20 38
Qh 20 cm 26 68 21 71 16 75 22 72 21 72
Qh 60 cm 24 100 22 100 18 100 21 100 21 100
Qh 98 cm 23 100 22 100 19 100 20 100 21 100
Qp2cm 29 25 24 32 18 37 24 25 23 30
Qp 37 cm 26 62 22 65 16 68 22 64 21 65
Qp 58 cm 26 79 23 79 18 79 22 79 22 79
Qp 119 cm 25 87 24 86 20 88 22 88 23 87

Table 3. Average seasonal temperature and relative humidity from within the soil pits. Onset
HOBO® Pro v2 (U23-002) sensors were installed at 2, 20, 60, and 98 c¢cm at the Qh site, and
at 2, 37, 58, and 119 cm at the Qp site in June 2013 and run for 14 months.
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To quantify this, Fick’s law was used to calculate the isothermal vertical transport of water vapor
in each soil (Bittelli et al., 2008):

' decy
4y = —D, (52 (Eq. 1)
where D is the vapor diffusivity in soil (m* s™) and c, is the soil vapor concentration (g m™)
calculated as

¢y = hc,, (Eq. 2)

where h is the fractional RH and ¢!, is the saturation vapor concentration (g m™). The average
RH values from soil pit sensors over the 14-month monitoring period were used to determine c,,
using Eq. 2 with a ¢', of 17.29 (g m™) at 20 °C. Calculations for q', were done assuming a D, of
239 x 107 (m* s™") (Weisbrod and Dragila, 2006). With these parameters, Eq. 1 yielded q'y
values of -0.044 and -0.028 L m™ d' at the soil-atmosphere interface from the Qh and Qp soils,
respectively (Table 4). These estimated flux values are discussed further in the following section.

. . Total C1  Cl deposition Total water Water '
Site Soil age . . dC,/dz qy
deposition rate evaporated evaporation rate
cal yr B.P. g m” g m> y'l Lm?” mmm?>d’ g m? Lm?d!
Measured Calculated Calucated from salt accumluation rates Calculated from Fick's Law
from %Cl
Qh 15,484 135,450 8.75 150,500 0.027 21.39 -0.044
Qp 19,348 197,393 10.20 219,325 0.031 13.76 -0.028
Experimental 1.17 536 458 510 1.19 - -

Table 4. Rates of water evaporation from both soils calculated from Cl accumulation and
Fick’s Law. Total Cl deposition was calculated assuming a bulk density of 1.50 g cm™ and
using total % Cl (Table 2). Rates of CI deposition was calculated using the max ages from
each soil pit (Table 1). Rates of water evaporation were calculated assuming a groundwater
Cl concentration of 0.9 g/L as measured from the Qh groundwater and the max ages from
each soil pit. Calculations for dC,/dz were done at z = 0 using gradients of relative humidity
from sensors (Table 3), and q', was calculated assuming a D, of 2.39 X 10” (m*s™)
(Weisbrod and Dragila, 2006).
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Rates of soil formation and groundwater evaporation

By making inventories of the total salt accumulation divided by the age of the soils, we can
estimate the long-term rates of evaporation and associated salt deposition, and compare these
values to the estimates made using vapor diffusion above. We use maximum ages of 15,484 and
19,348 cal yr BP for the Qh and Qp sites, respectively, while recognizing that lake/wetland
cessation may have occurred much later than when the sediment itself accumulated. Horizon
depth and Cl concentration data were used to determine the mass of NaCl in each soil (Table 2).
Assuming a bulk density of 1.50 g cm™, there are 135,450 g Cl m™ at Qh, and 197,393 g Cl m™
at Qp, which is equivalent to 222,550 and 324,758 g NaCl, respectively. These data suggest that
‘[he2 solils have both accumulated NaCl at similar rates over geologic time (<9 gm™y " and ~10 g
m-y ).

It is likely, however, that evaporation rates have not remained constant over time. Kampf et al.
(2005) suggested that rates of groundwater evaporation from playas may slow over time as the
thickness of the salt crust increases. To test this hypothesis, and to better understand the present
dynamics of this environment, we removed (as completely as possible using a jackhammer) an
area of the halite crust in the vicinity of site Qh and monitored its renewal over a multi-year
period using both time-lapse photography and salt accumulation measurements. After one year a
subsample of this newly formed crust was removed and taken back to the lab for analysis.
Approximately half of the material was salt, with 0.26 g CI" and 0.21g SO,> per gram of crust.
This very short-term rate of halite accumulation was approximately 458 g m™, a rate ~38x faster
than the estimated geological rate of accumulation.

The CI' in the groundwater near the Qh site has a concentration of 0.9 g L™, 4x higher than a
nearby spring at 0.2 g L™ (Magaritz et al., 1989). At the measured concentration of 0.9 g L™, the
evaporation of over 219,000 L m™ of water is required to accumulate the current mass of NaCl at
Qp, over 150,000 L m™ of water at Qh, and 510 L m™ at the Qh experimental site. This is
equivalent to rates of evaporation of 0.027 mm m™ d”' at the Qh site, 0.031 mm m™ d”' at the Qp
site, and 1.19 mm m™ d”' at the experimental site (Table 4). These values are well aligned with
the values for water flux calculated using RH gradients and Fick’s law in section 4.3. Kampf et
al. (2005) reported a range of evaporation rates from the Salar de Atacama in Chile, a salar at a
much higher and more inland elevation that the Salar Llamara. Sites with thick salt crusts
showed negligible evaporation and were considered to be hydrologically sealed, whereas
unvegetated sites with bare soil had evaporation rates of 1 mm d”'. Our results are generally
consistent with these rates and their conclusions from the Salar de Atacama data that show that
evaporation rates are time dependent.

To better understand the rate and processes of surface crust formation we installed a time-lapse
camera to take pictures of the experimental site on a regular basis (Fig. 6). The photo time series
visually reveals how rapidly the salt crust can be generated from a relatively thin starting point.
The photos shown here are all taken from approximately the same time of day. It is apparent that
wetting occurs on a regular basis from fog or dew. Areas impacted by wetting are noted with
circles and boxes on the photographs, and appear to be concentrated on relatively higher areas.
These areas also appear to show the fastest growth or visual modification. Once an area begins to
form a crust, it appears to be preferentially wetted during subsequent fog events, possibly
because it is higher off the ground than surrounding areas and/or is purer in NaCl. As time
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passes, the amount of surface area that appears wet in each photograph continues to grow. In the
final picture, cracks filled with salt are becoming apparent (noted with arrows), with fresh salt
deposits evident by the bright white color.

Jun 24 2013, 6:00 am Nov 22 2013, 7:00 am

Nov 8 2014, 6:00 am

Apr 24 2014, 7:00 am

Figure 6. Selected images from time-lapse camera placed at Qh experimental site. Surface crust
was completely removed from a 1.5 m” plot in June 2013. Photos were taken hourly for 2 years
to record development and regeneration of new material. Locations of fastest growth are
indicated with circle/square outlines. Cracks filled with fresh (white) salt are noted with arrows.
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Observed and modeled salt profiles

Profiles of salt minerals

The RH profiles in the soils indicate upward transport of water vapor. Evaporative vapor
movement and capillary liquid flow are the main mechanisms by which salt moves and
precipitates (Ericksen and Salas, 1990). As water moves upward and is removed by evaporation,
salts are deposited as their solubility coefficients are exceeded. Carbonates are deposited first,
followed by sulfates, and finally halides. This sequence also occurs in well-drained desert soils,
but there the water flow is downward and the depth sequence is reversed (Finstad et al., 2014).
Water extracts of the soil reflect the pore water chemistry, and reveal the distribution of pore
water salts with depth (Fig. 7; Table 2). Both soils have a dense, cemented halite soil horizon on
the surface and have decreasing water extractable sodium and chloride concentrations with
decreasing depth (halite solubility = 360 g L™"). The maximum extractable sulfate concentration
occurs beneath the halite layer. In the Qh soil, soluble sulfate peaks at 22 - 48 and 73 - 94 cm,
and soluble calcium concentrations mirrors the sulfate throughout the profile (gypsum solubility
=2.1 gL'™"). Soluble sulfate in the Qp soil reaches maximum values at 30 - 65 cm. In this soil,
there is a weaker correlation between sulfate and calcium, and soluble calcium is mostly
invariant with depth. Sodium is the only soluble cation present in large quantities within the
sulfate layer, suggesting that mirabilite (NaSO4¢10H,0) may be forming in the Qp soil
(mirabilite solubility =274 g L™).

Carbonates were observed in the lower segments of the soils. In the Qh soil, carbonate peaks at
61 - 94 cm, with > 2% total carbon in the solid phase, and soluble Ca mirrors this trend,
indicating that CaCOj is the dominant mineral (calcite solubility = 0.05 g L™"). In the Qp soil,
carbonate was present in low concentrations (0.3 — 0.8% C) throughout much of the profile,
though the highest concentrations are found from 51 - 99 ¢cm (0.6 — 0.8% C). We recognize that
not all the carbonate is likely to be pedogenic, since observations of these sediments show that
they contain lacustrine carbonate (see section 4.5.4.). Isotopes from all these salts can provide
more information on their origin, and provide insights into the transport processes that have
emplace them in the soils.
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5'cl 5%s 5*'s 8"C 5"%0
Chlorine Sulfate Sulfate Carbonate Carbonate
(%0, CDT) (%0, CDT)

Sample Depth

(cm) (%, SMOC)  ° - Modoloq  (%o: VPDB) (%0, VSMOW)

Qh 1 0-22 - 5.13 4.85 -5.29 23.92
Qh la 1 -0.34 - - - -

Qh Ia 1 -0.40 - - - -

Qh 1b 6 -0.16 - . - -
Qh Ic 11 0.27 - . - -

Qh 1d 16 0.27 - . . -
Qh2 22-31 ; 571 6.16 2.48 21.63
Qh 2a 25 0.12 - ; - -

Qh 2b 25 -0.31 - - - -

Qh 2b 30 -0.43 - - - -
Qh3 31-37 - 6.49 7.09 -1.68 34.33
Qh 4 37-48 -0.57 6.60 7.11 0.35 36.24
Qhs 48-61 - 7.48 7.73 -0.21 34.44
Qh6 61-73 -1.44 6.27 9.31 0.61 35.65
Qh6 61-73 -1.26 - . - -
Qh7 73-78 ; 8.12 8.24 -0.15 35.63
Qhs 78-89 -0.35 8.10 7.88 1.03 35.43
Qh9 89-94 - 7.19 8.70 -1.05 33.83
Qh 10 94-96 - 6.63 10.05 471 27.76
QhGW  ~25m 0.19 5.54 - - -
Qp!l 0-3 -0.18 2.74 - -3.60 24.85
Qp!l 0-3 -0.29 - - - -
Qp2 3-30 - 0.72 0.57 3.42 23.69
Qp 2a 7 -0.46 - - - -

Qp 2b 13 0.56 - . - -

Qp 2¢ 18 0.12 - . - -

Qp 2d 23 0.63 - . - -

Qp 2¢ 28 0.79 - . . -
Qp3 30-51 ; 0.15 1.78 -3.01 24.85
Qp 3a 33 -0.42 - - - -

Qp 3a 33 0.01 - - - -

Qp 3b 38 -0.50 - - - -

Qp 4 51-65 -0.05 2.70 2.03 -3.00 24.54
Qp5 65-82 - 2.19 3.29 2.55 24.60
Qp 6 82-99 -0.01 2.25 3.40 .64 25.10
Qp 6 82-99 -0.06 - . - -
Qp7 99-109 ; 3.24 441 -3.48 24.05
Qp8 109-120 0.62 4.12 4.29 3.16 24.40

Table 5. Stable isotope compositions with depth, including 8°’Cl and §**S from the Qh
groundwater. 3°'Cl and 8°*S values are from extracted soil water, 8"°C and 8'*O are from bulk
soil. Subsamples from the Bzm (cemented halite) horizon were included for Cl isotope analysis
to capture smaller scale fractionation (~5 cm). Modeled 3°*S values were calculated using
Rayleigh fractionation following Ewing et al. (2008).
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Sulfate stable isotope ratios

The sulfate dissolved in groundwater near the Qh site has a 3**S value of 5.54%o (Table 5).
Possible sulfate sources to these soils are weathering of Andean volcanic rock and marine inputs.
Rech et al. (2003) report that Andean mantle and juvenile rocks have 5**S values of -5 to +5%o.
In contrast, biogenic marine sulfates have §°*S values of +13 to +22%o, and seawater sulfate a
8°*S value of about +21%o (Bao et al., 2000). In the region of the soils discussed here, there are
large outcrops of Miocene-aged anhydrite that are part of the locally important Soledad
formation (Pueyo et al., 2001). This ancient sulfate accumulated at the terminal end of the
ancestral Rio Loa, which likely obtained most of its solutes from Andean sources. Thus, the
groundwater sulfate we measured appears to largely reflect lithological sources of S.

The §°*S value of sulfate in both soils generally increases with depth (Fig. 8; Table 5). The
weighted average 5°*S value of sulfate in the exposed profiles is 6.47%o and 1.71%o for the Qh
and Qp sites, respectively. 8°*S values in the Qh soil ranged from 5.1%o to 8.1%o, and the Qp
ranged from 0.2 to 4.1%o. For comparison, both of these soils have §**S values within the range
reported by Ewing et al. (2008), who studied a soil formed on an alluvial fan south of the Salar
Llamara. There, the total soil sulfate averaged 3.7%o, and ranged from 0 to 9.6%o, with values
decreasing with increasing depth. The sulfur inputs in that location are from atmospheric
deposition, as opposed to the groundwater sources as examined here. However, the similarity in
average values between these two studies emphasizes the overwhelming impact of volcanic
sulfur on the regional sulfur cycle in the interior of the desert.

The stable S isotope composition of sulfates provides evidence of the direction of solute flow
(Amundson et al., 2012; Ewing et al., 2008). Due to small isotopic differences between the
dissolved and solid phases of sulfate, combined with the downward migration of remaining
soluble sulfate, the S isotope composition of solid phase sulfate tends decrease in the direction of
fluid flow, a trend that can be described by a Rayleigh fractionation model. Ewing et al. (2008)
were able to apply this model to mimic the S isotope profile of a Pliocene-aged soil formed by
the downward migration of infrequent rainfall. The soil displayed a nearly 10%o decrease in 8°*S
values with depth, due to the downward movement of water and the preferential transport of **S
to greater depths over time.

Here, we use this model to determine where these processes apply in the case of upward
migrating water and solutes. Following Ewing et al. (2008), sulfate fractionation was calculated
using a Rayleigh model (Criss, 1999):

5solid(z) = (6inputs(z) + 1000) faw_s_l) — 1000 (Eq. 3)

where J401id(2) 1s the & value for the solid at depth z, dinpus(z) 1s the 8 value of the dissolved inputs
at depth z, f is the sulfate inventory at z as a fraction of the total inventory above depth z, and a,-
s 1s the fractionation factor for precipitated sulfate (1.65%o at 21 °C; Thode and Monster (1965)).
dinputs(z) was calculated by mass balance:

2— 2—
6inputs(z)504 inputs (2)=6501ia(2)S05 50114(2)
2—
504 qiss(2)

5inputs (z+1)= (Eq. 4)
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where S Ofi_nputs (2) is the mass of sulfate per area being added, SOZ;,;;4(2) is the mass of

sulfate per area precipitated as a solid, and SO;7;.(2) is the mass of sulfate per area remaining in
the dissolved phase. Since water movement (and therefore solute transport) is assumed to be

rising up through the profile, calculations were performed using the base of the soils at z= 0. The
input at z = 0 is the total inventory of salt in the soil and its weighted mean isotopic composition.

The model calculations are compared to the measured 5**S values in Fig. 8 and Table 5. Both
soils show marked decreases in 3°*S values with decreasing depth. The model results mirror the
depth trend for the Qp soil, and also closely mimic the 8’*S values of the Qh soil in the upper 55
cm. Below this depth, the model less accurately reflects the 8°*S values. One possible
explanation for the divergence from the model at the greater depths is the high and constant soil
moisture. The Rayleigh model is based on the assumption that the 8°*S values are driven by
repeated deposition and reprecipitation as the soil undergoes wetting and drying cycles. RH
sensors indicate that from 50 cm and below, this soil is at 100% RH year-round, which would
impede dissolution and reprecipitation.

When the two sites are compared, the greatest difference is that the 8°*S in the Qp soil is
approximately 5%o more negative than that of the Qh. One explanation for this is the different
lengths of chemical evolution pathways for the soils (e.g., depth to water table). Sulfate must
migrate from much greater depths at the Qp site, and therefore undergoes chemical evolution
over a greater distance. Possibly supporting this notion is the observation that the Qp soil has
about half the concentration of sulfate as the Qh soil. Alternatively, there could be a slight
difference in ground water sources in the basin, but we are unable to test this possibility.
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Figure 8. Measured and modeled 5**S values from extractable sulfate at both sites with
depth. A groundwater sample from the Qh site is included, as well as Andean weathering
sources from Rech et al. (2003). Modeled values were calculated using Rayleigh
fractionation following Ewing et al. (2008). All values are reported relative to CDT.
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Chlorine stable isotope ratios

The stable chlorine isotope composition of NaCl provides information on the geologic source of
the chlorine and, in certain geochemical settings, information on the mechanism and direction of
soil water flow (Amundson et al., 2012). Amundson et al. (2012) found that in a cold desert of
Antarctica where brines move along thermal gradients, diffusional movement of chlorine imparts
distinctive depth profiles in 5°’Cl values, with & values decreasing in the opposite direction of
advective water flow. In comparison, the authors found that in well-drained soils of warm
deserts, brine movement is downward due to rare rainfalls, which appear to cause small
fractionations from Rayleigh-like processes. There, the dissolution and reprecipitation of NaCl is
identifiable as a consistent decrease in &°'Cl values with depth (as described above in section
4.5.2). The isotope fractionation factor between NaCl and a saturated solution is 0.26 £ 0.7%o at
22 +2 °C (Eggenkamp et al., 1995). Halite formed from seawater (0.00%o) via equilibrium
fractionation is reported to have values ranging from -0.6 to +0.4%o due to multiple precipitation
and dissolution events. Values > 0.4%o cannot arise from evaporation of seawater and imply an
alternative mechanism of formation, such as influx of a non-zero %o fluid (Eastoe and Peryt,
1999). The &°’Cl values of chlorine in the Qh site ranged from -1.4 to 0.3%o, and from -0.6 to
0.8%o in the Qp soil. The groundwater from the Qh site has a value of 0.19%o (Fig. 9; Table 5).
The weighted average of the chlorine is -0.2%o0 and 0.0%o at the Qh and Qp sites, respectively.
Over 90% of the soil chlorine is in the cemented halite layers on the surface of the soils: 22 cm
thickness at Qh and 51 cm thickness at Qp (Fig. 7; Table 2).

Given what we know about these sites, key processes that may impact chlorine distribution and
isotopic composition include:

1. Long-term net migration of NaCl upwards via capillary rise and evaporation of groundwater.
This would be an advective process and should result in little isotopic fractionation.

2. Downward diffusion of chlorine in response to concentration gradients induced by evaporation
and deposition of salts higher in the soil profile. Due to differences in diffusivities among
isotopologues, this would cause a decrease in &°'Cl with depth as **Cl diffuses quicker than *’Cl
(Desaulniers et al., 1986).

3. Inputs to the crust from aeolian redistribution of Miocene halite and from sea salt deposition.
Given the isotopic similarity between the two sources, it may not be possible to isotopically
differentiate these.

4. Repeated dissolution and reprecipitation of the crust driven by deliquescence and
efflorescence associated with fog events (section 4.6.). This may cause small spatial scale
variations in chlorine isotope ratios. However, detecting this would require precise sampling
along presumed growth features, which we did not attempt.

5. Ion filtration in which a negatively charged membrane (e.g., a clay layer) repels Cl in an
advective flow regime. Because *°Cl has a higher ionic mobility than *’Cl, it tends to become
enriched behind the membrane relative to the direction of flow (Phillips and Bentley, 1987). This
is likely not a factor for these soils as no significant “membrane” layer is present, and regions of
higher Cl concentration are not associated with lower &°'Cl, as would be expected if ion filtration
were occurring.

Below ~20 cm, 8°'Cl values decrease 1.3%o with depth at both sites. Among the five processes
listed above, the isotope fractionating process we anticipated to be operable is #2, which should
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cause a decrease in &8°'Cl values with increasing depth as a result of chlorine diffusion along
concentration gradients in pore water.

In the upper ~10 cm, the §°’Cl values are nearly identical at -0.30 + 0.13%o (n=3) and -0.24 +
0.08%o0 (n=2) at the Qh and Qp sites, respectively. For comparison, two samples from the Salar
de Atacama averaged -0.21 + 0.11%o (n=4) and -0.13 £ 0.12%o (n=3), and one sample from the
Salar Grande averaged -0.28 + 0.14%o (n=2) (Amundson et al., 2012). Given the similarity in all
of these values, we hypothesize that the surface crusts receive inputs from both sea salt and
recycled Andean material, and become relatively homogenized due to fog water and (very rare)
rainwater (processes #3 and #4 above). Below this homogenized and “active” zone, the declining
8°'Cl values with depth are consistent with process #2 above.

Although chlorine isotope research in hyperarid soils is only in its infancy, and the fractionation
seen here is modest, the data provide support for two important processes impacting the halite
accumulation in salars: (1) dynamic and semi-continuous alteration of the surficial “active” zone
of the crusts and (2) a net downward ionic diffusion and isotope fractionation along chlorine
concentration gradients.
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Carbonate stable isotope ratios

Well-drained soils in the hyperarid Atacama Desert contain little or no carbonate due to a
combination of high sulfate concentrations and low soil pCO, levels (Ewing et al., 2006; Quade
et al., 2007). In these salar soils, carbonate is present in varying amounts at different depths and
between the sites (Fig. 7; Table 2). Since the soils contain little organic matter, we use total %C
as a proxy for %COs. At site Qp, the %C is fairly constant throughout the profile, ranging from
0.25% to 0.76%. However, at the Qh site the %C is more variable, increasing from 0.04% at the
surface to >2% deeper in the profile. The carbonate in these soils is likely derived both from
sediment deposition (e.g., fresh water marls), and from pedogenic processes after the drying of
the lakes/wetlands. In particular, the large and irregular concentrations of carbonate within the
Qh soil are presumed to largely reflect pre-soil forming processes that occurred within the
lacustrine/wetland environment. Therefore, much of the carbonate between 37 and 94 c¢cm in the
Qh soil is likely lacustrine in origin, unlike the carbonate at the Qp site which may reflect
pedogenic processes that occurred after lake drying. This is important when considering the
stable isotope composition of the carbonate at the two sites.

When pedogenic carbonates form they incorporate carbon from soil CO,, which is a mix from
both biological and atmospheric sources. The §'"°C value of carbonates therefore can be used to
determine the proportion of each source present at the time of formation (Cerling and Quade,
1993). Quade et al. (2007) showed that carbonates that form in the near absence of biological
activity have 8"°C values of +4%o, whereas carbonates formed under the influence of plants and
microbial processes can attain values as low as -14%o (Cerling and Quade, 1993).

In the Qh profile, the 3'"°C value of carbonate in the surface horizon is -5.29%o, and increases
steadily with depth to ~ 0%o at 37 cm. Values remain constant to 94 cm, and then quickly decline
to -5%o at the base of the soil (Fig. 10; Table 5). There is a very low concentration of carbonate
in the surficial halite crust. The surprisingly negative 5'°C values can be attributed to the in situ
biological activity of the microbial communities living there, and the associated small amount of
carbonate forming in the vicinity of this biological respiration. The remaining carbonate in the
Qh profile likely is a variable mix of sedimentary and pedogenically formed minerals.

The §"°C values of carbonate in the Qp profile average -3.1%o and vary little with depth.
Assuming that the carbon isotopes are derived from diffusing soil COs, this reflects steady state
8'°C values of about -17.5%o. The lack of a depth trend in C isotopes may reflect the dense halite
cap on the soil, facilitating a very sharp transition between the soil and overlying atmospheric
COa.

Further insight into the carbonate forming environments can be gained from the §'*O values.
While the 3"°C value of pedogenic carbonate reflects the soil CO; at the time of formation, the
8'%0 values of the carbonates reflects the 8'°0 value of the soil water. Aravena et al. (1989)
determined that the §'°O values of groundwater in the region range from -5.9 to -4%o and fog
water ranges from -2.7 to -1%o. The groundwater largely reflects runoff and subsurface flow
derived from rainfall at higher elevations to the east. At both of the Qh and Qp sites, the
carbonates at the surface have §'°0 values of ~24% SMOW (Fig. 10; Table 5). After accounting
for the fractionation between liquid water and carbonates (29.1%o at 20 °C; Kim and O'Neil
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(1997)), the surface carbonate values reflect water sources that have 5'°0 values of -4.26%o and -
5.2%o at the Qh and Qp sites, respectively.

At the Qp site, the 3'°0 value is fairly constant and does not change significantly with depth. In
contrast, at the Qh site the 'O value decreases slightly to +21.6%o in the layer below the
surface, then sharply increases to +34.3%o at 37 cm. The values remain constant until the base of
the soil when they decrease to ~27.8%o. At the Qh site, the 3'°C and §'*0 isotope trends mirror
each other with depth. The 8'"°C and 5'°0 values increase with depth, and the high concentrations
of carbonate between ~ 20 - 100 cm are interpreted as reflecting lacustrine origins (Table 2). The
very positive 8'°O values reflect formation waters of about ~6%o, which would require
considerable evaporation from the present groundwater values. Consistent with this
interpretation, the 8'°C values indicate a CO, source of ~ -9 to -10%o, which indicates a low
percentage of biologically processed CO,. In general, for the Qh soil, we interpret the upper three
layers have experienced varying degrees of alteration or pedogenic carbonate formation — with
the surface layer especially reflecting in situ isotopic signatures derived from the biotic-rich
halite crust. The carbonate-rich layers from ~40 - 90 cm, due to the high carbonate
concentrations and the highly enriched §'"°C and 'O values, appear to reflect formation in a
highly evaporated lake setting. The 5'*O values in Qp are all consistent with unevaporated
groundwater, and the 3"°C values reflect a CO, source of about -12 to -13%o.
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Trace metal concentrations

Both the Qh and Qp soils have high levels of arsenic, selenium, and molybdenum, with ranges of
21 —250 ppm, 0.4 — 3.4 ppm, and 2 — 96 ppm, respectively (Table 2). Arsenic is depth invariant
in both soils, but found at concentrations 3x greater in the Qh soil than in the Qp soil. Selenium
and molybdenum have pronounced increases in concentration near the surface in both soils
(within the halite (Bzm) horizons). Selenium concentrations are similar between the two sites,
and molybdenum is similar in low levels between the sites, but 6x greater at the surface of Qh
than the Qp soil. High concentrations of these metals/metalloids in the regional groundwater and
surface water are well documented and linked to volcanic activity (Bhattacharya et al., 2002;
Leybourne and Cameron, 2008; Demergasso et al., 2007; Romero et al., 2003). Cameron and
Leybourne (2005) studied soils in the northern Atacama Desert and similarly found high levels
of arsenic, selenium, and molybdenum and concluded that they are dissolved as anions in the
groundwater and are evapo-concentrated in the soils. This process has been known to occur in
agricultural evaporation ponds in the San Joaquin Valley of California (Ong et al., 1997). We
conclude that this process is also occurring here, concentrating selenium and molybdenum at the
surface and arsenic throughout the profiles. Differences in concentrations between the sites are
likely due to differences in groundwater concentrations or length of chemical evolution path
(depth to groundwater).

Dynamics of salt crust modification and microbial activity

One of the most distinctive features of the salt encrusted landscape of the Atacama Desert is its
rugged, and nearly impenetrable, physical nature. Artieda et al. (2015) described the crust
morphology and inferred the development pattern of four salars in the Atacama Desert, ranging
from salars which receive ample fog and whose crusts are therefore frequently able to
deliquesce, to those which do not receive regular fog and do not deliquesce often. One of their
“wet” end members was the Salar Llamara, which is described here. Here, we add to this
previous work with an in-depth examination of the climatic conditions, both inside and outside
the salt crusts, and an assessment of the environment’s ability to support microbial life within the
crusts.

The crusts in our field areas display desiccation polygons surrounded by halite nodules jutting up
from the ground along the polygon cracks (Fig. 11). Though these surfaces are largely sealed, we
have shown earlier that the cracks and fissures in the crusts allow upward movement of
groundwater. Surface nodules are capable of deliquescing when the RH exceeds 75%, further
shaping the hydrology and physical nature of the crusts (Davila et al., 2008). To better
understand the frequency of these processes, we examine micrometeorological observations of
these landscapes.
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Figure 11. Picture of the Qp site illustrating the surface cracking and polygonal shape. Halite
nodules are observed surrounding the polygons coming up from the surface cracks.
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Site meteorological conditions

At the Qp site 14 months of meteorological data were recorded, but at the Qh site the weather
station stopped recording T and RH after three months. During the three-month period with
overlapping data, both the Qh and the Qp sites had very similar T and RH diurnal cycles. T often
varied from 0 - 30 °C over a 24 h period, with the maximum between 1:00 - 3:00 pm and
minimum between 5:30 - 8:30 am. RH often fluctuated between 10 - 90%, peaking in the early
mornings between 1:00 - 8:30 am, and reaching minimum values between 1:00 - 3:00 pm (Fig.
12).

The T at the two sites does not appear to be significantly different, though there were small
differences in the RH. The median RH at the Qh site is 61%, whereas the median RH at the Qp
site is 56%. The leaf wetness sensors support the finding that the Qp site is less humid than the
Qh on average. It appears from our data that the leaf wetness sensors roughly correlate with
sustained atmospheric RH > 75% at T’s ranging from 0-7 °C. Over the entire year of
observation, the Qh leaf wetness sensor measured 1,567 hours of moisture and the Qp leaf
wetness sensor measured 901 hours of moisture (out of a possible 9,504 hours).

Microclimate conditions within the crusts

Previous work has shown that microbial communities are capable of colonizing halite crusts due
to liquid water made available during deliquescence (Davila et al., 2013; 2008; Wierzchos et al.,
2012). As the RH reaches and exceeds 75%, halite within the salt crusts converts to a liquid brine
solution. The sensors installed in the crusts at our sites reveal the duration and temporal patterns
of deliquescence. A detailed discussion of the atmospheric conditions can be found in the above
section 4.6.1. Briefly, we have concluded that the atmospheres above both the Qh and Qp sites
were at or above deliquescence RH (75%) for at least 34% of the year.

Here we focus on the conditions within the crusts, derived from seven T and RH sensors at each
site (Fig. 3). Temperature within the crusts at both sites varies on a diurnal cycle from ~ 0 to

40 °C, and there is no significant difference between temperatures at the two sites. The sensors
also reveal that the internal crust environment has a RH > 75% for most of the study period (14
months). On average, the sensors at the Qh site were below 75% RH only 19% of the time, while
the Qp sensors were below 75% RH only 3% of the time. Fig. 12 illustrates in detail a typical
week within the crust during July 2013. Even when the atmospheric RH drops well below 75%
the crusts are able to maintain an internal RH > 75%. Wierzchos et al. (2012) similarly found this
to be true at their study site, and noted that once a nodule reaches a RH > 75%, it is able to
maintain this conditions for prolonged periods of time regardless of the external RH.

Table 6 provides the details of how long each individual sensor was below 75%, and which
season this drop in RH occurred. Summer months (Dec — Feb) experienced the most intensive
drying out of the crusts at both sites. At the Qh site, fall (Mar — May) and spring (Sep — Nov)
experienced similar drops in crust RH, while at the Qp site spring (Sep — Nov) was much drier
than fall (Mar — May). The differences between the sites may be due to differences in site
metrological conditions or to differences in installation techniques. As discussed in section 3.2,
sensors at the Qp site were installed in nodules that were first sectioned using an electric hand
saw, while the sensors at the Qh site were installed directly into whole nodules (Fig. 3). We are
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unable to definitively determine if this had any effect on the results, though we note that the
sensors at the Qp site were placed within a much more dense salt mass than at the Qh site.

Davila et al. (2008) conducted a similar experiment at the Yungay field station located at higher
elevations and further inland. In general, fog and the intrusion of marine air is less pronounced
there due to its geographical location. They found that the RH within the halite crusts at Yungay
were > 75% for only 214 hours during the study year and reported an average atmospheric RH of
37%. Another study in the region by Wierzchos et al. (2012) reported RH > 75% within halite
nodules for 3909 hours over the year.

We conclude that the nodules at the Qh and Qp sites are able to strongly buffer diurnal changes
in atmospheric RH and almost never fully dry out, unlike some nodules further inland. At our
sites in the Salar Llamara, likely only the very outer layers of the nodules undergo daily cycles of
deliquescence and efflorescence, though due to the size of our sensors, we were unable to

capture these conditions.

Sensor MaxT AvgT MinT MaxRH AvgRH Min RH Hours RH Timing of RH < 75% events
‘O (9] (9} (%) (%) (%) <75% (as a % of all events)
All year % Dec - Feb Mar-May Jun-Aug Sep - Nov
Qh 1 48 19 -5 83 77 14 17 36 19 24 20
Qh2 50 19 -6 79 74 60 33 44 44 2 10
Qh3 50 19 -6 84 79 35 1 100 0 0 0
Qh 4 48 18 -4 82 76 17 22 46 20 20 15
Qh5 48 19 -5 81 77 25 15 53 13 22 12
Qh 6 49 19 -6 84 78 21 7 38 16 32 15
Qh7 48 18 -5 80 74 18 37 45 25 12 19
Qpl 48 19 -4 82 79 21 2 90 5 0 4
Qp2 47 19 -4 81 77 20 8 68 23 1 8
Qp3 49 19 -3 87 80 56 3 72 0 16 11
Qp4 48 19 -4 86 80 75 0 0 0 0 0
Qp5 49 19 -5 84 79 21 4 61 0 2 37
Qp 6 48 19 -4 82 79 26 3 72 0 0 28
Qp7 48 19 -4 82 79 21 3 74 6 0 20

Table 6. Average temperature and relative humidity within the halite nodules. Seven Onset
HOBO® Pro v2 (U23-002) sensors were installed at each site. The number of hours recorded
with RH < 75% was calculated and are presented as a percent of hours recorded (9504 total).
The timing of these RH < 75% events is given by season as percent of the total RH < 75%
events. Installation techniques were slightly different at each site (Fig. 2), allowing for
measurement deeper within the nodules at the Qp site.
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Rates of biological activity and crust formation

The halite crusts contain prominent green pigments from microbial communities (Fig. 13). To
gain an understanding of the rate of carbon turnover in these crusts, organic carbon from three
halite nodules on the surface at each site was dated. All of the samples from the Qh site are
radiocarbon “modern”, indicating the accumulation of organic carbon in the past few decades,
and active photosynthesis and organic carbon cycling. However at the Qp site, the radiocarbon
ages of occluded organic carbon are 2546, 8521, and 1995 cal yr BP (Table 1). This indicates not
only that microbial communities appear far less active here with a much slower carbon cycling
rate, but also that these nodules (or at least the organic carbon within them) have been on the
surface of this playa for well over 2000 years. Though this suggests that at least portions of these
salt crusts are highly stable features, there is also ample evidence that shows that some portions
of the crusts are physically dynamic and subject to alteration. Wind and water both sculpt and
modify the crusts, while evaporation of groundwater likely continues — at least at the Qh site
with a thinner crust — to add salt at the crust base and heave the overlying material upward.

Figure 13. Halite nodule with visible growth of microbial communities (dark green banding
on surface).
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Proposed conceptual model of salt crust formation

From our observations we propose the following conceptual model for salt crust formation in this
salar. First, lake abandonment due to climate change and/or tectonics leads to the lowering of the
water table. Capillary rise from evaporation of shallow groundwater leads to the deposition of
salts on the surface of the soil. A solid layer of salt crust eventually forms, and is pushed up and
physically modified as salts continue to accumulate. Evaporative stress and thermal drying create
cracking polygons, and salts begin to accumulate faster in the regions around the polygon edges.
Salts continue to increase and form protrusions around the polygons. These nodules evolve
geomorphically as wind and water sculpt them. Simultaneously, atmospheric RH rises beyond a
threshold RH for deliquescence within the nodules. This deliquescence provides liquid water
available for microbial communities. After reaching a large enough size, the internal
environment of the nodules are able to buffer diurnal changes in atmospheric RH, allowing for a
sustained habitable microenvironment.

Conclusions

Evaporation of shallow groundwater in salars of the Atacama Desert drives the geochemical
evolution of these soils, currently classified as Gypsic Haplosalids. In a previous paper, we
suggest taxonomic changes that would classify the soils as Epi Petrosalids, emphasizing both the
indurated surface and the relative direction of fluid and surface salt accumulation (Finstad et al.,
2014). Rates of evaporation are shown to average ~0.03 mm m™ d”' over geologic time at both
sites in this salar. This continuous process leads to the accumulation and growth of salt crusts on
the soil surface, which in turn decreases the rate of groundwater evaporation. Rates of
evaporation from the experimental plot at the Qh site were observed to be 38x faster than the
calculated geologic rate. This upward movement of water and its dissolved solutes produces a
salt profile with the most soluble salts on the surface and the least soluble at the base, as salts are
deposited as their solubility coefficients are exceeded. This is the opposite trajectory observed in
other desert soils and well-drained soils in the Atacama Desert.

Stable isotope ratios of sulfate, chloride, and carbonate were used to infer geochemical processes
occurring within the soils. The 3**S profile from sulfate was consistent with the upward water
movement and followed an expected pattern of Rayleigh-like fractionation associated with
repeated dissolution and precipitation, concentrating heavier sulfur isotopes at the base and
lighter sulfur isotopes near the surface of the soil profiles. 8°'Cl values of soil water indicated
that the surface crusts are dynamic and provided evidence for ionic diffusion that counters the
upward advective movement of water and solutes. 8'"°C and 5'°0 values of carbonate suggest that
the uppermost halite layers contain surprisingly small amounts of carbonate with a strong
biological isotope signature, reflecting the effects of microbial communities within the
deliquescing halite. The carbonate-rich layers from ~40 - 90 cm provide evidence for highly
evaporitic lake conditions that persisted during the late stages while sediments were
accumulating.

This unique pedogenic setting is actively undergoing soil development. Unlike other playas that
undergo cycles of wetting and drying, the Salar Llamara has experienced continuous evaporation
since the final stages of lake/marsh drying, as evident by the thick surface salt crust. Evaporation
appears to continue to add salt, and modification of the land surface results in a rapid re-
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development of crusts by increased rates of evaporation. Despite no recorded rainfall, the
internal surface crust environment has a RH at or above deliquesce RH (75%) the majority of the
14-month period of observation. We conclude that these crusts are able to buffer diurnal changes
in atmospheric RH and almost never fully dry out, unlike nodules further inland. This
maintenance of liquid water results in active microbial communities, and radiocarbon
measurements indicate that carbon cycling is occurring at decadal time scales in one of our field
areas. The carbon dating also shows that nodules may exist in the salars for well over 2000 years.
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Chapter 3:
Halophilic microbial communities along a fog-delivered moisture
gradient in the hyperarid Atacama Desert, Chile

Introduction

Microbial life has an amazing ability to survive extreme conditions. Environments once thought
to be lifeless are now known to harbor organisms adapted to withstand a variety of physical and
chemical challenges (Rothschild and Mancinelli, 2001). The hyperarid Atacama Desert is one
such example. Often described as the driest place on Earth, the region receives less than two mm
of precipitation annually and was suggested by some to be the dry limit to life on Earth (McKay
et al., 2003; Navarro-Gonzalez, 2003; Warren-Rhodes et al., 2006). More recently, relatively
vibrant microbial communities have been observed colonizing translucent salt crusts on the
surface of evaporitic deposits known as salars (Wierzchos et al., 2006). The key to this microbial
habitat is that halite deliquesces at an atmospheric relative humidity greater than 75%, creating a
highly saline solution in its mineral pores (Wierzchos et al., 2012). Due to the frequency of
marine fog intrusions in the hyperarid region, these salt crusts deliquesce on a regular basis
(Cereceda et al., 2008). There is now considerable interest in the microbial community
membership and structure of this ultra-dry environment (e.g. de los Rios et al., 2010; Stivaletta et
al., 2012; Robinson et al., 2014; Crits-Christoph et al., 2016), as it offers novel insights into
biological adaptations and evolution in a hyperarid and hypersaline environment.

Here, we conduct the most in-depth analysis of the microbial communities in salt crusts of the
Atacama Desert to date. Metagenomic techniques are utilized along a spatial gradient at three
sites to determine what organisms are present, their metabolic capabilities, and the structure of
the microbial communities. Additionally, we discuss how fog-delivered moisture may be
influencing community membership.

Methods

Field sites and sample collection

The field sites are halite crusts found within the Salar Llamara of northern Chile. Three sites
along a west to east transect are examined here (Fig. 1). The wettest site is 25.5 km from the
coast, the intermediate site 44.1 km, and the driest site 54.2 km. At these sites, rugged and
dynamic halite crusts have formed due to the interaction of salt with fog. The origin of the salt is
either from the evaporation of ground water in late Pleistocene or Holocene dry lake beds
(intermediate and driest sites) or from fog reaction with regional Miocene halite deposits (wettest
site). Regardless of the salt source, the surface crusts are indistinguishable due to the similar
processes that form and maintain them.

Samples were collected in June 2013. At each site, three halite samples were selected from
within three 9-m” plots positioned 20 - 70 m apart from each other, totaling 9 samples per site.
Samples in within the plots were chosen at random and removed from the crust layer using a
sterilized rock hammer. Samples were stored in bags at room temperature for ~14 days before
reaching the lab at which point they were placed in a -20 °C freezer until processing.
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A Decagon Devices Inc. leaf wetness sensor was installed at each site in June 2013 and allowed
to run for 14 months. The leaf wetness sensors served as a proxy measurement for fog and dew
accumulation. Because it did not rain during the year of study, we have assumed that any
“wetness” events recorded by the leaf wetness sensor are from dew or fog. A value of 460 counts
from the sensor was chosen as the threshold to report wetness, which according to the
manufacturer is a conservative value.

DNA extraction and sequencing

Using autoclaved tools, samples were removed from their bag and placed on a sterilized surface.
Samples were sectioned in half and 20 g of material from the interior was removed (to ensure no
contamination). Samples were dissolved in nuclease-free water in sterile falcon tubes then
filtered through 30,000 NMWL centrifugal filters. A MoBio PowerSoil kit was used to extract
the DNA from the filter. Extractions were completed within 5 weeks of collection in the field.

The quality of DNA extracted was evaluated using a Nanodrop. All samples had a 260/280 ratio
between 1.6 to 2.0. Samples were run in a 1% agarose gel with the DNA Molecular Weight
Marker IT (0.12 — 23.1 kbp) to screen for DNA degradation. The quantity of DNA extracted was
measured using a Qbit 2.0. Sequencing was performed at the UC Berkeley QB3 Sequencing
Center. The library size was 600 -1000 base pairs. Samples were run on an Illumina HiSeq2000
with 100 base paired end reads.

Assembly and genome reconstruction

Reads were trimmed and quality checked using SICKLE Version 1.21
(http://github.com/najoshi/sickle) using default parameters then assembled into scaffolds using
IDBA _UD (Peng et al., 2012). Open reading frames were predicted using the prodigal software
(meta function) (Hyatt et al., 2010). Genomes from metagenomes were binned using differential
coverage information as described in Sharon et al. (2013). In brief, coverage of each scaffold was
determined by cross-mapping against the entire sample set. Genomes were binned using
emergent self-organizing maps (ESOMs with a window size of 3 kb). Genomes were then
curated using GC content, coverage information in each single sample, and taxonomic
classification of all scaffolds (Wrighton et al., 2012).

De-replication of genomes at species level

In order to determine the abundance patterns of microbial species across samples, the recovered
genomes with at least 70% completeness were de-replicated at least 98% nucleotide identity
(Probst et al., 2016). If genomes shared more than 50% scaffold identity, they were collapsed
and the best representative was chosen based on the number of single copy genes and multiple
single copy genes. Only the most complete representative genome was used for further analysis.

Statistical analysis of metagenomics data

Relative abundances of microbial species were determined by cross mapping metagenomic reads
onto the de-replicated set of genomes. Reads with more than three mismatches (i.e. less than
98% similarity to the template) were removed from the analysis. Coverage per nucleotide of each
genome was determined and then sum normalized across all samples using the total number of
reads used for the mapping.
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Multivariate analyses of the community data were performed as described in Weinmaier et al.
(2015). In brief, community dissimilarities were calculated using the Bray-Curtis index.
Community structure was displayed using non-metric multidimensional scaling (NMDS).
Abiotic factors influencing the community were elucidated using a BIoENV and PERMANOVA
(Adonis). A Mantel test was performed (n repeats = 999) with matrices of sample distance based
on GPS sampling coordinates and dissimilarities from the Bray-Curtis index.

16S rRNA gene analysis using PhyloChip G3

16S rRNA gene analysis for bacterial and archaeal communities was performed on nine samples,
one from each plot at each. In brief, two ng of genomic DNA template were used in each of four
tubes for bacterial 16S rRNA gene amplification using primers 27F (5°-
AGAGTTTGATCCTGGCTCAG -3’) and 1492R (5’- GGTTACCTTGTTACGACTT -3’)ina
temperature gradient PCR (50-56 °C). Two ng of template were used for archaeal amplifications
using primers 4Fa (5’ -TCCGGTTGATCCTGCCRG -3’) and 1492R.

For amplifications, 25 pL reactions were prepared as follows (final concentrations): 1x Ex Taq
Buffer with 2 mM MgCl 2 , 200 nM each primer (27F or 4Fa and 1492R), 200 uM each dNTP
(TaKaRa Bio, Inc., through Fisher Scientific, Pittsburg, PA), 25 pug bovine serum albumin
(Roche Applied Science, Indianapolis, IN), and 1.25 U Ex Taq (TaKaRa Bio). DNA was
amplified using an iCycler (Bio-Rad, Hercules, CA) and the following thermocycling conditions:
95°C for 3 m for initial denaturation, 25 cycles of 95 °C for 30 s, 50, 52, 54, or 56°C (annealing
temperature gradient, 4 temperatures per sample) for 30 s, and 72°C for 2 m, and then final
extension for 10 m at 72° C. PCR products from the 4-tube annealing temperature gradient for a
sample were combined and the total volume was concentrated to 12 pL using a MinElute PCR
purification kit (Qiagen, Valencia, CA). One microliter of purified, concentrated PCR product
was quantified on a 2% agarose E-gel using the Low Range Quantitative DNA Ladder
(Invitrogen, Carlsbad, CA). Samples for PhyloChip analysis were prepared and processed
similarly to Brodie et al. (2006), Brodie et al. (2007), and DeSantis et al. (2007). Two hundred
fifty ng of bacterial PCR product and 50 ng archaeal PCR product were applied to a G3
PhyloChip TM (Second Genome, South SF, CA) following previously described procedures
Hazen et al. (2010). Briefly, the 16S rRNA amplicons and a mix of amplicons at known
concentrations (spike-mix) were combined, fragmented using DNAse (Invitrogen, Carlsbad,
CA), and biotin-labeled. Labeled products were hybridized overnight at 48 °C and 60 rpm. The
arrays were washed, stained, and scanned as described previously. Details on probe selection,
probe scoring, data acquisition, and preliminary data analysis are presented elsewhere (Hazen et
al., 2010). Data obtained from the CEL files (produced from GeneChip Microarray Analysis
Suite, version 5.1) were scaled by setting the spike-mix mean intensity to 4,000 to compensate
for slight differences in probe responses on different chips.

Sinfonetta (Second Genome) was used to process the data with the following parameters:
Bacterial array Stagel cutoffs: pf 0.92, min_ql 0.8, min_g2 0.93, min_q3 0.98; post-Stage 2
cutoffs: min_ql 0.22, min_q2 0.40, min_q3 0.42; Archaeal array Stage 1cutoffs: pf 0.01, min_ql
0.5, min_qg2 0.93, min_q3 0.98; post-Stage 2 cutoffs: min_ql 0, min_q2 0, min_q3 0.1.
Sequences were classified into eOTU (empirically-determined operational taxonomic units) and
probe intensities were rank normalized.
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Auto-fluorescent cell count

Two to three samples from each site were collected and sectioned into three parts: upper, middle,
and lower. A weighed piece of sample from each section was placed in a Falcon tube with a
measured volume of water containing 1% TWEEN-20 and stirred for 1 hour. One mL of the
solution was then filtered using a Millipore polycarbonate filter and the filter mounted with a
drop of mounting oil (Vecta-Shield) on a coverslip. The sample was observed in an Olympus
FV1000 confocal microscope, Inverted IX81 microscope with 100x/1.4 oil immersion objective
at the Center for Biotechnology at the Universidad Catolica del Norte in Antofagasta, Chile.
Samples were illuminated with blue light (<450 nm) and / or green light (<540 nm) and total
auto-fluorescent cells were counted in an area of 100 x100 pm.

Radiocarbon measurements

Three halite nodule samples from each site were prepared for radiocarbon analysis by first
removing inorganic carbon and excess salts. 20 g of pulverized halite was soaked in 1 M HCI for
24 hours with intermittent shaking to agitate the solution, followed by centrifuging and decanting
the acidic supernatant. To ensure complete removal of HCI, the samples underwent alternating
soaking and shaking in deionized water for 24 hours, then they were centrifuged and the
supernatant discarded. This washing process with deionized water was repeated twice before
samples were dried at 60 °C.

Radiocarbon analysis was performed on the Van de Graaff FN accelerator mass spectrometer
(AMS) at the Center for Accelerator Mass Spectrometry at Lawrence Livermore National
Laboratory, Livermore CA. Approximately 0.5 g of washed sample was prepared for '*C
measurement by sealed-tube combustion to CO, in the presence of CuO and Ag, and then
reduced into iron powder in the presence of H2 at 570 °C (Vogel et al., 1984). §°C values were
used to correct for fractionation and '*C isotope values are reported in A'*C notation and
corrected for '*C decay since 1950 (Stuiver and Polach, 1977). Radiocarbon ages were calibrated
to calendar year BP using the CALIBomb online program (http://calib.qub.ac.uk/CALIBomb/)
with the dataset and extension curve corresponding to our study region (SH_CAL13; SHZ1 2)
(Hogg et al., 2013; Hua et al., 2013).

Results

Fog gradient

A leaf wetness sensor was used as a proxy for the presence of dew and/or fog at the sites. The
results show that the west site received 3,113 hours of fog, the middle site received 1,560 hours
of fog, and the east site received 8,91 hours of fog during the 9,504 hours of monitoring (Fig. 2).
This is proportional to fog being present 33%, 16%, and 10% of the time at the sites,
respectively, and confirms that the incidence of fog decreases along the west to east transect.
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Figure 2. Occurrence of wetness events recorded by the leaf wetness sensors at each site.

Each point represents the presence of moisture during a 1-hour interval on the sensor.
Samples for microbial community analysis were collected during June 2013, the month
before monitoring began.
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Community composition

We reconstructed 124 distinct (de-replicated) draft quality genomes (>70% complete, 44
bacteria, 71 archaea), including 53 high quality draft genomes (>90% complete, 18 bacteria and
35 archaea) and one complete genome. 43% of the 10° reads from all samples are accounted for
by these genomes. In addition, we identified and taxonomically characterized 386 unique 16S
rRNA gene sequences from the samples.

At all three sites, communities are comprised of typical halophilic archaea and bacteria as well as
some microbial eukaryotes (Fig. 3 and 4). The dominant organisms are Halobacteriales,
Salinibacter, and Cyanobacteria. The same genomically-defined cyanobacterial population from
the genus Halothece is present in all communities at all sites. Distinct flanking populations of
other cyanobacterial populations are also present at the wettest and at the driest sites.

In strong contrast to the low cyanobacterial diversity, the communities show an extremely high
variety of halophilic archaeal species, mostly Halobacteriales (Table 1 - 2). We reconstructed 68
draft genomes and identified 226 different 16s rRNA sequences within this group. While there
appears to be large overlap across sites in the genomically-defined organisms (66% are found at
all sites), all of the 16S rRNA strains of Halobacteriales are restricted to a single sample.
Similarly, we reconstructed 34 draft genomes and identified 44 16S rRNA-strains of
Bacteroidetes Order II. Incertae sedis, and while 65% of the genomically-characterized
organisms were found at all sites, only 1 of the 16S rRNA-defined organisms was.

At lower abundance and to varying degrees, we detected Nanohaloarchaea, OD1, and TM7 in all
communities. This is the first report of these Candidate Phyla representatives (OD1 and TM7) in
hypersaline environments. Eight 16S rRNA of Nanohaloarchaea were identified and we were
able to reconstructed five draft genomes, completely closing one. We reconstructed seven draft
genomes of Candidate Phyla Parcubacteria OD1 and identified 15 unique 16s rRNA sequences.
Additionally, three draft genomes of Candidate Phyla Saccharibacteria TM7 bacterium were
reconstructed. A near-complete genome of a highly novel Thermoplasmatales archaeon was also
reconstructed, with the closest identity to Marine Group II. Two 16s rRNA sequence from other
closely related strains were detected at the wettest site.

While the majority of the community is composed of bacteria and archaea, we found a low
variety of eukaryotes in all samples. A total of 13 strains of the phylum Chlorophyta were
identified based on 16S rRNA sequences, and two of these strains were found across all sites.
Naegleria gruberi, an amoeba, was found only at the wettest and intermediate sites. We identified
nine distinct strains of the amoeba, four found only at the wettest site, three found only at the
intermediate site, and two shared between those two sites.
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Figure 3. Community composition determined from ribosomal protein S3 coverage for the
wettest site (a), intermediate site (b), and driest site (c).
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Group Total Wet only Interm only Dry only All sites Wet & Inter Inter & Dry Dry & Wet

Halobacteriales 68 2 1 8 45 11 1
Salinibacter 34 3 2 22 5 2
OD1 7 4 1 1 1

Actinobacteria 2 2

Nanohaloarchaea 5 4 1

Cyanobacteria 3 1 1 1

Thermoplasmatales 1 1

Gammaproteobacteria 1 1

™7 3 2 1

All dereplicated genomes 124 15 5 12 71 18 0 3

Table 1. Distribution of genome defined species

Group Total Wet only Interm only Dry only All sites  Wet & Inter Inter & Dry Dry & Wet
Halobacteriales 226 70 75 81
Salinibacter 44 15 12 16 1
Alphaproteobacteria 33 15 12 6
OoD1 15 8 6 1
Actinobacteria 14 4 5 5
Algae 13 5 4 2 2
Amoeba 9 4 3 2
Nanohaloarchaea 8 6 2
Deltaproteobacteria 7 5 2
Cyanobacteria 6 3 2 1
Thermoplasmatales 3 3
Gammaproteobacteria 3 3
™7 3 1 2
Planctomycetes 2 2
All 16S rRNA strains 386 137 128 115 3 2 1

Table 2. Distribution of 16S rRNA defined species
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Clustering of samples

Using the abundance patterns of the 124 genomically defined organisms, we found that microbial
communities from different samples at the same site generally cluster together (Fig. 5). In the
ordination analyses, samples from the wettest and intermediate sites separate from the driest site
along NMDSI1 axis (sample Sw 5 is a potential outlier). Additionally, the wettest site formed a
separate cluster from samples at the intermediate site along NMDS2 axis.

Communities from samples collected at the intermediate site showed the highest intra-group
similarities relative to the other sites. Moreover, each of the three sampling plots at the
intermediate site formed individual clusters within this grouping. Samples from the wettest site
showed the highest within-site variation and low to no grouping of plots. Samples from the driest
site showed a trend for plot-based grouping on either NMDS1 or NMDS?2 axis.

Statistical analysis of the PhyloChip data yielded similar results. The principal component
analysis (PCoA) shows that samples group together by site, with the intermediate site having the
highest within-group similarity (Fig. 6). Along PCoA1 axis, it is apparent that samples from
adjacent sites are more similar to each other than samples from opposing ends on the transect
(eg. the wettest site is closest to the intermediate site and furthest from the driest site). A
hierarchal clustering analysis of the PhyloChip data further confirmed that the samples from
within a site are most similar to each other, and that the wettest and intermediate sites are more
similar to each other than to samples at the driest site (Fig. 7).

Among the measured abiotic factors, moisture and longitude (distance from the Pacific Ocean)
were determined to have the highest correlation with the observed microbial community patterns
(BioEnv correlation = 0.58). These two factors were also shown to have a significant influence
on the observed dissimilarities of the samples (PERMANOVA p-value <0.001). A Mantel test of
the distance between samples and community dissimilarity showed that the spatial distance
between samples correlates with the distances of the microbial communities (p-value = 0.001 and
observation value = 0.59, based on 999 replicates).

Community activity

To understand the capacity of the communities to sustain growth, a cell count of the
photosynthetic organisms was performed. We found that the number of primary producers
(cyanobacteria and algae) is greatest at wettest site and declines along the fog gradient (Fig. 8;
Table 3). There does not appear to be a consistent trend in the location of cells concentrated in a
sample, with the highest counts fluctuating between all three sections (upper, middle, lower).
The average cell concentration per gram of sample was 1.53 X 107 at the wettest site, 1.01 X 10’
at the intermediate site, and 3.03 X 10° at the driest site.

The radiocarbon content of three samples at the intermediate site and three at the driest site
suggests that carbon turnover is occurring more rapidly at the intermediate site (no data was
collected for the wettest site). At the intermediate site all of the carbon was found to be
“modern”, indicating that this organic carbon has accumulated in the past few decades. The age
of occluded organic carbon at the driest site gave results of 2546, 8521, and 1995 cal year BP,
suggesting a much slower rate of carbon cycling in the system (Table 4).
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Figure 5. Non-metric multidimensional scaling from community dissimilarities
calculated using the Bray-Curtis index of the 124 genome resolved organisms
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Figure 8. Quantity of auto fluorescent cells at each site. Samples were sectioned into
upper, middle, and lower to determine if cell concentration is varied by depth within the
sample. Two samples from the intermediate site were used and three samples from each
the wettest and driest sites.




Total cells
counted in Total cell / g

Site Sample  Section 100 x 100 sample in section
um area

Wettest 1 Upper 660 1.98E+07
Wettest 1 Middle 1152 3.03E+07
Wettest 1 Lower 384 1.15E+07
Wettest 2 Upper 968 1.75E+07
Wettest 2 Middle 1528 2.00E+07
Wettest 2 Lower 376 6.96E+06
Wettest 3 Upper 620 4.94E+06
Wettest 3 Middle 996 2.04E+07
Wettest 3 Lower 396 5.95E+06
Intermediate 1 Upper 648 8.63E+06
Intermediate 1 Middle 876 1.34E+07
Intermediate 1 Lower 1276 2.07E+07
Intermediate 2 Upper 136 1.71E+06
Intermediate 2 Middle 584 7.47E+06
Intermediate 2 Lower 301 8.51E+06
Driest 1 Upper 72 1.80E+06
Driest 1 Middle 132 2.24E+06
Driest 1 Lower 128 3.05E+06
Driest 2 Upper 60 1.85E+06
Driest 2 Middle 132 3.71E+06
Driest 2 Lower 88 2.60E+06
Driest 3 Upper 220 4.50E+06
Driest 3 Middle 132 3.47E+06
Driest 3 Lower 256 4.09E+06

Table 3. Quantity of auto fluorescent cells at each site. Samples were sectioned into
upper, middle, and lower to determine if cell concentration is varied by depth within
the sample. Two samples from the intermediate site were used and three samples
from each the wettest and driest sites.
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Discussion

Patterns and drivers of community composition

In total, we identified 386 unique 16S rRNA sequences. A single cyanobacterial population was
the only 16S rRNA sequence found in every sample. This is by far the most widely distributed
organism we observed. Excluding this cyanobacteria, only 16 of 385 organisms were found in
more than a one sample, the rest are specific to a single sample. Of those 16, only 6 were found
at more than one of the three sites. The identification of this cyanobacteria in all samples is
therefore remarkable in comparison. When compared at the genomic level, these cyanobacterial
populations are 99% similar.

Our statistical analyses of community composition and abundance patterns showed that not only
are samples from a given site most similar to each other, but also that samples from adjacent sites
are more similar than samples from non-adjacent sites. Further, we found that the spatial distance
between individual samples correlates with the distances of the microbial communities. Among
the measured abiotic factors, our BioEnv analysis showed that moisture and longitude (proximity
to the coast) have the highest correlation with the observed microbial community structure. This
finding is not surprising as this is an extremely arid system. Species richness, species evenness,
and photosynthetic capacity are all correlated positively to moisture content. In a related study,
Robinson et al. (2014) also found that the abundance of algae at sites in the Atacama Desert was
correlated to fog occurrence.

At the wettest and intermediate sites examined here, we detected the presence of an amoeba
(Naegleria) and a novel Thermoplasmatales, both of which have not previously been identified
in this system. These organisms were found in the highest abundance and highest percentage of
samples at the wettest site, and neither were detected at the driest site. This possibly suggests our
fog gradient crosses some threshold water activity value required for their survival. Additionally,
the greatest abundance and diversification of Candidate Phyla Radiation Parcubacteria OD1
superphylum and Nanohaloarchaea were identified at the wettest site, while the driest site
showed the least abundance and diversification of these organisms. Interestingly, the driest site
showed the greatest abundance and diversification of Candidate Phyla Radiation
Saccharibacteria TM7.

The cyanobacteria and algae are inferred to be the primary producers for these communities. Our
auto-fluorescent cell count showed that the quantity of primary producers declines along the fog
gradient, indicating that the wettest site is able to support the highest activity at any given time
(Fig. 8; Table 3). Radiocarbon dating of organic matter in samples from the intermediate and
driest sites confirmed that rates of carbon turnover are higher at the intermediate site than at the
driest site (no data was collected at the wettest site) (Table 4). There is an apparent distinction in
the biodiversity and activity of the communities across the gradient, and we conclude that fog
delivered moisture is driving these differences.
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Conclusions

Although once thought to be almost devoid of biology, recent studies have identified salt
deposits as oases for life in the hyperarid Atacama Desert. These communities rely on coastal fog
intrusions as a water source since precipitation amounts to less than 2 mm each year. Using
metagenomics and 16S rRNA analysis, we explored how the availability of moisture, controlled
by distance to the Pacific coast and fog source, shape community composition and structure. All
communities were found to be comprised of a large variety of halophilic archaea and
Salinibacter species and few cyanobacterial populations. Additionally, members of the
Candidate Phyla Radiation (Parcubacteria OD1 superphylum and Saccharibacteria TM7), not
previously reported from hypersaline environments, were at relatively low abundance in all
communities. The majority of all 124 genomically-defined organisms are present at all sites.
However, based on bacterial and archaeal abundance patterns, samples cluster by site and
biodiversity levels decrease with increasing distance from the ocean. Radiocarbon analysis of
organic carbon occluded within halite samples and a count of auto-fluorescent cells further
suggest that microbial activity and carbon turnover are highest at the wettest site. We conclude
that moisture level, controlled by coastal proximity, is the strongest driver of community
membership.
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Chapter 4:
Late Quaternary paleoenvironmental record in loess deposits of the
northern Atacama Desert, Chile

Introduction

The hyperarid Atacama Desert is the driest place on earth and has likely maintained a semi-
continuous hyperarid climate for millions of years (Hartley and Chong, 2002; Amundson et al.,
2012; Jordan et al., 2014). However, recent research on middens, wetlands, and stream activity
indicates significant late Quaternary climate oscillations from 17,500 to 14,200 and 13,800 to
9,700 yr BP, known as Central Andean Pluvial Events (CAPE) (Rech et al., 2002; Nester et al.,
2007; Quade et al., 2008; Gayo et al., 2012). These pluvial periods greatly increased Andean
runoff and subsequently impacted the suitability of the desert for human habitation. The
development of further high-resolution paleoclimate records is highly desirable, particularly in
the watershed of the Salar Llamara. Within this region, contributing tributaries are now known to
have experienced pluvial episodes corresponding to significant late Pleistocene hunter and
gatherer occupations and dense late Holocene (but pre-Columbian) agricultural settlements
(Workman, 2012; Latorre et al., 2013). This region is thus one of great climatic and
anthropological interest.

One of the unique local climate characteristics of this area is the strong and persistent on-shore
wind which has created various sculpted landscapes in the basin and its periphery. Within what is
largely a deflationary landscape, we found small pockets of loess that have accumulated in
depressions of highly eroded Miocene anhydrite and halite. In this study, we investigated these
previously unrecognized loess deposits to determine whether they accumulate continuously or
episodically, and if they might contain chemical and isotopic records of climate change. In
addition, we consider the mechanisms that contribute to the formation and preservation of these
loess deposits within this highly erosive setting.

Methods

Site description and sample collection

This study was conducted at two sites within the Llamara basin, a local semi-enclosed basin
which has, over geological time, contained lakes, wetlands, and/or salt accumulations from the
evaporation of waters derived from the Andes to the east (Fig. 1). The various basin sedimentary
outcrops range in age from Miocene to early Holocene. The deposits examined here immediately
overlie a Miocene outcrop known as the Soledad formation. The Soledad formation is
characterized by a several meter-thick anhydrite-rich cap that overlies many meters of nearly
pure halite (Pueyo et al., 2001). Locally, the anhydrite cap is discontinuous (likely due to eolian
and water erosion), leading a badland-like topography with closed depressions several meters
deep and tens of meters in diameter. In our field area, many of these depression have been
partially infilled with a meter or more of loess. In most locations, the loess deposits are capped
by a thin crust of distinctive lichen-bearing crust (Fig. 2).

76



40

oW 20

TO"W10 oW 69°W 50" 69°W40T  B8TWIDT  eIwal

Figure 1. Location of sites within the Salar Llamara basin.

20°8

1205
50°

21°8

77



Alluvial plain

Anhydrite
outcrops

Soledad Formation with some loess

ek e s

Figure 2. Landscape of the Soledad formation demonstrating the
rugged terrain and eroded basins now containing loess deposits at the
west site (a) and east site (b).
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The two sites are located along a west and east transect on the northern edge of the Soledad
formation at 835 and 895 meters above sea level (m.a.s.l.), and approximately 25 km and 50 km
from the Pacific coast. Both sites experience frequent and strong onshore winds which often bring
marine fog. The strong winds in other nearby landforms clearly result in significant deflation of
the landscape, such as inverted stream channels. In other areas (particularly around perennial
shrubs and trees), sediment is deposited as coppice dunes.

In June 2013, one loess dune at each site was hand excavated, and the stratigraphic and
pedogenic soil features were logged and described using standard soil mapping procedures (Soil
Survey Staff, 1999). Samples of each visually observable horizon were collected and transported
back to the lab in Ziploc bags.

Environmental monitoring

We installed micrometeorological instrumentation to monitor key environmental parameters.
Decagon Devices Inc. leaf wetness sensors, Davis cup anemometers, and total solar radiation
sensors were used to monitor meteorological conditions at both sites. The leaf wetness sensors
were installed as a proxy measurement for fog and dew accumulation (Burgess and Dawson,
2004). Since it did not rain during the year of study, we have assumed that any “wetness” events
recorded by the leaf wetness sensor result from dew or fog. A value of 460 counts was chosen as
the threshold to report wetness, which according to the manufacturer is a conservative value. In
addition, Onset HOBO® Pro v2 (U23-002) temperature and relative humidity sensors were
carefully installed beneath sections of lichen crust at each site (Fig. 3). Two sensors were
installed at the east site and four sensors were installed at the west site. For all of the sensors,
hourly monitoring began June 2013 and ran continuously for 13 months.

Soil chemical and physical characterization

Particle size analysis was performed on each sediment horizon using the hydrometer method
outlined by Gee and Bauder (1986). Briefly, excess salt was removed prior to analysis by
washing samples with deionized water. 30 g of dried sample was dispersed in 100 mL of 5%
sodium hexametaphosphate solution by shaking for 16 hours on a horizontal shaker. The
suspension was transferred to a sedimentation cylinder and deionized water added to reach 1 L.
Contents of the cylinder were mixed thoroughly before the first reading. Readings of each
sample and the blank solution were taken at 0.5, 1, 3, 10, 30, 60, 90, 120, and 1440 minutes
using the hydrometer. Temperature readings were also taken at each time point.

X-ray diffraction (XRD) analysis was made on a PANalytical X Pert Pro diffractometer
equipped with a cobalt x-ray tube and X’Celerator detector in the department of Earth and
Planetary Science at UC Berkeley. Dried samples were prepared for analysis by loading into
glass well plates. The material was pressed flat using a glass slide. Each sample was run for 25
minutes.
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Figure 3. Installation of temperature and relative humidity sensors
beneath the crust at the west site (a) and east site (b).
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Sulfate stable isotope ratios

Sulfate sulfur stable isotope ratio analysis was performed in the Laboratory for Environmental
and Sedimentary Isotope Geochemistry at the Department of Earth and Planetary Science, UC
Berkeley. Soil sulfate was dissolved in water by shaking pulverized soil for 4 hours in excess
deionized water. Sediment was then removed by filtering through a 0.2 um paper filter. Sulfate
was precipitated as BaSO,4 by adding excess 1 M BaCl, to the solution, then drying at 65 °C
(following the protocol outlined in Michalski et al. (2004)). Approximately 50-200 pg of BaSO4
sample was analyzed in duplicate on a GV Isoprime isotope ratio mass spectrometer and a
Eurovector Elemental Analyzer (EuroEA3028-HT). The analytical precision of the measurement
is better than 0.2%o. Values are reported as 5°'S relative to CDT.

Radiocarbon measurements

Samples were prepared for radiocarbon analysis by first removing inorganic carbon and excess
salts. 5 g of pulverized soil was soaked in 0.5 M HCI for 24 hours with intermittent shaking to
agitate the solution, followed by centrifuging and decanting the acidic solution. To ensure
complete removal of HCI, the samples underwent alternating soaking and shaking in deionized
water for 24 hours, then they were centrifuged and the supernatant discarded. This washing
process with deionized water was repeated twice before samples were dried at 60 °C.

Radiocarbon analysis was performed on the Van de Graaff FN accelerator mass spectrometer
(AMS) at the Center for Accelerator Mass Spectrometry at Lawrence Livermore National
Laboratory, Livermore CA. Approximately 0.5 g of washed sample was prepared for '*C
measurement by sealed-tube combustion to CO, in the presence of CuO and Ag, and then
reduced into iron powder in the presence of H, at 570 °C (Vogel et al., 1984). Aliquots of the
CO, were analyzed for §"°C at the Department of Geological Sciences Stable Isotope Laboratory,
University of California Davis (GVI Optima Stable Isotope Ratio Mass Spectrometer). §'°C
values are reported relative to V-PDB. Measured 3'°C values were used to correct for mass-
dependent fractionation and '*C isotopic values are reported in A'*C notation. A'*C values were
corrected for '*C decay since 1950 (Stuiver and Polach, 1977), and the AMS precision was 3%o.
Radiocarbon ages were calibrated to calendar year BP using the CALIBomb online program
(http://calib.qub.ac.uk/CALIBomb/) with the dataset and extension curve corresponding to our
study region (SH_CAL13; SHZ1-2) (Hogg et al., 2013; Hua et al., 2013).

Organic nitrogen stable isotope ratios

Samples for organic nitrogen stable isotope ratio analysis were prepared in a similar fashion as
described above for radiocarbon analysis to remove inorganic forms. Dried material was
weighed in tin capsules and analyzed in duplicate by continuous flow (CF) dual isotope analysis
using a CHNOS Elemental Analyzer interfaced to an IsoPrime100 mass spectrometer at the UC
Berkeley Center for Stable Isotope Biogeochemistry. Long-term external precision for nitrogen
isotope analyses is + 0.15%o. 5'°N values are reported relative to Air N».

Total fatty acid extraction and GC-IRMS analysis

Total fatty acids were extracted from the soils following the method developed by Graber and
Tsechansky (2010) with a few modifications. Excess salts were first removed from the east site
by shaking samples in 250 mL Ultrapure water for 4 hours then centrifuging and the discarding
the supernatant. This procedure to remove excess salt was not performed on the west site

81



samples. 4 g of dried, sieved, and pulverized soil samples were placed in a Teflon tube with
NaSO, added as a desiccant. 6 mL of 5% methanolic HCL and 6 mL of toluene were added, the
samples vortexed, and then placed in the oven at 60 “C overnight. The following day, 15 mL of
5% NaCl solution was added, the samples vortexed, and then centrifuged for 40 min at 3000
rpm. The upper organic-bearing phase was pipetted into a new tube and 15 mL of a 2% KHCOs3
solution was added, sampled gently shaken for 2 min, and then centrifuged for 30 min at 3000
rpm. The upper organic-bearing phase was extracted by pipetting and passed over a NaSOy
column then a Si gel column. Samples were dried in a stream of N, gas and then stored in the
freezer at until analysis. Prior to analysis, samples from the west site were mixed with 100 ul 1:1
n-hexane:MTBE solution and samples from the east site mixed with 50 ul 1:1 n-hexane:MTBE
solution. Five unknown samples were processed as described above in a batch along with one
procedural blank (pure SiO5).

Samples were analyzed in the Astrobiogeochemistry lab at NASA Jet Propulsion Laboratory in
Pasadena, CA on a GC-IRMS using a DB-23 column (122-2362). Samples were run as 1 pl
injections in duplicate along with the Supelco 37 Component FAME Mix (CRM47885) and the
procedural blanks from the extraction (pure SiO,). Fatty acids were identified using Thermo
Scientific™ Xcalibur™ software program and were quantified using a one-point calibration
referenced to the Supelco 37 Component FAME Mix. Samples were run a second time (also in
duplicate) to measure the 5°H of stearic and palmitic acids. Duplicate analyses of Fatty Acid
Ester Mixture F8-3 were run along with the unknown samples (CRM available from
https://arndt.schimmelmann.us/fatty-acid-esters.html).

Results and Discussion

Location and source of loess deposits

It is increasingly recognized that arid landscapes are complex mosaics of areas impacted by both
eolian deflation and deposition. For example, in the southwestern USA deflation of exposed
playas and stream beds generates dust that accumulates on surrounding landscapes as an eolian
mantle (V horizon) over underlying soils (Turk and Graham, 2011). The Salar Llamara region in
Chile represents a similar, but more extreme, version of processes that appear to operate in many
deserts.

On the surface, the Soledad formation is a rough and discontinuous unit of anhydrite that is up to
several m thick in some places, and is surrounded in many areas by relatively smooth basins of
nearly pure halite. Within these basins are deposits of dust and eolian material. From the
perspective of satellite imagery, a distinctive pattern of the deposits emerges (Fig. 4). On the
western edge of the Soledad formation, the deposits are well developed transverse dunes,
oriented slightly to the NW. Further to the east, the clarity of the shape of the dunes decreases.
There they maintain a less distinct NW orientation, and in many areas the dunes may more
commonly mimic a star-like orientation. Transverse dunes are oriented perpendicular to the
direction of wind flow, while star dunes are believed to form in variable wind trajectories
(Anderson and Anderson, 2010). We excavated two dunes along this gradient, one dune on the
western edge, and one further to the east (Fig. 1).
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Figure 4. Satellite image of sites showing the shape of the dunes. Images taken
from GoogleEarth in June 2016.

(a) On the western edge of the Soledad formation, the deposits are well
developed transverse dunes, oriented slightly to the NW.

(b) Further to the east, the clarity of the shape of the dunes decreases and the
dunes take on a more star-like orientation.
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A unique characteristics of the alluvial fan landscapes that abut the Soledad formation is that
their thick, sulfate rich soils have been irregularly deflated by wind, creating a novel landscape
of low “mesas” of sulfate and dust-rich soils that are separated by shallow deflationary basins
where the sulfate and dust has been removed to the level of an indurated halite layer (Fig. 5). The
removal of susceptible soil particles from these fan surfaces is aided by their relatively low
surface roughness. Smooth surfaces facilitate entrained dust particles to remain suspended during
transport (Tsoar and Pye, 1987). However, the rugged topography of the Soledad formation
represents a sharp relative increase in surface roughness. The large increase in surface roughness
in turn leads to a reduction in velocity and a rapid deposition of particles near the roughness
boundary. Clearly, the deposition is not a simple continuous blanket of loess (given the dune-like
features), likely due to the complex topography and erratic eddies that occur. However, the
overall trend appears to be one of a sharp and clear transition between dust sources on alluvial
fans, and dust sinks within the Soledad formation.

Soldad Formation | ; s ‘ o
T T q;‘fM

Wind deflated alluvial fan deposit
grading towards the Soledad Formation

Figure 5. Wind deflated alluvial fans grading towards the Soledad Formation
presumed to be the source of loess.
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Dune age and rates of accretion

The surface crust of the dunes is a few cm thick and appears solidified by both lichen and sulfate
salts. Beneath this crust, there is little evidence of pedogenesis or physical mixing. To test the
notion that the dunes have accreted semi-continuously over time (and have not been physically
or biologically mixed), we conducted radiocarbon dating at several depths in both deposits.
Remarkably, both profiles show a clear trend of increasing age with increasing depth.

The surface-most layer of the west site has an average age of 1,691 years BP (n=4) and the
surface of the east site has an average age of 2,573 years BP (n=3). Both dunes have late
Pleistocene maximum ages at their bases, ~18,941 years BP in the west deposit and 17,933 years
BP in the east deposit (Table 1; Fig. 6). These dunes therefore represent the slow accumulation
of captured material since the late Pleistocene. The increase in age monotonically with depth
reflects the absence of biological and physical mixing processes. Due to the hyperarid conditions
that have prevailed throughout the formation of these dunes, organic matter has been buried
without significant degradation. This leaves a record of sedimentation and biologic material that
is preserved.

While the accumulation and growth of the dunes has been continuous, the rate of growth has not
been constant over time. During the early stages of accumulation, both dunes were growing at a
rate of 0.07 cm yr'. This rate has been decreasing over time and both sites are now growing at
rates less than 0.01 cm yr™' (Fig. 7). Given that the timing of these changes occurs
simultaneously at both sites, we conclude that the decrease in accretion rates is a response to a
regional environmental change occurring during the early Holocene.

The rapid decline in dust accumulation rates at roughly 10,000 yr ago coincides with global sea
levels approaching modern conditions. From 22,000 to 19,000 yr BP global sea level reached its
recent minimum elevation during the height of the last glacial maximum (LGM) (Yokoyama et
al., 2000; Lambeck et al., 2002). This resulted in a decline of about 130 m in sea level, and
would have moved the coastline about 7 km further offshore. This position of sea level would
therefore have increased the elevation of our field sites to 965 and 1025 m.a.s.l. from their
present locations at 835 and 895 m.a.s.l.

Presently, fog in the Atacama Desert seldom penetrates regions above 1000 m.a.s.l. (Rech et al.,
2003; Houston, 20006). It is therefore probable that fog intensity and frequency at our field areas
were significantly lower during the LGM than they are today, given the increased elevations and
distance from the coast. As a starting hypothesis, prior to examining the chemical and isotopic
records in the sediment, we propose that the changes in loess deposition rates are in response to
changes in sea level, which correspond to an increase in wind speeds and fog frequency, and a
decrease in the rate of loess deposition. The lower sea level may have facilitated expanses of
shelf for wind deflation and the decreased fog intensity may have weakened soil surface crusts
and made sulfate-rich soils more susceptible to deflation.
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Figure 6. Radiocarbon measurements taken from strata within each dune profile.

Additional data can be found in Table 1.
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Figure 7. Rate of dune accretion calculated using radiocarbon ages in Figure 6.
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Present day meteorological conditions

We used leaf wetness sensors to measure the present day differences in fog and dew between the
two sites. Our data clearly show that the west site receives more intense and frequent fog events.
Over the 13 months of recording, the west site had liquid moisture present for 3,109 hours, and
the east site for 1,181 hours, out of 9,504 total hours. Thus, dew was on the sensor ~32% of the
year at the west site, and ~12% at the east site. This difference in fog occurrence is explainable
by the sites distance to the coast. The west site is ~25 km closer to the coast than the east site,
therefore closer to the source of fog.

Similar to the leaf wetness sensors, monitoring of the temperature (T) and relative humidity (RH)
under the surface crust at each site showed that the west site maintains a higher RH than the east
site (Table 2). The average annual RH at the west site was 1.5x greater than the east site, 52%
versus 34%. This difference in average RH is consistent throughout all seasons and likely a
response to fog conditions. The average temperature beneath the crust at the west site was 18 °C,
and at the east 20 °C. The sensors show that the east site has greater temperature extremes,
reaching 10 °C warmer and 2.5 °C cooler than the west site. These temperature differences are
likely a product of the more frequent and intense fog at the west site, which keeps the soil cooler
and wetter.

Our anemometers showed that the winds commonly blow SW or NE at our field sites, and that
the west site regularly experiences higher speeds. On average, the wind speed at the west site
was3ms' and 1.7 ms’ at the east site (Fig. 8 and 9). Both sites experience gusts as high as
11.5ms".

Jun-Aug Sep-Nov Dec-Feb Mar-May Jun-Aug Sep-Nov Dec-Feb Mar-May

Sensor Avg T Avg T Avg T Avg T Avg RH Avg RH Avg RH Avg RH

(L9 (9] (W9 O (%) (%) (%) (%)
Wil 13.6 18.1 22.1 18.2 56.4 46.5 47.7 55.9
W2 14.4 17.6 20.9 18.1 58.7 53.9 56.1 61.3
W3 15.3 19.8 23.5 19.8 49.1 42.2 45.1 50.4
W4 13.1 18.7 23.1 17.9 56 44 .4 45.9 55.7
West avg 14.1 18.6 224 18.5 55.1 46.8 48.7 55.8
El 13.8 22.1 27.3 19.9 37.5 24.4 29.7 38.9
E2 15.6 21.2 25.3 20.5 355 28.7 36.1 40.4
East avg 14.7 21.7 26.3 20.2 36.4 26.5 329 39.6

Table 2. Temperature and relative humidity data recorded using Onset HOBO® Pro v2
(U23-002) sensors installed beneath the surface crust (Figure 3).
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June 2013 at the west site (a) and east site (b).
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Dune stratigraphy

A coarse, and discontinuous or irregular, platy structure was found on the immediate surface of
the dunes. These crusts had easily identifiable zones of lichens, and the lichen density and
vibrancy was more distinct at the west site. The biomass and activity of biological soil crusts
(BSC), such as these, are concentrated in the upper few mm of a soil and is comprised of an
assortment of prokaryotic and eukaryotic organisms (Moore, 1998). Lichen are an intimate
symbiotic association of fungi and a photosynthetic partner, either cyanobacteria or algae.
Cyanobacteria are known for requiring liquid water for survival, unlike algae, which can activate
photosynthesis from fog sources alone (Lange et al., 1993).

Below the crust, the next 10 to 15 cm of the soil formed prominent polygonal structures up to 30
cm in width. With the overlaying material removed, these larger structures appear to have
smaller polygons in a somewhat fractal-like pattern (Fig. 10). Throughout the profile were
irregularly spaced and somewhat horizontal visible accumulations of sulfate. Individual soil
horizons were designated on the basis of changes in the sulfate concentration and soil color and
density.

The sediment in the dunes is largely silicate in origin (quartz and feldspar) with varying
concentrations of sulfate and chloride salts (bassanite, anhydrite, and halite) (Table 3). At the
two sites examined in detail here, the surface layers at both sites have bassanite (a partially
hydrated sulfate mineral) as the primary sulfate mineral, whereas anhydrite exceeds bassanite in
most soil layers in the lower depths. While bassanite is a somewhat uncommon mineral at the
Earth’s surface, it has been found in evaporite deposits of arid regions (Hunt et al., 1966;
Akpokodje, 1984; Gunatilaka et al., 1985; Mees and De Dapper, 2005). We hypothesize that the
frequent interaction of the surface minerals with fog have created a more hydrated sulfate species
at the immediate land surface, while high temperatures and low water activity maintain or have
formed anhydrite at lower depths.

Inorganic C concentrations in the dunes are very low. In most soils, inorganic C is largely
carbonate. However, lichens are well-known producers of Ca-oxalate (eg. Del Monte et al.,

1987; Russ et al., 1996), and some or much of the inorganic C here is likely oxalate. Additional
evidence for oxalate was generated by samples submitted for carbonate C and O isotope analyses
via the phosphoric acid reaction. Anomalously negative >C values (on the order of -19%o)
suggested a non-carbonate contributor to released CO,. Preliminary subsequent experiments with
laboratory grade oxalate reveals a partial reaction with phosphoric acid, and similarly depleted C
isotope values. Thus, it is likely that much or all of the inorganic C here is biogenically produced
Ca-oxalate.
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Figure 10. Beneath the surface crust of the dunes are polygonal sulfate structures, which
after further cleaning, reveal a somewhat fractal-like pattern.
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Paleoenvironmental records in the loess

Textural analysis of the sediment

Nearly all of the sediment in the dunes has a textural classification of a sandy loam, though strata
at the west site have larger grains (more sand) relative to the east site (Table 3; Fig. 11). The
exact source(s) of the sediment in these dunes is not fully known. Some may have originated
from weathered beach material to the west, however the large areas of deflated alluvial fan are
probably a major source of dust in the region. As previously discussed, wind speeds at the west
site are ~2x higher than those at the east site. This difference in wind speeds creates a spatial
gradient, with grain size decreasing further from the coast as a result of the decreased wind
speeds and capacity for transporting larger grains.

Prior to 15,000 yr BP, the proportion of sand and silt that accumulated at each site was relatively
constant (though coarser at the western-most site). After this time, both sites began to steadily
become more sand-rich, indicative of continuously increasing wind speeds over time (or
alternatively, changes in source material supply). The timing of these changes occurs at the same
time as the observed decrease in dune growth rate discussed in section 3.2. We interpret this as a
reflection of changes in distance from coast and/or wind speeds and fog intensity linked to
changes in sea level. An increase in wind speeds would both increase the size of grains
transported and increase erosion from the dunes leading to decreased accumulation rates.

Stable isotope ratios of sulfur in sulfate

The §°*S values of the sulfate at both of the sites does not vary widely, averaging +8.5%o at the
west site and +9.1%o at the east site (Fig. 12; Table 4). Possible sulfate sources at these sites
include: (1) deflated sulfate rich soils, (2) erosion and deflation of anhydrite from the Soledad
formation, (3) deflation of ground water sulfates in nearby basins, and (4) marine sources. Rech
et al. (2003) report that Andean mantle and juvenile rocks have 8°*S values of -5 to +5%o, and
here we report values of +6%o from the Soledad formation. In contrast, Bao et al. (2000) has
reported that biogenic marine sulfates have 5°*S values ranging from +13 to +22%o, and seawater
sulfate a 5°'S value of about +21%o. Given these values, both of these sites are likely receiving
the majority of their sulfate from some combination of Andean sources (ancient Soledad, salars,
local soil sulfate).

A small shift in the isotopic composition of the sulfate occurred roughly ~10,000 yr ago. At this
time, 3°*S values begin to steadily increase, possibly suggesting a larger input of marine sulfates,
though the total amount remained small. This change occurred at a time that we suggest may
have represented an increase in winds and fog intensity. These changes may have contributed
larger concentrations of marine material to these dunes, increasing the 3°*S sulfate values.
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Figure 11. Changes in texture of the sediment at both sites over time.
Additional data can be found in Table 3.
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Figure 12. Measured 3°S values from extractable sulfate at both sites over time.

All values are reported relative to CDT.
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Sample Depth 5" 5H 8N
sulfate Palmitic Acid org. N
(cm) (%0, CDT) (%0, VSMOW) (%0, Air N,)
West 1 0-2 8.54 -88.2 1.59
West 1 0-2 8.69 -85.2 1.48
West 2 2-5 8.77 -98.3 1.68
West 2 2-5 8.74 -103 1.98
West 3 5-13 8.73 -134.3 3.20
West 3 5-13 8.30 -136.5 3.27
West 4 13-32 8.44 -167 4.24
West 4 13-32 8.35 -166.7 4.43
West 5 32-49 8.39 -148.2 3.34
West 5 32-49 8.67 -145.5 3.24
West 6 49-67 8.60 -155.7 4.35
West 6 49-67 8.36 -150.1 4.47
West 7 67-83 8.37 - 7.30
West 7 67-83 8.50 - 7.17
West 8 83-104 8.43 - 6.46
West 8 83-104 8.44 - 6.40
West 9 104-118 8.32 -147.9 3.25
West 9 104-118 8.43 -146.2 3.17
West 10 118-127 8.27 -138.8 2.36
West 10 118-127 8.43 -133.4 2.63
West 11 121-149 8.19 -137 7.16
West 11 121-149 8.49 -142 6.42
East 1 0-2 9.89 -60.6 8.59
East 1 0-2 9.68 -62.2 7.70
East 2 2-4 9.59 -91.2 5.75
East 2 2-4 9.37 -90.7 7.02
East 3 4-7 8.87 -114.8 8.51
East 3 4-7 8.79 -111.6 7.47
East 4 7-14 8.89 -127.2 11.00
East 4 7-14 8.82 -123.6 11.57
East 5 14-31 9.13 -136.5 11.79
East 5 14-31 8.88 -134.7 11.96
East 6 31-33 8.93 -138.2 12.47
East 6 31-33 8.93 -137 13.07
East 7 33-52 8.80 -148.2 16.25
East 7 33-52 8.61 -144.5 16.65

Table 4. Measured stable isotope data from each dune layer.
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Stable isotope ratios of hydrogen in fatty acids

The use of 3°H values in lipid biomarkers as a paleoclimate proxy is becoming increasingly
common (eg. Andersen et al., 2001; Sauer et al., 2001; Huang et al., 2002; Sachse et al., 2004a).
The basis for the approach is that photosynthetic organisms derive their H from water sources,
and therefore the 8°H in lipid biomarkers reflects the 8°H of the source plus the effects of
biochemically mediated isotope fractionation. Here we focus on palmitic acid, one of the most
common fatty acids in both microbes, plants and animals. In both dunes, the 5°H value of
palmitic acid generally increased with decreasing age (Table 4; Fig. 13) Additionally, the east
site is about 30 to 50%o more positive than the lipids in the western dune after 17,000 yr BP.
Below, we consider an explanation for these patterns.

The H isotope fractionation between water and fatty acids is reported to be around -160%o
(Sessions et al., 1999; Sachse et al., 2004b). Thus, the water values that the ~ 20,000 yr old lipids
formed from is approximately -100%o, much more negative than the water droplets that should
form from marine vapor (e.g. 0%o) or from the average atmospheric water vapor itself (-85%o at
15C, (Horita and Wesolowski, 1994)) .Whatever the source of water in the late Pleistocene for
the lichen crust, both sites received similar water and it was very depleted in D relative to what is
contributing to the fatty acids at both sites today (or in the recent past). It is possible that rain,
rather than fog, provided small amounts of water to the sites. Ewing et al. (2006) suggested that
soils further to the south reflect some past periods of surficial modification by rainfall, and that
the nearly ubiquitous cap of low density sulfate over the landscape appears to be largely a
Holocene phenomenon. However, we here focus on the fog process itself.

Two key processes are expected to affect the isotopic composition of advection fog as it moves
across the landscape. First, fog forming over the ocean (0%o) at 15 °C should have a 8°H of -
85%o (Horita and Wesolowski, 1994). As this fog travels inland and begins to condense and
dissipate with westerly winds, the fog vapor will become progressively more negative as the
heavier “H condenses out in droplets. Second, as the fog rises in elevation and warms as it
crosses the continent, the water droplets in the fog will undergo evaporation, increasing their 5°H
values.

At the sites here, the greatest increases in 5°H values beginning 10,000 yr BP, though the offset
between the two sites appeared by 15,000 yr BP. Assuming the isotopic difference between sites
is due to the evaporation of the fog droplets during transport to the east (something that is
visually apparent in the field), one can use a simple Rayleigh model to estimate the fraction of
water droplets that have evaporated between the west and the east site. Assuming an equilibrium
fractionation between water and vapor of -85%o, the data suggest a loss of about 50% of the total
water. This is roughly consistent with the average RH differences between the sties (Table 2).

The trend toward increasing 8°H values with time (after 10,000 yr BP) at both sites may hinge on
an overall increase in fog density over time, with much less loss of liquid water from the fog
mass at the time it reaches the sites. Consistent with this interpretation, the work of Latorre et al.
(2011) concluded that fog intensity has been increasing since at least 3,000 yr ago, based on the
record of Tillandsia growth. This trend of increasing 5°H becomes most pronounced at the west
site beginning ~10,000 yr BP, the same time we have proposed a shift in wind speeds and
increase in marine fog intrusions.
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Figure 13. Measured 3°H values in palmitic acid at both sites over time. All
values are reported relative to VSMOW.
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Stable isotope ratios of organic nitrogen

In dunes examined here, the 3'"°N values of organic N tend to decline with time, at the west site
from ~ +7 to +2%o, and at the east site from +17 to +7%o (Table 4; Fig. 14). The largest declines
in 8"°N values occur before ~ 10,000 yr BP.

The organisms comprising the crusts are likely not fixing nitrogen from the atmosphere, but are
rather assimilating nitrate and ammonium deposited on the land surface. The source of
atmospheric N in the Atacama Desert has been the subject of considerable research. It is well-
known that nitrate both in the present atmosphere and in large nitrate accumulations in ancient
soils is largely comprised of nitrate that formed in the troposphere via reactions with ozone or
related oxidants (Michalski et al., 2004; Ewing et al., 2007). The original source of the N in the
nitrate remains less well constrained, but is likely largely from the volatilization of ammonia and
NOx from the upwelling of the productive Pacific Ocean.

The isotope composition of marine N is driven by N cycling, and in particular, redox reactions.
Recent research has shown that as upwelling increases, biological productivity and oxygen tend
to decline (De Pol-Holz et al., 2009; Mollier-Vogel et al., 2012). Currently, the most PN
enriched surface sediment organic matter and surface water NOx in all of Chile and Peru is
located about ~20 ’S, essentially west of our field sites. Surface sediment organic matter has a
projected 8"°N value of +11 to +15%o, while the NOx has a value of about +17 to +18%o
(Mollier-Vogel et al., 2012). This NOx is likely subject to a number of reactions which form
nitrate (Michalski et al., 2004). The N isotope fractionation associated with the processes that
oxidize or remove NOx from the atmosphere is very poorly understood, but due to kinetic
processes, the lighter isotopes should be concentrated in the reaction products. If NOx is
continuously oxidized during transport with air masses, one might expect spatial changes in the
remaining NOx gas and resulting deposited nitrate. There is again a lack of systematic study of
natural systems to confirm this hypothesis. Nonetheless, we use this conceptual model to
consider and evaluate the N isotope composition of the organic N in the dune soils.

We assume that N taken up by biological processes in the lichens cause little isotope
fractionation, and that the buried organic matter has not been subject to isotope fractionation.
The virtual absence of rainfall, and the preservation of C for 10’s of thousands of years, lends
support to these assumptions. The 8'°N value of the surface material at the western most
(coastal) site is about +2%o, 15%0 more negative than measured NOx in the nearby marine
environment. The 8"°N values of nitrate in ancient soils at this latitude are reported to be between
+0.6 and -1.6 %0 (Michalski et al., 2004), consistent with long term N deposition (over millions
of years) in the region. The offset between measured marine NOx and nitrate (Michalski et al.,
2004) and organic N (here) suggest either a large fractionation between NOx and nitrate, or some
other sources or mechanisms of atmospheric N in the region. However, a large fractionation
between NOx and deposited nitrate is consistent with our data. The east site, downwind and
along a plausible transport and reaction pathway, has had, throughout the last 20,000 yr, a nearly
5%o greater 8'°N value than the west site. Assuming that nitrate formation enriches the remaining
NOx in "N, this constant offset is supportive of both a large fractionation, and progressive loss
of NOx as the air mass moves inland.

101



As a first approximation, assuming that the air mass has lost 50% of its N between the west and
east sites (the mass of water lost by H isotope interpretations), the apparent fractionation factor is
-10%o (derived using a Rayleigh fractionation model, Criss (1999)). This suggests the
atmospheric N at the western sites is about +12%o. A recent study of the N isotope composition
of nitrate deposited in dust collectors to the south of our study area suggests that nitrate becomes
depleted in °N with increasing distance from the coast, which would imply that the deposited
nitrate is enriched in °N relative to NOx (Wang et al., 2014). However, this transect is
complicated by likely anthropogenic sources near the coast, as discussed in their paper. In
contrast, it has been reported that the '°N values of nitrate collected on snow surfaces increase
from ~ -11%o at the Antarctic coast to +25%o 1000 km inland. While we do not know the
combination of mechanisms or species involved in the accumulation of N in the dunes examined
here, it is clear that the deposited forms of N are more depleted that the source, and that these
processes have remained constant through time.

The organic N 8"°N value in the dunes examined here are in a very unique setting, one which can
possibly provide connections to the marine record. While the 8'°N values within the dunes have
become much more negative since the LGM (by 8 or 9%o), the 5'°N values of organic N in
offshore marine sediments has become enriched in "’N by up to 6%o since the end of the LGM.
Within the Holocene, the sediment core at 30° S undergoes a 2 or 3% decline in "N to its
minimum at 7,000 years BP, followed by a 1 to 2%o increase to the present value (De Pol-Holz et
al., 2007). There is an anti-correlation between the dunes and the marine record over time. As
discussed, we suggest this lack of correlation is embedded in isotope effect of air mass N
processing, and its changes in path length (and elevation above sea level) over time. The decline
in the 5"°N values at both sites over time (most significant during 20,000 to 10,000 ya BP), is
consistent with a longer transport distance from the coast at the LGM, which would cause any
NOx bearing air mass to have undergone more reaction before reaching the sites than the present
sea level imposes. The observation that most of the change in 3'°N values at both sites largely
ceased or decreased by 10,000 yr BP is consistent with the stabilization of sea level, and the
emplacement of the present sea to shore flow paths that characterize the region today.

While it is clear that there are large uncertainties in isotope fractionation factors, and in the
mechanisms of N transport and chemical processing, the N isotope patterns examined here
suggest a number of follow-up questions and studies on the local N cycle. Even with these
uncertainties, the data are consistent with other chemical and physical data we have examined in
the dunes, data that suggests these sites are recording changes in fog intensity and its related
impacts over late Quaternary time.
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Figure 14. Measured 3'°N values in organic nitrogen from the sediments at
both sites over time. All values are reported relative to N Air.
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Conclusions

Here, we report on our discovery of small scale late Quaternary loess deposits in a windy and fog
impacted region of the Atacama Desert. The unique accumulation of dust has apparently
occurred as a result of a combination of sea level and fog intensity changes that occurred in the
late Pleistocene to Holocene. The dunes form in a rugged badland-type topography that lends
itself to creating local reductions in wind velocity and the settling of suspended particles in the
surface winds. Radiocarbon ages of organic matter embedded within the deposits shows that the
deposits began accumulating rapidly at the LGM, and that accumulation of sediment slowed
considerably after the Pacific Ocean attained its present post-glacial level.

Due to the extreme aridity and lack of biological mixing processes, the dunes retain a detailed
stratigraphic record of chemical and physical changes over time. Chemical and H isotopic
analysis of the sediment and fatty acids preserved within the dunes provide evidence for
increased marine fog density and intensity of onshore westerly winds beginning 10,000 yr BP. At
this time, grain sizes are seen to increase at both sites while accumulation rates simultaneously
decrease, suggesting greater wind speeds and/or decrease in sediment supply. The 8°*S in sulfate
begins to increase, possibly indicative of more marine sulfate. Organic sediment 5'°N values
steadily decreases, suggesting a shorter path length between N upwelling and N deposition and
subsequent assimilation by the lichens and other organisms in the crust. Finally, the °H values
in palmitic acid retrieved from the sediment increase over time, which we tentatively interpret as
reflecting the presence of a thicker and denser fog.

This unique and continuous record of paleo-conditions provides a window into local processes
that were impacted by a complex array of sea-level, marine upwelling, and fog processes. In
particular, the sediments accumulate N from the nearby upwelling Pacific, and thus provide land-
based responses to large scale marine processes. The depth sampling conducted here was
relatively coarse, in order to test whether the sediments indeed accumulated continuously. It
appears that much finer scale depth increments coupled with radiocarbon dating should be able
to provide a much higher resolution late Quaternary record. In addition, the quantification and
stable N isotope analyses of both ammonium and nitrate in the sediment (to complement the
organic N) will prove to be important to better understand the marine-terrestrial linkages in this
region.
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