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ABSTRACT

Mineralogy and Micromor phology of and Atacama Desert Soil, Chile: A Model for
Hyperarid Pedogenesis

by
Michael S. Howell
Dr. Brenda Buck, Examination Committee Chair
Associate Professor of Geoscience
University of Nevada, Las Vegas
The Atacama Desert is the oldest and driest desert on Earth. Hyperaria thisls i

desert are dominated by rare (or exclusive) salt minerals and assesnbfagvious
research details salt origins and abundance, however pedogenic processes invalived in s
distribution are not adequately explained. Therefore, the main goal of thisgatiest
was to identify and document evidence for hyperarid pedogenesis (via salt agyeral
and soil micromorphology) at a field site, Oficina Ercilla, located ~80 km restioé
Antofagasta, Chile within the Central Depression and hyperarid core of thea#gac
Desert. This study presents an interpretational model for hyperarid pedogehedis
supports thaalt heave hypothesis proposed by Buck et al. (2006). Hyperarid
pedogenesis incorporates many known pedogenic processes (e.g. eolian degdasition, ¢
shatter, pressure solution). However, salt heave processes dominate wWitustaigling

feed-back loop initiated and perpetuated by long term influx and retention of salt

minerals.
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CHAPTER |

INTRODUCTION AND BACKGROUND

Introduction

Significance

The Atacama Desert of northern Chile (and southern Peru) (Figure 1.1) is both the
oldest and driest desert on Earth (Ericksen, 1981; Rech et al., 2006; Clarke, 2006).
Recent studies suggest that this area has been at least semi-arid dateeTihassic
(>200Ma) (Clarke, 2006) or late Jurassic (150Ma) (Hartley et al., 2005). Thetacky
and scale of aridity is variable, and has certainly fluctuated since tlssi€riaut a large
area (~50,000 ri130,000 krf) is presently experiencing hyperarid conditions in
northern Chile. Moisture throughout the Atacama varies with elevation, but its dries
region receives <3 mm of precipitation per year (Rech et al., 2003; Rech et al., 2006).
However, this average is calculated using rare rainfall data over demadleloes not
imply precipitation every year. The combination of extreme and sustaidég a
(hyperaridity) certifies the Atacama as the most arid end meatfladl existing drylands
on the planet.

Drylands worldwide are becoming more degraded over time with increased
desertification by climatic and/or anthropogenic forces (Dregne, 1986). Hwens
where globally prolific arid and semi-arid soils reside, account for anraging 36% of

(ice-free) land surfaces (Buol et al., 1997), a third of which are made up of Aridisols
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Figure 1.1. Location map of the Atacama Desert (hashed area) in northern Chile and
southern Peru.

specifically (Brady and Weil, 2004). Aridisols are soils formed in dry cesyaherefore
common in deserts. They are characterized by (1) an aridic moisture relgynfior half
the growing season, moist for less than three consecutive months), low orgadeic mat
and one or more diagnostic pedogenic (illuvial) horizons of weatherable or soluble
minerals at less than one meter depth (Brady and Weil, 2004), or (2) a salic horizon and
saturation within one meter of the surface for at least one month in normalSeirs (
Survey Staff, 2006). Desertification studies suggest that arid regions will becorae
extensive and common based on present trends in global climate and increasing
population (Dregne 1986, Figure 1.2), hence increasing the considerable land area
presently occupied by Aridisols. This presents an immediate concern for the
public/scientists worldwide and validates the need for (improved) land manatgeme

practices and continued research in arid regions.
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Figure 1.2. Global Desertification Vulnerability Map, gray areas are presenlyands.
(from www.usda.gov/use/worldsoils/mapindex/desert.html

Research of Aridisols is significantly less compared to other soil ordiéis.is a
reflection of historical objectives that have had an agricultural bigeifield of
pedology. As a result, far fewer pedogenic studies have been performed in extremely
arid regions around the world, and therefore, many pedogenic processes in arid
environments have not been adequately researched, documented, or understood. This
along with the potentially menacing desertification effects in thedgtresses the need
for further Aridisol studies that focus on pedogenic processes. Despite theysifarci
Aridisol investigations, noteworthy research has revealed several soilggscasque to
arid regions.

One of these unique and primary soil formation processes is the accumulation of
soluble minerals and/or silicate dusPrevious studies have attributed these mineral
accessions to the influx of atmospheric/eolian dust (Peterson, 1980; Rehgi$38%
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Dan, 1990; Harden et al., 1991; Simonst#05; Amit and Yaalon, 1996 Dust
additions are passively trapped by some form of topographic low at the soil surtdce, s
as bar and swale surfaces or between adjacent surface clasts on afigvial fa
Precipitation events that follow, although infrequent and/or seasonal, assistiatmm
by either translocating/ illuviating dust particles deeper into the soilg@&irkeland,
1999; Brady and Weil, 2004) or creating a cohesive crust at the surface (Cooke, 1970).
The same dust accumulation processes also lead to another process and unique
attribute of arid pedogenesis, the contemporaneous development of vesicular (Av)
horizons and desert pavements (McFadden et al., 1987; McFadden et al., 1998; Anderson
et al., 2002).These are observed in both hot and cold deserts (Claridge and Campbell,
1981). Av horizons are characterized by fine eolian sediment comprised of sjlgraday
sometimes salt, which facilitate an abundance of non-connected vesicular voids.
Although the formation of vesicles is not fully understood, they are likely & adsalpid
wetting / drying episodes, which preserve gas vesicles that failed tceredethe
atmosphere (Springer, 1958; Evenari et al., 1974, Buol et al., 1989, Anderson et al.,
2002). The formation of an Av horizon begins with the formation of a desert pavement
composed of surface clasts derived from subaerially exposed parent matdr@tkbe
(e.g. Wells et al., 1985), modified by physical weathering at the surfadeafien et al.,
1987; 1998). Surface clasts weather into smaller clasts resulting in an @cpaascle
density and more developed surface armor or desert pavement (Cooke, 1970; McFadden
et al., 1987). A laminar surface crust, composed of eolian sediment, adheres to the
underside of desert pavement clasts following a precipitation event(s) (Q®3Ke

Anderson et al., 2002). Av horizons are cumulate so as continual eolian inputs deliver



airborne dust, pedogenic modification via vesicle formation and possibly expansion/
contraction processes (depending on wind-blown materials added,e.g. sad#yand cl
ultimately lead to accretion (McFadden et al., 1998; Anderson et al., 2002). Itis also
important to note that the desert pavement stabilizes the eolian derived Is\éBzreke,
1970); therefore the disruption of the desert pavement can quickly result in the eolian
erosion of the Av (Quade et al., 2001; Schaetzl and Anderson, 2005). With time, this
coevolution and coexistence of Av horizons and desert pavements translates into a
vertically accreting soil profile where tightly packed pavementsia lifted as
vesicular surface horizons thicken with eolian inputs of soluble minerals antesilicst
(Cooke, 1970; Yaalon and Ganor, 1973; Gile, 1975; Wells et al., 1987, 1995; McFadden
et al., 1987; McFadden et al., 1992; McFadden et al., 1998; Anderson et al.,2002).
The establishment of Av horizons/desert pavements greatly affecisatrdih of
meteoric water (McFadden et al., 1986). As vesicular horizons thicken they often
develop a pronounced platy structure as clay or other fine sediment, salt, or air in soi
voids shrink-swell with rain events (McFadden et al., 1986; McFadden et al., 1987,
McFadden et al., 1998). When Na present, columnar peds are formed. Columnar
peds are bound by fine soil cracks that assist infiltration and at times tréosse,
single grain, eolian silt, sand, and salts into the subsurface. Water wicks ipaalthe
interiors enriching them in illuviated clay, calcium carbonate, or other salubkrals.
Over time these mineral additions promote a continuous B horizon (McFadden et al,
1987; McFadden et al., 1998). Thickening of the Av also affects water penetration and
mineral illuviation in underlying horizons. The continual addition of fine eoliannmbte

results in more surface area to retard meteoric water infiltration. M husn leads to



decreased wetting depths that continually shallow with accreting Av horiYains (
1987; Shaetzl and Anderson, 2005).

The reduced infiltration of limited/seasonal meteoric water by Av horideasft
pavements and high evaporation rates in arid regions results in increased minera
precipitation versus leaching in soil profiles. Consequently, mineral additioviaiéd
from the surface or adjacent soil horizons accumulate at a maximum (albedsieg)
depth of wetting dictated by vesicular surface horizon thickness and other local soil
forming factors (i.e. climate, organic matter, relief, parent maje¢ina¢). Common
constituents in these illuvial soil horizons consist of clay minerals, calcanbonate,
gypsum, and other soluble salts such as halite (Gile et al, 1966; Bachman and Machette,
1977; Machette, 1985; Gile et al., 1987; McFadden et al., 1991; Harden et al., 1991,
Eswaran and Zi-Tong, 1991; Amit et al., 1993; McFadden et al, 1998; Birkeland, 1999;
Buck and Van Hoesen, 2002; Brady and Weil, 2004).

Over time these soluble minerals are vertically distributed throughoutdhle pr
Mineral solubility controls the depth at which each mineral precipitates atadedi its
position with respect to other soluble minerals. Horizonation is often correlativis to t
segregation by solubility. Additionally, the position and composition of soluble minerals
in a soil profile can determine whether moisture is descending from the sudtere w
inputs or ascending from groundwater. The most soluble minerals will migitatéhe
furthest reaches of meteoric water and accumulate at that depth within fhreflei
(Brady and Weil, 2004; Buck et al, 2006). The exception to this general rule is

overprinting as a result of a changing soil forming factor(s), which atterdepth of



wetting and permits minerals of different solubilities to occur at the sasition within
a profile (Harden et al., 1991).

Extended periods of aridity, and systematic translocation of soluble minerads to t
maximum depth of wetting, will inevitably lead to well cemented or indurated horizons
Over geologic time spans (49 10 years), these horizons reflect specific morphologies
linked (diagnostic) to the predominate indurating mineral such as calcium darGila
et al., 1966; Bachman and Machette,1977; Machette, 1985; Monger et al., 1991; Monger
and Daugherty, 1991; Brock and Buck, 2009), gypsum (Harden et al., 1991; Eswaran and
Zi-Tong, 1991; Buck and Van Hoesen, 2002), and halite (Amit et al., 1993; Amit and
Yaalon, 1996). Since these minerals accumulate through time they can be used to
interpret relative ages of geomorphic surfaces.

Other ancillary processes that contribute to arid pedogenesis are alsioedieiscr
these and other previous studi€socesses include thermally-induced clast shattering
(McFadden et al., 2005), salt-induced clast shattering (Amit et al., 1993; Amit and
Yaalon, 1996), and pressure solution (Monger and Daugherty, 1991; Brock and Buck,
2005). All of these known processes that contribute to the current understanding of arid
pedogenesis, primary and ancillary, were interpreted primarily by imeensneralogic
and soil macro/micromorphologic investigative techniques. Based on their success at
revealing soil processes in previous research, these techniques are atbintilis
study to elucidate processes responsible for hyperarid soil genesis itatiaena Desert.

The Atacama Desert, as the arid/hyperarid end member of the planet, is the best
natural laboratory to study pedogenesis under extreme and sustained aridityekiowe

research still has not adequately identified pedogenic processes thatsdds in this



hyperarid desert. Identifying and documenting soil processes occurtimg Atacama

Desert will provide a valuable analogue to better evaluate: (1) soiliorma the arid

regions of Earth; and Mars (McKay et al., 2003), (2) paleosols in the rock record, and (3)
potentially local nitrate (and other soluble salt) mining. In addition, whatrisdéan the
Atacama Desert will help manage the global desertification problgondwding a link
between what is already known about arid soil processes and how they are mothfied wi
increased and sustained aridity.

Purpose of Study

Although there have been 25+ years of research associated with the rdtraieis
of the Atacama Desert, no study has focused on soil procédsexefore, the intention
of this study is to understand and identify the pedogenic processes that define Beils in t
hyperarid core of the Atacama Desert. In order to reveal these hgsaihformation
processes, the primary goals of this study were to: (1) select a seutbpsesentative of
the oldest/most mature soil profile, (2) document geomorphic/landform attr{3)tes
describe and sample soil horizons/pedofeatures, (4) identify minerals andl minera
assemblages with depth/horizon, (5) capture macro and microscopic verificatign of ke
and/or ancillary pedogenic processes in a hyperarid soil profile, (6) compile thi
information to construct a theoretical genesis model for hyperarid pedogéigsis
compare these processes to other known soil processes, and (8) test the hypdthesis tha
the abundant salt minerals found in the Atacama soils provide a dominate force in

hyperarid soil processes by a mechanism tersakdheave (Buck et al., 2006).



Background & Study Area

Geography

The Atacama Desert (Chile) is located along the western edge of Soutit®&me
(approximately between 18 - 30 S, Figures 1.3 and 1.4). Itis bounded along its
western flank by the Pacific Ocean, which is also highlighted by the C@astdillera
(Cordillera de la Costa) with a maximum elevation of ~3000 m a.s.l. (Mortimer and
Sart, 1975; Ericksen, 1981). Its eastern boundary is defined by the Andes Mountains
(>5000 m a.s.l.) and adjacent front ranges (~4000 m a.s.l.) to the west of them termed the
Cordillera Central (north) and Cordillera de Domeyko (south) (Mortimer and, $975;
Ericksen, 1981). Between these two ranges lies a NS trending valley (1000-2000 m
a.s.l.), the Central Valley (Depression), that extends ~1000 km and can span >60 km
wide. The Central Depression, also known as the Pampa del Tamarugal in the north, is
segmented by the NE-SW trending transverse Baquedano Valley (Mortimear@h)d S
1975; Ericksen, 1981, Figure 1.4), which is ~10 km wide and ~100 km long. The
significant elevation, and subsequent relief, delineating the Atacamé Pesades the
distinct physiography that leads to its unique and extreme climate.

Climate

The climate in the Atacama Desert is variable depending on location. Ggnersill
hyperarid (<5 mm/yr precipitation) in the Central Depression, but gratteanrarid
region (<20 mm/yr precipitation) to the west and arid/semiarid regions (10-20@ mm
precipitation) towards its eastern boundary with increasing elevatioh @et., 2003;
Figure 1.5). The level of aridity in the Central Depression of the Atacarogeidreme

that it approaches the limits of hyperaridity described by UNEP (Unitadrida
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Figure 1.3. Location and approximate limits of the Chilean Atacama Desert.
Antofagasta, Chile and Baquedano nitrate district (residing in the Baquedaey)Vall
noted for landmarks. (Satellite image courtesy of NASA / JPL-Calteobjfied using
Adobe lllustrator).
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Figure 1.4. Satellite image of northern Chile near Antofagasta, Chile (red stshdd
lines indicate approximate boundaries)f:Coastal Cordillera?) Cordillera Central3)
Andes Mountains4) Baquedano Valleyg) Cordillera De Domeyko, and tl& Central
Depression (Pampa Del Tamarugal in the north) as noted in the text, albrajhveit
notable landmarks. (Satellite image courtesy of NASA / JPL-Caltechedeavto black
and white with Adobe Photoshop).
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Environment Programme). UNEP uses a ratio called the Aridity Index (Alsignes
numeric value to the magnitude of aridity. Al is determined using this catoulati
Average Annual Precipitation/Potential Evapotranspiration (P/PET). An aredaves

an Al of <0.05 for hyperarid classification. Atacama precipitation sagishiis parameter
with as much as 20-40 mm/yr with reported PET values of 1-2 mm/day (Mintz and
Walker, 1993). Though, the hyperarid core of the Atacama Desert typecdiyves <3
mml/yr of precipitation (Rech, 2006; Figure 1.5), which computes to an Al of <0.01.
However, this measurement is somewhat deceptive as measurable precipitgtion onl
occurs two out of every five years (Miller, 1976; Rundel et al., 1991) so this average
rainfall does not imply annual rainfall. In fact, rain events in the hyperareaften

span decades (Miller, 1976; Ericksen, 1981) or centuries (Harris, 2003). Specificall
rain events of 1Imm or more may only occur once every 5-20 years, with rainfall
exceeding 1cm only a few times in a century (Ericksen, 1981). These low jattempit
values are attributed to both the Humboldt Current and the Andean rain-shadow effect
preventing moisture inputs from the Pacific Ocean and the Amazon Basin nedgecti
(Houston and Hartley, 2003). The coastal range also acts as a barrier that pnegénts
of the rare moisture inputs from the Pacific Ocean and temperature invieihimed
fogs,camanchaca, from reaching the Central Valley (Ericksen, 1981, Rech et al., 2003).
Mean temperature in the Central Depression is about 17°C (63°F), but averages 21+°C
(70°+F) in its warmest month, February. The Central Depression also hasea dadgt
temperature fluctuation and lower relative humidity than adjacent highlandge&et

July and September, diurnal temperatures can vary nearly 30°C (86°F) as night

temperatures approach freezing (Ericksen, 1981). Although generally lower in t
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Figure 1.5. Atacama Desert precipitation vs. elevation data from west to east with
geographic references. Data acquired via personal communication with@r Rlesh
(University of Miami, OH).

Central Depression, relative humidity (RH) measurements can fluctuatally as well.
Near the coast, RH values can fluctuate up to 1008¢€(€s et al., 2007). However,
these findings were influenced by coastal marine fogs noted above and do narilgcess
represent RH values throughout the Central Depression. Given this unique and extreme
climate, the Atacama has also been studied as a possible analogue to thedvdace
(Mckay et al., 2003) along with the Dry Valleys of Antarctica (Bockheim, 20@2es
et al., 2003).

Vegetation

Vegetation in the Atacama Desert also differs depending on location ¢sctiogrfof
climate variability. Spanish moss and hardy shrubs are found in areas near the coast that
have fog moisture inputs or infrequent precipitation from the Pacific OceasquMe

trees and salt grasses are also found in pampas with shallow water tablestioe ne
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groundwater-supported salars of the Central Depression (Ericksen, 1981). Hdlever
hostile climate of the hyperarid core incites more commonly a barren égredas it
prevents the occurrence of vascular plants (Ericksen, 1981; Rech et al.,2006) and only a
limited occurrence of soil microbes (Cameron et al., 1966; Ericksen, 1981; Ledter et a
2007).

Geology

The geology of the Atacama Desert is complex due to the extensive regiongl histor
of tectonism and magmatism spanning from the Paleozoic to the present (Ramos, 1988;
Padilla et al., 2001)This >500 m.y.o history has defined five distinct physiographic
provinces: (West to East at Antofagasta) Coastal Range, Central lepy&ordillera
de Domeyko, Preandean Basin, and Andean Cordillera (Figure 1.6). The present
hyperarid climate adds another variable to the complexity as it has beeneslisteer
geologic time spans (Ericksen, 1981; Rech et al., 2006), and a source of error with
mapping and relative dating of landforms because the extreme climate has
promoted low erosion rates and little alteration of rocks emplaced/deposited throughout
the Cenozoic (Mortimer et al., 1974:1975).

Evolution of northern Chile, where most of the Atacama Desert presently resides,
essentially began in the Paleozoic. Initially, this western margin of Goralwas a
passive margin where continental crust met oceanic sediments. In theoMggog
margin became an active subduction zone as the Nazca plate began its plungeleeneath t
South American plate. This initiated the formation of a magmatic arc from the Mi
Triassic to Late-Jurassic, which is presently represented by thealCRasge province

(Coastal Cordillera). The Central Depression province, along with a portiba of t
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Figure 1.6. Physiographic provinces from west to east at Antofagasta (modified from
Padilla et al., 2001).

Cordillera de Domeyko, represents the area that an associated extensioat drasin
formed during this same time period. From the Cretaceous through the Cenamic thr
more magmatic arcs developed. These rocks are found along the eastern mheggin of t
Cordillera de Domeyko in a younger-eastward trend; Paleogene emplacenménisofe
bodies is also temporally/spatially associated with these magmageents (Padilla et

al., 2001). Transpressional and compressional tectonism, active since thedigtac
have consumed the back-arc basins associated with these events as exstnsitunals
were reversed with plate movement. These regional events are also involved iiftthe upl
of the Coastal, Central, and Andean Cordillera from Oligocene to presentr{ldioand

Sark, 1975; Ericksen, 1981, Padilla et al., 2001).

Coastal Range and Andean uplift resulted in sedimentation within the Central
Depression until the mid-Miocene. Alluvial and fluvial sediments were shed from both
volcanic and plutonic bedrock on eastern and western slopes (Ericksen, \Yt6REanic
rocks are dominated by andesite, dacite, and rhyolite compositions; plutonic lisologi

reflect higher percentages of tonalite and granodiorite respectivetkggn, 1981;
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Winter, 2001). The sediments derived from these rocks are generally lumped into what is
called the Rhyolite Formation (Mortimer et al., 1974) in the Pampa del Tamarugal
(Figure 1.4), but the extensive alluvial fan deposits throughout the Central Depression
are sometimes referred to as “Atacama gravels” (Nishiizuadi,€2005). The uplift on
both flanks of the Central Depression is not only the catalyst for the deposition of these
sediments. It is also a major contributor in the transition to the present hymraate.
Hyperaridity
The age of onset of hyperaridity in the Central Depression is still contralversi
Several studies have inferred age ranges from late-Oligocene to aterrli
Cosmogenié'Ne dating of surface clasts in northern Chile suggests hyperaridity has
been sustained since 25 Ma (Dunai et al., 2005). Rech et al. (2006) infer an Early to Mid
Miocene (19-13 Ma) inception based on stratigraphic relationships of paleosols with
dated ignimbrites (9.4-8.3 Ma). Alpers and Brimhall (1988) have also proposed a Mid-
Miocene (15-13 Ma) age using K-Ar dating techniques of hydrothermal minerals i
conjunction with dated volcanic ash-bed markers in soil profiles. A Labed?le age
was reported using Miocene to Pliocene sedimentation data (Hartley and Chong, 2002).
Cosmogenic dating{Be) was also employed by Nishiizumi et al. (2005), which
supported a Late-Pliocene commencement of hyperaridity. Despite tharvagief
ages, the antiquity of aridity (even if only 3-4 Ma) is evident and has provided a unique
setting where eolian processes have dominated over alluvial/fluvial prot@saes
significant amount of geologic time.

Arid Processes and Geomorphology

The sustained hyperarid regime has permitted only minimal physical anicahem
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weathering of bedrock and the sediments shed from thamdforms in the Central
Depression reflect only minor alteration since the initiation of hypetaii@ricksen,
1981). Recent studies that have addressed erosion rates suggest that alluvesl stefac
actually more stable than bedrock ridges (Nishiizumi et al., 2005). This has allowed
excellent geologic preservation along with a unique mineralogical i@antthese
lower surfaces since the Miocene (Mortimer et al., 1974; Ericksen, 1981).

Eolian processes have played a major role in rounding the landscape as wind-
transported dust and sediment round/fill any remnant hills, gullys, and valtesced
from a previous wetter climate (Ericksen, 198A¥ a result the landscape has undergone
substantial volumetric expansion (Ewing et al., 2006) as an unparalleled amount of
silicate dust and high concentrations of soluble minerals including nitralisges,
chlorides, iodates, and perchlorates have been preserved in soils and bedrock (Ericksen,
1981). The limited precipitation and fluvial processes combined with this extensive
eolian/atmospheric deposition has resulted in a retention/surplus of dust/solubksminer
unmatched in other arid regions. Geomorphically, this translates into a landscape of
smoothed topography with gently sloping alluvial fans, pampas, playas, and minimal
stream incisions or terracing (Ericksen, 1981).

Soils

Soils forming on these geomorphic surfaces have accumulated some of the richest
deposits of salt in the worldlhe largest accumulation of nitrate along with exclusive salt
species and salt mineral assemblages are globally recognized ésrigken, 1981,
Figure 1.7). Soil profiles in the Central Depression are reported to have ageave?s-

40% salt, with single horizons containing >99% (Buck et al., 2006; Prellwitz, 2007).
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HALIDES:
Halite, NaCl
NITRATES:
Soda niter (Nitratine), NaNO
Niter, KNQ
Darapskite, N@SO,)(NOs) * H,O
Humberstonite, Na,Mg,(SOy)s(NO3), * 6H,0
IODATES AND CHROMATES:
Lautarite, Ca(lg)»
Briiggenite, Ca(lg), * H,O
Dietzeite, CA105),(CrOy)
Tarapacaite, rO,
Lopezite, KCr,O,
BORATES:
Ulexite, NaCaBDy * H,O
Probertite, NaCaB, * 5H,0O
Ginorite, C$14023 * 8H20
Hydroboracite, CaMgi®1, * 6H,0
Kaliborite, HKMQB]_QO]_G(OH)]_O * 4H20
SULFATES:
Thenardite, N&Ox
Glauberite, N&La(SQ),
Bloedite, NgMg(SQy), * 4H,0
Kieserite, MgS®* H,0
Epsomite, MgSg* 7H,O
Gypsum, CaSC 2H,0
Anhydrite, CaS©
Bassanite, 2Ca3®H,0

Figure 1.7. Summary of saline minerals found in Chilean nitrate deposits (from

Ericksen, 1981).

These salts are attributed to atmospheric (Ericksen, 1981;B6hlke et al. 1997,
Michalski et al., 2004; Oyarzun and Oyarzun 2007), eolian (Ericksen, 1981; Rech et al.,
2003; Bao et al., 2004; Bao 2005), and groundwater origins (Ericksen, 1981). As a result

of interest in the nature and source of the saline minerals, research haseohcrea

significantly over the past 25+ years.

Many historic studies have offered insight into the primary origins of these imdura

salt minerals.Ericksen (1981, 1983) summarized previous theories for possible sources
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of nitrate and other saline constituents. Proposed nitrate sources include (1) dedompos
vegetation from cutoff inland arms of the sea (Forbes, 1861; Noellner, 1867; Flagg, 1874;
Mintz, 1887; Mintz and Marcano, 1885) or continental saline lakes (Sieveking, 1887),
(2) nitrification and leaching of seabird guano near saline lakes (J.C. Hillib860),

inland arms of the sea (Penrose, 1910), and salars (Gautier, 1894), or windblown
ammoniacal particulate matter and gas from guano deposits (Ochsenius, 1883888, 1
1903; Bruggen, 1928, 1938), (3) decay of land plant and animal remains (Plagemann,
1897-98) or plant materials in soils (Newton, 1896), (4) nitrification and fixation of
atmospheric nitrogen by soil bacteria (Gale, 1912, 1917; Bruiggen, 1938), (5) atnmwospheri
nitric acid reactions with igneous rocks (Pissis, 1878; Sundt, 1904, 1911, 1917, 1921,
Wetzel, 1924, 1926, 1928, 1932, 1961; Knoche, 1930, 1939), (6) accumulations from
volcanic gases or leaching of volcanic rocks (de Kalb, 1916; Feista, 1922, 1966;
Steinman, 1925; Whitehead, 1920; Ericksen, 1961), or accumulation of nitrate from
various sources in subsurface saline waters / brines associated witl{Siatzes/ald and
Miller, 1916; Mueller, 1960, 1968) or in soils (Hofseth, 1931; Claridge and Campbell,
1968; Ericksen, 1975, 1979). Sources of saline minerals other than nitrate include (1)
evaporation of shallow marginal waters and windblown spray associated with

inland arms of the sea (Darwin, 1890), (2) capillary migration from subsurfdee iva

brine from salars into soil and fractured bedrock (Miller, 1916; Mueller, 1960), (3)
atmospheric fallout/washout along with subsequent reactions of atmospheric iitputs w
soils (Pissis, 1878), (4) accumulation from saline-rich mudflows (Wetzel, 1924, 1926,
1928, 1932, 1961), and (5) volcanic emanations or soluble minerals within volcanic rocks

(Ericksen, 1961, 1981) This composite list verifies the immense scientifieshterd
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wealth of ideas regarding the origin of these anomalous salt deposits over tiaopast
centuries. However, principal sources are generally accepted to be $pyasgaerosols
from the Pacific Ocean, (2) volcanic rocks and emanations of Andean volcanoes, (3)
photochemical reactions in the atmosphere, (4) eolian transported salt snanecdsd
from saline soils, evaporite deposits, and salars in the Atacama Desert, and (5)
reactions/transformation of soils/rocks with atmospheric ions (wet and plogitien) or
soil microorganisms (Ericksen, 1981).

One or more of these origins contribute to the prevalence of each of the sditseor sa
groups (i.e. Nitrates, Halides, Sulfates, lodates, Borates, and ChrpmatesChilean
nitrate deposits (Figure 1.7). Recent studies using O isotopes suggest that théhaulk of
nitrate salts are accumulated from dry deposition as a result of troposgieric
stratospheric photochemical reactions (Bohlke et al., 1997; Michalski et al., 2004).
Oyarzun and Oyarzun (2007) believe that atmospheric fixation induced by large scale
volcanic activity during the late Miocene explains the abundance of nitratge Shelies
support the conclusions in Ericksen (1981), but Ericksen (1981) also suggests nitrate
formation via oxidation of ammonia and nitrogeneous organic materials derived from
Pacific Ocean sea spray. Nitrate may also have been formed in soilsifiGndn of
ammonia/ammonium or nitrogen fixation by photoautotrophic bacteria and blue-green
algae (Ericksen, 1981).

Origins for halogens including chlorides, perchlorates, iodates, and bromides have
also been linked to composite sources. Chloride represented solely by the halhieral
is largely attributed to sea spray from the Pacific Ocean. Howeveglga supplied by

volcanic emanations or groundwater fed salars associated with the nealdysy snd
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Andean groundwater (Ericksen, 1981). The anamolous amount of perchlorate (albeit
trace amounts) found in the Atacama Desert soils has entrigued scientigsddes.
Reactions between chlorine gas and ozone in the troposphere and at the soil surface have
previously been suggested for the creation of perchlorate in the Atacanks€gyit981;
Ericksen, 2004; Orris, 2005). Recent studies in the arid southwestern US (Texas and
New Mexico) also support perchlorate enrichment in soils and groundwater via
atmospheric deposition (Rajagopalan et al., 2006; Plummer et al., 2006). lodates
(lauterite and briiggenite) are attributed to oxidation of iodine via photochemical
reactions in the troposphere and at the soil surface. lodine is supplied by orgtanialm
transported in sea spray or from gaseous iodine formed by photochemicaboxadiat
iodide at the surface of the Pacific Ocean (Ericksen, 1981). The presence of bramaide
likely the result of marine aerosols as well. However, unlike iodide photochemical
oxidation of bromide results in a gaseous form of bromine which is subsequently lost to
the atmosphere and leads to anomalously low bromine content in the Atacamaii@esert a
a lack of salt minerals containing bromine (Ericksen, 1981, Figure 1.7).

Sulfate salts (i.e. gypsum, bassanite, anhydrite, thenardite, glauberitktehloe
kieserite, epsomite, Figure 1.7) are abundant throughout the nitrate deposits, arich al
with nitrate and halite dominate saline constituents (Ericksen, 1981). Rec{2608)
offer a composite model of both marine fogs and eolian salar material$ats salt
sources based on S and Sr isotope analyses. Bao et al. (2004) and Bao (2005) use O
isotopes to conclude that dry fog inputs are a significant source of sufféatdenid
zones; these sulfates are linked to oxidized sulfur gases that are attributédddicdli

emissions from the Pacific Ocean or gaseous emissions from volcanisne. stuaies
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support Ericksen’s (1981) conclusions of seawater and volcanic origins, but Ericksen
(1963, 1981) also suggests that additional sulfate may be derived from soluble sulfate
minerals leached from volcanic rocks subsequently reworked via eolian psoapdsar
Andean groundwater.

Borates, largely represented by the mineral ulexite, are primérilyuged to
volcanic origins. This is evidenced by abundant ulexite in salars in the Andean
highlands, where saline minerals are derived from volcanic emissions andihgs spr
along with leached volcanic rocks nearby (Ericksen, 1981). Furthermore, salarsrat low
elevations within the Atacama Desert are enriched locally with ulbyifendean
drainage (Ericksen, 1963).

Chromate and dichromate salts (dietzeite, tarapacaite, and lopezite, FFiurecur
in trace amounts within the nitrate deposits. The presence of chromate isllikely
chromium present in sedimentary rocks (shales) near the deposits (Krauskopf, 1967;
Connor and Shacklette, 1975; Ericksen, 1981). Trivalent chromium found in these shales
may have oxidized to hexavalent chromium leading to the formation of the mobile
chromate ion (Rankama and Sahama, 1950; Ericksen, 1981). Some soil chromate may
also be formed from the decay of organic matter in sea spray or tatrglsnts
(Ericksen, 1981). The presence of iodate in dietzeite is also suggestive of gea spra
influences. The formation of dichromate is caused by the subsequent alteration of
chromate, which was observed in vugs of chromate-rich nitrate ore (Ericksen, 1981).

Cations (i.e. sodium, potassium, calcium, and magnesium) available to form salt
compounds have also been attributed to similar origins as the anions (i.e. nitratéechlori

sulfate, etc.) present in the nitrate deposits. These alkali and alkalineleanents are
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derived from sea spray, airborne Andean volcanic particulates, and eolian trahsporte
dust from saline soils, salars, and playas within the Atacama Desekis@#rjd981).

With the exception of perchlorate, many of the salt minerals (or their ionic
components, Figure 1.7) discussed are found worldwide terrestrially or in thephiene,
however the unique hyperarid environment has allowed for their anomalously abundant
deposition and retention (Ericksen, 1981; Ewing et al., 2006). The almost rainless
climate since the mid Miocene (Ericksen, 1981; Rech et al., 2006) has caused arong ter
accumulation throughout the Atacama Desert (Ericksen, 1981; Buck et al., 2006; Ewing
et al., 2006). Eolian processes that have effectively rounded the landscape have
redistributed dissolved/leached soluble salts, previously destabilized and/ozetbbyi
sporadic and sometimes heavy rain events. Subsequently, the salts weretestleposi
ancient flat, shallow sloped, or gently undulating land surfaces such as dtungial
where later precipitation dissolved and translocated them below the surface. Over
geologic time scales this has enriched soils forming on these geomorpheeswrith
airborne soluble salts, or soluble ions that have reacted in soils to form salt/go leve
unmatched elsewhere on Earth (Ericksen, 1981).

Previous investigations have also recognized/documented relationshipsrbstiee
horizons and the salt mineraloglricksen (1981, 1983) loosely describes soil
horizonation using 5 locally termed soil layers: chuca, costra, caliche,aaael coba.

The chuca is approximately 30 cm thick and composed of unconsolidated surface
horizons, which includes a basal friable thenardite and/or humberstonite laysetitpre
Below the chuca lies the costra layer. It is usually 0.5-2 m thick, but unlike the ithaic

moderately to firmly cemented by saline minerals. Firmly cementestentre, caliche,
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with thicknesses of 1-3 m rests beneath the costra. The caliche can also caméaon ve
basal layers of a white nitrate-rich material called caliche blabepending on the
location, the caliche may grade into conjelo or coba. The conjelo is a firmlytme
layer, capable of thicknesses of 2 meters or more, with lesser amountstefthérathe
caliche. Coba is simply unconsolidated alluvial parent material (Ericksen, 1981).
Ericksen (1981, 1983) also describes features tesaretdikes anddessication
polygons. However, a pedogenic process (es) linking the mineralogy to soil horizonation
and these surface/subsurface elements is not presented.

Salt Heave

Salt heave is a recently proposed pedogenic process that provides a viable mechanism
to explain the unique attributes of these Atacama s8#dt heave is caused by: (1)
precipitation/dissolution (enhanced by hydration/dehydration), and (2) diffdrent
thermal expansion/contraction of salt minerals (Buck et al., 2006). These sattipsope
incite volumetric changes in soil materials that occur daily, (possibly diyynad with
infrequent precipitation events (Buck et al., 2006). Buck et al., (2006) hypothesizes that
unusually high concentrations of salt minerals in the Central Depression ertiesee t
volumetric fluctuations into a physical heaving mechanism and dominate pedogenic
process. Over extended periods of time’ @aF* years), salt heave is also thought to be
responsible for the trans-horizon cracks that form patterned ground (Buck et al., 2006)
previously described aand dikes anddesiccation polygons by Ericksen (1981, 1983).
This study will test the salt heave hypothesis further by focusing on acilg pocated
within the hyperarid core of the Atacama Desert, which shares sinitlanisaralogy

and surface/subsurface features observed in previous studies by Ericksen (1981, 1983).
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Study Site (Oficina Ercilla)

In order to better understand the pedogenic processes occurring in the most extreme
environment on Earth, this research project focuses on one of the most hyperarid and
nitrate-rich portions of the Atacama Desert, the Ercilla VallBye Ercilla Valley is a
subsidiary basin to the Baquedano Valley (Figure 1.4). Itis a NNE-SSWnigevalley
with approximate dimensions of 15 km long and 5 km wide. This study specifically
focuses on a soil profile, Oficina Ercilla (OE), located near the southermtexof the
Ercilla Valley approximately 80 km NE of Antofagasta, Chile. OE is ad®mua20 km
north of of Baquedano and Highway 5 along rural road B-330 (23 07’ 30” S, 69 51’ 41”
W) at approximately 1400 m.a.s.l. (Figure 1.8). The landscape in the Ercilégy V&l
consistent with the description by Ericksen (1981) of alluvial type nitrate deposit
Bedrock ridges are rounded by eolian modification, which has blanketed most of the
hills, gullys, and valleys created during a previous wetter climate(ls)avborne dust
and sediment (Figure 1.9 and 1.10). Most of the geomorphic surfaces are smooth and
gently sloping except where historic mining has left an abrupt scarp atleweés of
hillslopes, slope breaks, and relatively flat upper fan surfaces (Figure 1.heB) w
nitrate is known to be in the greatest abundance (Ericksen, 1981). These alluvial fan
landforms are composed of “Atacama gravels” characterized by poaidyl sediments
including silt, sand, gravel, and large cobbles/boulders (Figure 1.9). Deposition of the
Atacama gravels occurred from the Oligocene into the Miocene, ceasirich-M3& at
the transition from an arid to hyperarid climate in the mid-Miocene (Mortamé Saric,
1975; Ericksen, 1981; Nishiizumi et al., 2005). OE was heavily mined for nitrate in the

late 19th and early 20th century and has been subjected to some recent actieity As w
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nearby cemetery indicates mining from at least 1901-1915 at this sitacsgilgcfFigure
1.10A). Historic mining has left behind several continuous 500-1000+ m exposures of
indurated soil and exploration pits along the gently sloping geomorphic suafa0&s
(Figure 1.10B). At least three geomorphic surfaces are present at gtisiancluding

an older upper fan surface (where most of the nitrate mining occurred), a lowgrféinse
surface, and a presently dry fluvial terrace(s), but time constraintapeehvaufficient
investigation/ mapping of these and potentially other surfaces.

The study site is located on the uppermost geomorphic surface (upper fan), along the
east side of the valley, and positioned medially on an alluvial fan dipping ~6° togshe we
At higher elevations, or where previous mining has tapped into bedrock, alteredosolcani
outcrops are readily identified (Figure 1.10A). The soil-hosting alluvium at SE al
consists of mostly volcanic or hydrothermally altered volcanic rocks. Theke are
poorly sorted subrounded to subangular clasts supported/cemented by a matrjx of salt
silt, and sand. Clasts/gravels typically range from 1 to 12 cm in length and weaemot
the field as fine grained aphanitic to porphorytic rhyolite, andesite, or tuff.etaw
some granitic clasts are present. Sporadic surface clasts/graleteflect volcanic
(rhyolite) origins on the upper fan surface and ranged from 0.5 to 50 cm in lenthc Erra
granodiorite cobbles-boulders exist on the surface of the lower fan and flusaakt(s),
which were used for cosmogenic dating by Prellwitz (2007). The surface is void of
visible flora and fauna. However, anthropogenic disturbances, such as tailingsmdiles
vehicle ruts, from mining activities are still strongly visible due to ladkiatbgic
processes and limited precipitation (Figure 1.11B). The closest conssstedata

comes from Antofagasta, which reports a precipitation average of 1.7 mm annually
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Figure 1.8. Location map of OE site, modified from Prellwitz (2007).

Figure 1.9. Field photo of “Atacama gravels” along road cut (B-330) near OE.
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Figure1.10. A) Cemetery for nitrate miners near OE site, circa 1901-1B}®E site
soil outcrop left by historic nitrate mining.
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(Direccion Meteorolégica De Chile, 2006). Limited rain data from Baquedaooded

from 1975 to 1989 averages 4.15 mm annually. However, 42 mm of the 62.2 mm
measured rainfall occurred in January 1975 (data acquired via personal communication
with Dr. Jason Rech, Miami University). Furthermore, eight of the fifteers ydahis

rain data had no measurable rainfall. This supports previous comments that average
precipitation does not imply annual precipitation and the apparent rainfall mayabednf

by the genuine lack of data. Precipitation at OE is likely much less than 1.7 mm or 4.15
mm due to the distance inland and topographic relief between the site and Antafagasta
Baquedano as well as all sources of moisture. However, there is field evioleate

least one rain event since the cessation of mining in the form of runoff gutires al

tailings piles and mud drapes on outcrops. As a result of soil induration at OE, the soil

profile was described and sampled at remnant mining exposures (Figure 1.12).
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Figure 1.11. A) Altered volcanic bedrock exposure on ridge near OE site, rock hammer
for scale (red arrow). B) Horse remains and preserved modern / histade vats near
OE site.
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Figure 1.12. Sampling OE soil on nitrate mining outcrop with electric saw / generator.
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CHAPTER Il

METHODOLOGY
Soil Profile Selection and Sampling

Profile Selection

The Oficina Ercilla (OE) soil profile was selected for analysis based aipon
combination of characteristics: (1) It is on the uppermost and oldest geomorjge sur
in the valley, and would be the most likely soil profile to represent the maximuniodurat
of soil formation. (2) Following a day of reconnaissance by truck and on foot this site
also provided the most prolific (>1000 m) and accessible exposur8aiadepth, which
would have been otherwise impossible to observe without the historic nitrate works. (3)
The presence and abundance of visible salt accumulation, distinct soil horizonation,
vertical fissures, and patterned ground were more compelling at this sitdla These
attributes also closely reflected descriptions by Ericksen (1981, 1983), which were
considered useful for geologic/pedologic comparisons and mineralogic proxy. (4
Anthropogenic disturbance/destruction from historic/modern mining activisyalem
less extensive leaving adjacent areas with intact unconsolidated (§ustdidiorizons.
The profile was described along a ~20 m section of an exposure measuring 3.18 m
vertically (a remnant of historic mining) according to standard USDA tqaksioutlined

in Schoenberger et al. 2002 and soil color by Munsell Color Chart.
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However, this single exposure is representative of the overall geomorphiesasfac
horizonation was viewed and consistently traced along the >1000m outcrop (Figure
1.11B) verified during field reconnaissance.

Sampling

Sampling methodology was two-fold used both conventional and site-inspired
sampling techniques. Conventional methods were used to characterize soiingollect
samples vertically from the surface to the maximum depth of exposure based on
measured thicknesses/depths of individual horizons. However, the heterogksaity o
and silicate mineral accumulation throughout the soil profile at OE is visyaigrent
due to contrasting soil color, texture, and structure between and within chaealcter
horizons. This as well as obvious trans-horizon soil cracks containing laminae of both sal
and silicate minerals instigated additional sample collection in order tostddgenic
processes responsible for these soil attributes. Therefore, horizontal &al vert
sampling transects or duplicate samples were collected within all s@bhstio confirm
the noticeable mineral and textural variability. Similarly, vertical andzbotal laminae
of interest in soil cracks were sampled along horizontal/vertical triatseelucidate any
spatial trends in crack mineralogy/ texture and/or differences betweeralogy/
texture in cracks versus soil horizons. Additional samples were also abliexte
random infilled cracks/veins to determine the specific mineralogy of “pungé
powdery salt(s) commonly impregnating/marbling indurated horizons.

Field sampling yielded a total of 13 OE samples, which included multiple ssmple
from each described horizon, vertical/horizontal laminae, and visible salt aetiomsil

Extremely cemented samples were extracted using an electriccgapped with a
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diamond impregnated blade and run by a gas-powered generator, to allow th®nollec
of fresh samples ~4-5 cm deep into the face of outcrops. Samples from indurated
horizons were collected from the outcrop exposures to acquire specimens fromumaxim
observed depths (Figure 1.13). Individual soil samples from indurated horizons were
marked to indicate orientation, wrapped in tissue, secured with duct tape and kb&n sea
in a zip lock bag. Semi-intact peds from the surficial horizons were collectéarkim

Bulk samples from unconsolidated horizons were collected in large zip lock bags or
metal sample tins, also sealed in zip lock bags, to prevent contamination oesatibalt

during transport back to the laboratory.

Laboratory Analyses

Laboratory analyses were divided into untreated and pretreated tests hésil t
analyses were underway all samples were stored in conditions as sirtiarfield as
possible. Untreated analyses include: (1) pH, (2) EC, (3) a salt hydratpefature
experiment for one horizon, (4) petrographic inspection of soil thin sections, (5)
SEM/EDS of the same soil thin sections, and (6) XRD of bulk mineralogy. No waser
used during sample preparation for these analyses unless inherent in the methoel. used (i
analyses 1 — 3). Pretreated analyses include: (1) XRD of clay mineeasddd®) textural
analysis. These tests required the use of RO water to remove solubibefeats
analyses ensued. Soluble salts were removed using methods detailed in Soukup et al.,
(2008) with the aid of a Fisher Scientific Accumet AB30 conductivity meter in the
Environmental Soil Analytical Laboratory (ESAL) located on the campuseof t

University of Nevada, Las Vegas (UNLV).

34



pH and Electrical Conductivity

Both pH and EC were determined following the guidelines in the NRCS Soil Survey
Laboratory Methods Manual and the analyses were performed in the UNLV ESAL.
Measurements for each horizon were acquired with a 1:1 saturated paste uSfag NR
Soil Survey Laboratory methods (Soil Survey Staff, 2004): 4F2 (Saturatedl Badta
et al., 1979; Rhoades, 1982; U.S. Salinity Laboratory Staff, 1954), 4C1a2al (pH) (Foth
and Ellis, 1988; McLean, 1982; Soil Survey Staff, 1999), 4F2c (EC extraction)
(Holmgren et al., 1977; U.S. Salinity Laboratory Staff, 1954), and 4F2b1 (EC
measurement) (U.S. Salinity Laboratory Staff, 1954) except for one horizorg the B
horizon discussed in the next chapter. This horizon’s pH and EC was measured
immediately after hydration as the overwhelming salt content (>99%) underthime
effectiveness of the fore mentioned method. pH was recorded using a Thermo Orion
720A+ pH meter directly inserted into the saturated paste/hydrated sda@bleas
recorded using a Fisher Scientific Accumet AB30 conductivity meter.

Salt Hydration-Temperature Experiment

As a result of observations during EC analyses, the Bz horizon was additionally
subjected to a hydration-temperature experiment. A 10 g sample of the soil haaizon w
rehydrated with 10 mL of RO water, gently stirred until mixed with a thermemadtile
noting the temperature change. The timed experiment started at hydration andtended
60 minutes. Temperature measurements were recorded at 10s, 30s, 45s, and 60s for the
first minute. Between minutes 1 and 5, temperature was recorded at 30s inteteals. Af

the fifth minute, measurements were taken at 5 minute intervals until the finahé@ m
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reading. 5 runs of the experiment were performed, and then graphicallytednsla

spreadsheet form.

Microscopic Techniques

Petrography

Nineteen subsamples were chosen, primarily based on the presence of visarld sal
soil fractures of varying orientations, but all horizons were sampled/ pdefoare
microscopic analyses. In order to prepare for petrographic analysedefishidre sent
to National Petrographic Services in Houston, TX for thin section fabricatidtim gwict
instructions not to use water at any stage of sample preparation). Three ibimssgete
made in house, for samples considered too fragile for shipping, using Spurr lowtyiscosi
embedding media. Thin sections were examined primarily on a Nikon Eclipse
LV100POL polarized light microscope equipped with a Nikon DS-Fil digital still came
and supporting NIS imaging software. Photographic documentation focused on salt
mineralogy/assemblages, soil fabric, and other pedogenic featuresagles)do aid
Scanning Electron Microscopy/Energy Dispersive X-ray Spectrosc&py/(EDS) and
interpretation of pedogenic processes. Thirteen samples were also point counted on a
1mm by 1mm grid spacing to obtain 400 counts. Points were grouped by specific (if
possible) salt minerals, argillans, voids, soil micromass, or parent mgrairad.
Additionally, in some instances petrographic observations were used contemporaneously

with SEM/EDS analyses to positively identify salt minerals.
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SEM/EDS

All seventeen thin sections prepared as part of petrographic analysesswsere al
examined using SEM/EDS analyses. Six additional grain mounted samples were
analyzed for two unconsolidated horizons (Byz and Bz discussed below). These were
mounted to a brass cylinder using carbon tape. All samples were first caodtgoo
for 30-60 seconds using a Cressington 108 Auto sputter coater then transferred to the
SEM/EDS equipment. These analyses were performed in the UNLV EMIL labprat
with a JEOL-5600 SEM equipped with an Oxford ISIS EDS system, which was updated
to the Oxford INCA EDS system during the latter stages of this study. §itél dnages
along with 422 EDS elemental spectrums were acquired. However, EDS analgses we
used prolifically while scanning samples without necessarily savingtaldigpy of the
elemental spectrum. This would account for at least the apparent difference in the
amount of images versus elemental analyses, but an additional 200 EDS analyses would
not be unreasonable. All of the SEM/EDS data was collected while employing the
SEM'’s backscattered electron (BSE) detector in order to emphasize coomabsit

variation in salt mineralogy.

X-Ray Diffraction (XRD)

XRD analyses were performed by step scanning using a PANalyticOPR®
diffraction system in the UNLV XRD Lab. Cukradiation (K-alphal= 1.54060 A, K-
alpha2=1.54443A) was used at 40 kV, 40 mA. Step intervals range from 0.0170° (bulk
mineralogy) to 0.0080°(clay analyse$)With a step-counting time of ~0.25 ms to

achieve a 15 minute run time. A 10 mm X-ray beam mask along with 0.5° antisadtter a
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0.25° divergence slits were used to focus the beam during analyses. Diffractomspatt
were generated from a 6° - 7% @&nge for bulk mineralogy and a 4° - 40°range for
clay minerals.

Bulk Mineralogy (including salts)

Sixteen subsamples, from various depths, were analyzed using this method. XRD
data for bulk mineralogy was obtained using the powder method. The subsamples were
collected as a bulk mass or extracted with dental scraping tools from theabtigiOE
samples. After grinding by hand with mortar and pestle they were tnatsieto a
1.6cm diameter powder mount utilizing ~0.5g of each sample. Diffraction mattere
imported into X’Pert High Score software where sample mineralogy wesrdeed by
matching diffraction profile peaks via auto-identify and user-defined degaleeries.

The percentage generated for each of the minerals in the samples is a seitaitigea
estimate associated with relative intensity ratios (RIR), asteddl in the software

database, that are used in conjunction with the amount of a given mineral per volume of
sample.

Clay Mineraloqgy

Eight samples, from various depths, were analyzed for clay mineralogy. XRD da
for clay mineralogy was obtained using pretreated clay slurries mibantosted glass
slides. Pretreatment first entailed fractionation, which was performegl mgthods
detailed in Soukup et al., (2008). Each sample was then split; each half was treated with
either 1IN KCIl or 1N MgClsolutions. After K-treated samples were mounted to glass
slides, XRD data was collected at 25°C and after heating to 350°C and 550°C for 2 hours

in a muffle furnace. XRD data was collected from Mg-treated saraps°C and after
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ethylene glycolation in a heated dessicator (65°C) under vacuum for 2 hauris @thd
White, 2008). XRD data for each sample was then imported into X’Pert High Score
software where diffraction profile peaks were stacked to evaluate péskvwgth each
treatment. Clay mineralogy was identified using known diagnostic drgpac
measurements, compiled from Dixon and Schulze (2002), the USGS (United States
Geological Survey) website, and the AXAA (Australian X-ray Analyt&ssociation)

website.

Texture Analysis

Particle size analysis was performed on a total of 25 samples extractech@ltiple
depths and subsurface features of the OE profile. Samples were rinsedrtassia the
UNLV ESAL with RO water and monitored with a Fisher Scientific Accunmg8@
conductivity meter to ensure salts were not present to flocculate fines amhadl
textural classification. Therefore, the Bz horizon was not analyzed bet@uise i
comprised of >99% salt. Each sample was sieved to obtait2the (fine earth)
fraction. Particle size was determined using a Malvern Instrumentengiast 2000
with Hydro sample dispersion unit equipped with a continuously variable stirrer and
ultrasonic probe. Samples were dispersed in RO water and particle sizeaddns
laser diffraction. Sand, silt, and clay fractions were then used to attain t&Rie
classification. A visible estimate of gravel in soil outcrops was used in comnrveith

texture class to determine particle size distribution (Shoeneberger et al., 2002)
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CHAPTER Ill

SOIL PROFILE DESCRIPTION AND RESULTS
This chapter presents a combined set of field observation/descriptions, whiig visit
the Ercilla Valley in October 2005, and the data acquired from subsequent laboratory
analyses discussed in Chapter Il. Results from mineralogic, maamimeiphologic,
and other laboratory analyses are detailed by soil horizon. Summaries of hbulkdn (

data from the OE soil profile are given in Tables 1-7.

Landform & Surface Description

The OE soil profile is located medially on an alluvial fan dipping ~6° to the west
(Figure 3.1). Exposed soil outcrops and surface lithologies reveal that the paesrdlma
is alluvial gravel composed mostly of volcanic or hydrothermally alterecmmmlc
lithologies. These sediments are poorly sorted with subrounded to subangular fine-
grained aphanitic to porphorytic clasts of rhyolite, andesite, or tuff (1 to 18 ength)
supported/ cemented by a matrix of salt, silt, and sand. However, some subrourided clas
are granodioritic in the subsurface. Surface clasts/ gravels (0.5 to 50amhindnly
reflect volcanic lithologies on the upper fan surface and form a non-interloclseg de
pavement (Figures 3.1 & 3.2). Pavement coverage is variable, but ranges from 0 to 35%.

The surface was also highlighted by polygonal networks of large soil cracks (10 to 20 cm
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TABLE 1. SUMMARY OF SOLUBLE SALTS IDENTIFIED IN OE PROFILE

. ) » Density  Solubility*
Mineral Chemical Composition X
(g/em’) (kg H,O)
Calcium Carbonate CaCoO; 2.71 0.0066
Gypsum CaSO,*2H,0 2.32 2.05-2.08
Bassanite CaS0,*0.5H,0 2.7 2.05-2.08
Anhydrite CaSO; 2.96 2.05-3.11
Glauberite Na,Ca(S0,), 2.8 118
Eugsterite Na,Ca(S0,);*2H,0 2.5 269
Thenardite NaSQO, 2.7 281
Halite NaCl 217 360
Nitratine NaNQO;, 2.26 020
Darapskite Na;(NO3)(SO.)*H,0 2.2 -f

* Composite list of values from Alpers et al. (2000) and Lide (2008), in DI water.

1 Denotes no data

TABLE 2. pH/EC DATA SUMMARY FOR OE PROFILE

Horizon Depth Description pH EC
(cm) (mS/cm)

Avz 0-2 loose 8.03 14
Byz 2-11 loose 8.31 20
Bz 11-15 loose 9.08 42
Bzml 26-34 EE1 massive 7.64 84
Bzm1l 26-34 EE1 horiz. laminae 7.57 84
Bzm2 75 EE2-2 massive 7.21 87
Bzm2 75 EE2-2 horiz. laminae 7.15 85
Bzm2 |126-138 EE1 massive 7.26 82
Bzm2 |126-138 EE1 vert. crack 7.44 38
Bzm2 153 EE3-1 massive 7.07 81
Bzm2 153 EE3-1 vert.crack 7.26 83
Bzm2 202 EE4 vert, crack 7.16 80
Bzm2 |300-305 EE1 massive 7.18 68
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TABLE 3. SALT PERCENTAGE AND TEXTURE OF OE PROFILE BY HORIZON

Depth  Soil Soil* I Texture Analysis
(cm) Horizon crack Y%clay | Yesilt |%sand USDA alassification
Avyz no 13 17 43 40 loam
6 Byz \4 33 8 ¥ . B
6 Byz no 71 12 56 31 silt loam

13 Bz no 99 - - - -

34 Bzml | no 1 16 52 32 v. gravelly silt loam

58 Bzm2 | no 41 7 60 33 v. gravelly silt loam

75 Bzm2 | no 53 9 61 29 v. gravelly silt loam

80 Bzm?2 H 55 10 40 50 v. gravelly loam

89 Bzm2 | no 37 5 59 36 v. gravelly silt loam
132 | Bzm2 Vv 37 6 56 37 v. gravelly silt loam
132 Bzm2 | no 38 9 38 53 v. gravelly sandy loam
146 Bzm?2 no 33 4 51 45 v. gravelly silt loam
153 Bzm?2 \ 47 18 53 29 v. gravelly silt loam
153 Bzm?2 v 35 7 69 24 v. gravelly silt loam
153 Bzm2 \4 44 6 63 31 v. gravelly silt loam
155 Bzm2 | no 29 6 61 33 v. gravelly silt loam
183 Bzm2 | no 31 8 72 21 v. gravelly silt loam
232 Bzm2 | no 34 6 55 39 v. gravelly silt loam
235 Bzm2 | no 19 4 35 61 v. gravelly sandy loam
235 Bzm2 | no 23 1z 66 26 v, gravelly silt loam
252 Bzm?2 Vv 46 8 63 29 v. gravelly silt loam
252 Bzm?2 \ 51 15 63 22 v. gravelly silt loam
265 Bzm2 no 19 8 51 41 v. gravelly silt loam
293 Bzm?2 £\ 50 6 70 24 v. gravelly silt loam
293 Bzm?2 vV 24 3 59 35 v. gravelly silt loam
300 Bzm2 | no 41 3 22 76 v. gravelly loamy sand
300 Bzm2 | no 31 2 23 74 v. gravelly loamy sand

* Denotes samples from soil fractures; (no) not soil crack, (H) horizontal or (V) vertical
cracks

t Data acquired from Prellwitz (2007) on same samples

§ "-" Denotes no data
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Figure 3.2. A) Undulating surface and patterned ground at inset, younger surface below
OE site, advisor for scaleB) Patterned ground accented with large clasts/cobbles, rock
hammer (red arrow) for scale. Also note earl§ 26ntury tailings piles in background of
both photos.
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width) infilled with salt, sediment, and surface clasts (Figure 3.2). Polygandions

range from 1 to 2m in diameter. Surface highs in the centers of soil polygons and surface
lows at soil cracks bounding polygons exhibit surface microretlet(n), which

translates into a gently undulating soil surface from one soil polygon to the rest. T

adds a noticeable microtopographic complexity to the gentle westward slope of the fan
surface, interrupted only by historic mining scarps or ancient drainage yathwa

obscured/rounded by eolian deposition.

Soil Profile Description

The OE profile was described to a depth of 318 cm. Visually estimated gravel
percentage range between 35 and 60%. Therefore, horizons are predominately very
gravelly silt loams (Table 3). Five horizons are designated as an AvyzBByBzm1,
and Bzm2 respectively with depth based on field and laboratory observations (Figures
3.3-3.5, Table 9;Appendix). The upper 3 horizons contribute to a mostly unconsolidated
(loose or friable) unit except in the Byz where incipient Stage Il saltraulation has a
more resilient columnar soil structure (Figure 3.6). The underlying 2 horizons are a
strongly indurated zone (Figures 3.5 & 3.7). Vertical cracks (10 to 20 cm widajlexte
from the surface and cut through all horizons (Figure 3.4 & 3.8). These larger cracks
correlate to the surficial cracks forming patterned ground (Buck et al.,.2680&ller
cracks (1 to 5 cm wide) penetrate only the unconsolidated horizons (15 to 25 cm depth,
see Figure 3.6 A). All cracks narrowed with depth. Some fractures were also dbserve
in vertical, sub-vertical, and horizontal orientations, which did not propagate from or

transmit to the surface. Vertical and horizontal laminae of salt and sediuaent
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: Depth Texture
H truct I . . Morpholo
= orizon (cm) Structure Color (<2mm fraction) p ay
7__9 Mod, Med, Platy & 7.5YR 7/3- Loam  No visible salt,
= Strong, Med, 7.5YR 6/3
8 0-2 Subanqgular Blocky @aSoO
@ + Abrupt Wavy Stage | snowball
S Strong, Med & 2.5YR 8/1- Silt Stage Il nodules,
o Byz 2-11 Coarse, Columnar 7.5YR5/4  Loam incipient Sta
' cementation in
10 interior of peds
V. Abrupt Wavy/ Broken ,SOIA
11-15 Single Grain/ 2.5YR 8/1 N/A,>99%  Stage Il
% Loose salt cementation
h t
Abrupt Wavy whenwe
20
NacCl /
15-38 Massive  7.5YR 6/2-7/2 Silt Loam & NaNO
= Bzm1=5 Loamy San  Stage Ill+
30 cementation

Clear Wavy

Silt Loam,Loam, NacCl /
38+ Massive 7.5YR 6/2-7/2 Sandy Loam, & NaNO

Loamy Sand Stage IlI+
cementation

310

Maximum depth of study = 318 cm

* = Break in vertical scale
Figure 3.3. Soil profile at Oficina Ercilla and descriptions, also see Table 9 in Appendix.
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0cm — Avyz (~2 cm thick)
0 ~ Byz (~9 cm thick)
— Bz (~4 cm thick)
20
30 .
- Bzm1 (~23 cm thick)
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160 — Bzm2 (>280 cm thick)

170 Salt-cemented matrix- | .9
350 supported alluvial gravel| ’ :;’:
190 Ca-Sulfate dominant [~ =
200 horizon, columnar peds o
210 .

Na-Sulfate horizon, 99¢

220
230
240
250
260
270
280
290
300
310

crystalline thenardite

Soil fissure with vertical
laminae of salt /sediment

Soil fissure with horizont:
laminae of salt /sediment

Soil fissure with no infill

(Max. Depth 318 cm)

Figure 3.4. OE soll profile with horizonation description and explanation of features.
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Figure3.6. A) Close-up of upper three unconsolidated horizons from outcrop face with
approximate horizon boundaries, note small vertical cracks infilled with larafnae
sediment (red arrow)B) Unconsolidated horizons exposed in shallow pit exhumed for
sampling; also note weak desert pavement on this undisturbed surface. GSA (10 cm)

photo cards for scale.
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Figure3.7. A) Measuring OE profile with 2 m tapB) OE profile looking NE, author
(1.87 m height) for scale. Massive horizons below red arrows.
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Figure3.8. A) Large vertical soil crack at OE site, note how it cuts through all horizons
(red arrow); red box is inset for figure 178). Close up of soil crack, note vertical

laminae (right of white line)C) Horizontal laminae in indurated horizon (above white
line).
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observed filling most, but not all of the cracks in their respective orientatioiok @ al.,
2006Db).

Avyz Horizon

The surface layer was characterized as a weakly vesicular A horizogypgum
and other soluble salts (Figures 3.3, 3.4, and 3.6, Table 9; Appendix). This horizon is ~ 2
cm thick and has a weak, pink (7.5 YR 7/3-7.5 YR 6/3), and slightly effervescent surface
crust (upper 1 mm) atop a light brown moderately effervescent base (Figure 3.9).
Average pH/EC for the Avyz is 8.03 and 14 dS/m respectively (Table 2). Texttwally t
soil horizon is a loam with a salt content of 1BYoweight (Table 3). Salt minerals were
not identified distinctly in petrographic or SEM analyses since they could not be
differentiated amongst the high percentage of the fine earth fraction ticatedts
visibility and data collection (Figures 3.9-3.11). However, elemental spectagqused
with EDS analyses indicate halite and gypsum in the soil micromass ad@aamtous
grains and vesicles (Figures 3.9-3.12). XRD analyses showed gypsum as Hadt sole
mineral, but the presence of halite was also noted by taste in the field §J.aiMacro
and microscopic analyses primarily reflect the horizon’s predominantisihuaeralogy
along with the vesicular nature responsible for the high percentage of soil vouaiesFi
3.9-3.11, Table 4). Single to double spaced chitonic and porphyric fabrics (Figure 3.9B,
Stoops and Jongerius, 1975; Bullock et al., 1985) were most common as coarser silt/sand
fraction of parent material grains/clasts were suspended in a fineegymaatax of
silt/salt/clay (micromass, e.g. Stoops and Vepraskas, 2003; undiffereititdbric, e.g.
Bullock et al., 1985). lllite, and kaolinite were the dominant clay minerals ighbi

XRD with lesser amounts of smectite and chlorite (Table 7, Figure 3.13).
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Figure3.9. A) Image of ped from Avyz horizon, dashed white line underlines surface
crust.B) Petrographic image (PPL) of Avyz horizon, white dashed line outlines one
vesicle for reference.
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Figure 3.10. A) SEM image of Av horizon, note vesicles preserved with epoxy (E) and
the difficulty distinguishing volcanic grains (V) from soil micromass.(B)) Close up
SEM image of soil micromass and vesicle preserved with epoxy.
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Figure 3.11. A) SEM image of thin layer of soil micromass adjacent to volcanic grain
(V) and void space/epoxy (E) (dashed black line for refereB§6§EM image of

volcanic grains amongst vesicles and soil micromass (M) (dashed blacctants

subtle boundary between grains and micromass. Points 1-3 indicate location of EDS

spectrum acquisition for figure 3.12.
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Figure3.12. A) EDS spectrum for pointl in figure 3.11A; displays mixture of fine
silicate material and CaS@gypsum)B) EDS spectrum for point 2 in figure 3.11B;
volcanic clast signatur€) EDS spectrum for point 3 in figure 3.12B; displays mixture
of fine silicate material and Cag@ypsum). Gold (Au) peaks are from gold coating on
samples.
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Avyz

K-550
K-350
Mg-EG

Mg-25

10 20 30
Position ["2Theta]

Figure 3.13. Stacked XRD diffractograms of treated samples from the Avyz horizon
clay fraction at 0-2 cm depth. Sm=Smectite, Chl=Chlorite, I=lllite, Kekhite;
numerical d-spacing values (Table 11; Appendix) also noted with suspectedoginera
smectite and chlorite (Table 7, Figure 3.19).

Byz Horizon

The Byz horizon is 9 cm thick and slightly to noneffervescent. Average pH/EC is 8.31
and 20 dS/m respectively. Texturally this soil horizon is a silt loam and containgchs m
as 71% salt by weight. llluvial salt (Caf@s present as Stage | snowballs, Stage Il
nodules, and incipient Stage Ill cementation in the center of coarse columnag.geds (
Buck and Van Hoesen, 2002). Each columnar ped is partitioned by small verti&sl cra
filled with sediment and salt (Figures 3.4 & 3.6). The color of this horizon was highly
variable depending upon salt concentration and proximity to soil cracks, but varred fr
white to brown (2.5 YR 8/1-7.5 YR 5/4) (Figures 3.3, 3.6, and 3.14). XRD analyses

reveal that there are three Ca®@nerals (gypsum/ bassanite / anhydrite) contributing to
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Figure 3.14. Photo of semi-intact Byz horizon ped illustrating incipient Stage Il salt
(anhydrite) accumulation in the center of columnar peds; note small volcams ¢red
arrow) and salt shattered (dashed black line) volcanic clast.
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the salt content depending on the location within the horizon. Gypsum is most common
inside the vertical cracks, bassanite occurs more commonly along the psdedge
anhydrite dominates the interior of the columnar peds (Table 6). SEM/EDSesdb
not readily elucidate the difference in hydration water that distingsishime salt
minerals (Buck et al., 2006a). In addition, the mostly anhedral crystals haduie
definitive identification in petrographic scope and SEM/EDS difficult (Figure 3.15).
However, anhedral to euhedral lenticular (lozenge-like) or prismatic Zagsdal habits
are present (Figures 3.15, 3.17, & 3.18). Crystals are in random orientations displacing,
cementing, and supporting detrital igneous grains as a salt-rich soi eratting an
open gephuric fabric (Figure 3.18B, Stoops and Jongerius, 1975; Bullock et al., 1985).
Clay mineralogy in this horizon is similar to the Avyz horizon. lllite andikéelare the
main clay minerals identified by XRD analyses in this horizon with some leatiamn of
smectite and chlorite (Table 7, Figure 3.19).

Bz Horizon
The Bz horizon (varies from 4 to 7 cm thick) is a loose, mostly unconsolidated (or
friable), white, noneffervescent, crystalline salt layer (Figure 3.23@Jt content is >99%
by weight. SEM/EDS analyses confirm the presence of thenarditeegltayland
eugsterite as subhedral to euhedral dipyramidal, tabular/prismatic, anthacrystals
respectively (Table 5, Figures 3.21-3.24). XRD analyses identified the matriwmts
as thenardite and glauberite as a minor component (Table 6). Given the ovenghelmi
salt content textural analyses were not performed on this horizon. Becausendesls
were assumed to be absent, their identification via XRD was also not undertaken.

Horizon fabric was not described as only grain mounted samples were analyzed.
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Figure3.15. A & B) Close up SEM image of (grain mounted) anhedral
gypsum/bassanite/anhydrite and silicate grain aggregates from Byarhd?oints 1-3
indicate locations of EDS spectrum acquisition for data in figure 3.16.
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Figure 3.16. A) EDS spectrum for gypsum/bassanite/anhydrite (Ca-S-O peaks) from
point 1 in figure 3.15AB) EDS spectrum for silicate mineral (Si-Ca-Mg-Fe peaks) from
point 2 in figure 3.15BC) EDS spectrum for silicate grain coated in CaSO
(gypsum/bassanite/anhydrite) from point 3 in figure 3.15B. Gold (Au) peaks are from
gold coating on samples.
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1. 4@E° 18 M0m

Figure3.17. A) SEM image of volcanic grain (V) in gypsum/bassanite/anhydrite-rich
soil matrix (M) from grain mounted fragment of Byz horiz8).Close up SEM image of
skeletal lozenge-like subhedral/euhedral gypsum/bassanite/anhydige soil matrix;
likely altered by subsequent hydration/dehydration reactions.
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Figure 3.18. A) Close up SEM image of euhedral skeletal prismatic gypsum/bassanite/
anhydrite observed in snowball type accumulation in Byz horBpSEM image of
volcanic grains (V), gypsum/bassanite/anhydrite-rich soil matri)x @dd voids

preserved with epoxy (E) from Byz horizon thin section; note open gefuric fabric
illustrated by salt matrix bracing coarser volcanic grains.
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Figure 3.19. Stacked XRD diffractograms of treated samples from the Byz horizon clay
fraction at 2-11 cm depth. Sm=Smectite, Chl=Chlorite, I=Illite, K=Katdimumerical
d-spacing values (Table 11; Appendix) also noted with suspected mineralogy.

Bz Horizon Hydration-Temperature Experiment

The results of the supplementary experiment indicate that when hydrated the >99%
crystalline thenardite layer (Bz horizon) swells and transforms into-lékgedtate, which
contemporaneously increases in temperature rapidly (Figure 3.25, Table 8). Average
temperature increase was 13.8° C (56.8° F). A maximum temperature of 31°C (87.8° F)
was achieved as rapidly as 45 seconds, but the average time for run-spdtific hig
temperature was 2.3 minutes (138 seconds). At approximately the 10 minute mark of
each run the salt began to precipitate in the form of a surface seal on thdypgetar

like sample. Also, after the 60 minute run time, sample temperatures still had not
returned to ambient laboratory temperature/original sample temperateretiough this

experiment was only timed for one hour, the samples were stored overnight irda seale
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Figure 3.20. A) Field photo of Bz horizon (white thenardite layer, red arrow), head of
hammer (18 cm) for scale. B) Photo of loose Bz horizon sample (pre-analysetgin m
sample tin, coin for scale; note small percentage of volcanic grains (dash.spec
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Figure 3.21. A) SEM image of grain mounted subhedral and euhedral dipyramidal
thenardite (T) with euhedral acicular eugsterite E)SEM image of a grain mounted
cluster of euhedral tabular/prismatic glauberite (G). Points 1-3 indaxzgon of EDS
spectrum acquisition for data in figure 3.24A-C respectively.
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Figure 3.22. A) SEM image of euhedral dipyramidal thenardite (T) and euhedral acicular
eugsterite (E)B) SEM image of a cluster of subhedral glauberite/eugsterite (G/E); point
4 indicates location of EDS acquisition data in figure 3.24D.
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Figure 3.23. A) SEM image of a cluster of acicular eugsterite (E) crystatsgm
euhedral thenardite (T) crystaB) Close up SEM image of acicular eugsterite among
euhedral thenardite.
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Figure 3.24. A) EDS spectrum for thenardite (Na-S-O peaks) from point 1 in figure
3.21A .B) EDS spectrum for eugsterite (Na-Ca-S-O peaks) from point 2 in figure 3.21A.
C) EDS spectrum for glauberite (Na-Ca-S-O peaks) from point 3 in figure 31B.

EDS spectrum for glauberite/eugsterite (Na-Ca-S-O peaks) from4wirftgure 3.22B.

Gold (Au) peaks are from gold coating on samples.
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vacuum chamber, with dessicant, and examined the following day. All samplesovere
longer warm to the touch and most had completely crystallized in their respect
beakers. One sample still had a gel-like salt solution preserved in theafenter
crystallized salt.

Bzm1 Horizon

The Bzm1 horizon (~23 cm thick) was characterized as a unit of poorly sorted coarse
sand and gravel clasts (1-8 cm in length) suspended in a slightly to noneteatvesc
pinkish grey (7.5 YR 6/2-7/2) matrix of fine earth and well cemented by ill(stage
llI+) soluble salts (Figure 3.26) including halite, nitratine, glauberiteatdite, and
darapskite (Tables 5 & 6). Average pH/EC is 7.64 and 84 dS/m respectively (Table 2).
Texturally this horizon ranges from a very gravelly silt loam to veayejly sandy loam
with a salt content that ranges from 42 to 51% by weight (Table 3). Bulk density
measures 2.18 g/citPrellwitz, 2007). Petrographic analyses indicate that soil voids
account for 17% of this horizon (Table 4) despite the noticeably indurated nature due to
high salt content. SEM/EDS and XRD analyses indicate the presence of halite,
glauberite, and thenardite (Tables 5 & 6). Nitratine and darapskite wenéedieonly in
XRD analyses. SEM analyses display halite, glauberite, and thenarditegular/
anhedral masses (>100um) or interstitial cement (Figures 3.27-3.29). Some
shattered/displaced volcanic / plutonic grains are also seen preserveddintheesnent
as salt minerals have previously penetrated incipient clast fractures dolel¢ige parent
material grains/clasts into smaller angular fragments (Eig§#8). This translates to a
single to double-spaced gefuric and porphyric fabric as igneous graingroefres are

matrix supported by bridging or indurating salt constituents (Figures 3.27-302@sSt
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TABLE 8. Bz HYDRATION-TEMPERATURE DATA

Time Temperature (°C)
(seconds) | Run1 | Run2 | Run3 | Run4 | Run5
0 17.0 17.0 17.5 16.5 17.5
10 20.0 21.5 22.0 210 235
30 27.0 28.0 28.5 29.5 29.5
45 28.5 29.5 30.0 31.0 31.0
60 29.5 30.0 30.5 31.0 31.0

90 30.0 | 30.5 30.5 31.0 31.0

120 30.5 30.5 30.5 31.0 31.0

150 30.5 0.5 0.5 31.0 31.0

180 30.5 30.5 30.5 31.0 31.0

210 30.5 30.5 30.5 310 31.0

240 30.5 31.0 31.0 31.0 31.0

300 30.5 31.0 31.0 31.0 31.0

600 305 31.0 31.0 31.0 31.0

900 30.5 31.0 30.5 31.0 31.0

1200 | 305 | 305 | 300 | 3.0 | 3L.0

1500 30.5 30.0 29.0 31.0 31.0

1800 30.5 29.0 28.5 30.5 310

2100 30.0 28.5 28.0 30.5 30.5

2400 29.5 28.5 28.0 30.5 30.5

2700 290 28.5 28.0 30.5 30.0

3000 28.5 28.0 28.0 30.0 295

3300 28.0 | 28.0 28.0 30.0 29.0

3600 28.0 28.0 215 30.0 28.5
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Figure 3.26. Photo of indurated sample from the Bzm1 horizon (pre-analyses). Note

visible soil voids and salt minerals (white powdery material).
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Figure 3.27. A) Petrographic photo, in XPL, of Bzm horizon; granitic grain cemented in
the center (P), extinct areas contain voids but are largely halite (Hinedete
birefringence is thenardite (T), higher order birefringence is glaeh@). B) SEM

image of same grain in 3.26A. Note abundant soil pores preserved by epoxy (E) and
incipient clast fractures in noted grain; points 1-3 indicate location of EDS wpectr
acquisition for figure 3.30.
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Figure 3.28. A) SEM image of Bzm1 with shattered/displaced volcanic grains
(intermediate gray, V) cemented by halite (white, H) and minor glaal{eght gray, G;
red arrow for emphasis), voids preserved by epoxy (E); hashed white box eslarged
in figure 3.28BB) Close up SEM image of shattered volcanic grain outlined in figure
3.28A cemented in halite.
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Figure 3.29. SEM image of a large shattered volcanic grain (V) along with haliter{éi) a
glauberite (G) salt matrix bridging/cementing the fragments. Nmtadant soil voids
preserved by epoxy (E).
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Figure 3.30. EDS spectra from points 1-3 in figure 3.2RBEDS spectrum for
glauberite (Na-Ca-S-O peaks) from poinB).EDS spectrum for thenardite (Na-S-O
peaks) from point 2C) EDS spectrum for halite (Na-Cl peaks) from point 3. Gold (Au)
peaks from gold coating on samples.
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and Jongerius, 1975; Bullock et al., 1985). SEM/EDS and petrographic analyses indicate
that halite is the main salt mineral in this horizon (Table 5). XRD analydesie that
nitratine is more abundant than halite in the horizontal cracks (Table 6). Vhe cla
mineralogy of this horizon is similar to the horizons above with common illite and

kaolinite and minor smectite and chlorite (Table 7, Figure 3.31).

Bzm1
massive

K-550
K-350
ritg K-25
Mg-EG

Mg-25

10 20 30
Position [*2Theta]

Figure 3.31. Stacked XRD diffractograms of treated samples from the Bzm horizon clay
fraction; stack of peaks acquired from massive sample at 26-34 cm depth. SstitesSme
ChI=Chlorite, I=lllite, K=Kaolinite; numerical d-spacing values (Table Appendix)

also noted with suspected mineralogy. 4.48 peak is suspected to be Chl.

Bzm2 Horizon
The Bzm2 horizon was also characterized as a unit of poorly sorted coarse sand and
gravel clasts (1-12 cm in length) suspended in a slightly to noneffervescesthmnky

(7.5 YR 6/2-7/2) matrix of fine earth and illuvial soluble salts. However, thishadita
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noticeably more indurated nature (in comparison to the Bzm1) and was described as ver
strongly cemented (stage I+ cementation, Figure 3.32). The overall tegckhéhis

horizon is uncertain, but it was measured to the maximum depth of exposure (minimum
thickness of 280 cm, Figures 3.3 and 3.4). Average pH ranged from 7.07 to 7.26 between
the depths of 75 and 305 cm (Table 2). EC ranged from 81 to 87 dS/m between 75 and
153 cm depth, and decreased to 68 dS/m at 300 to 305 cm depth (Table 2). Thirteen
subsamples analyzed during textural analyses indicate that the Bzm2 isipegdiyna

very gravelly silt loam, but four samples indicate a range of textaheding very

gravelly sandy loam and very gravelly loamy sand as well (Table [Bxd@#ent ranges

from 18 to 53% by weight in these samples (Table 3). Bulk density ranges from 2.24 to
2.64 g/cmi between 58 and 300 cm depth (Prellwitz, 2007). Petrographic analyses
confirm the extreme induration by salt minerals with a soil void content of only 1-2%
(Table 4). SEM/EDS analyses indicate that the salt constituents incluige mialatine,
glauberite, and anhydrite (Table 5). XRD analyses also supports the preteatite,
nitratine, and glauberite (Table 6). Halite is the dominant saline mineral tuatitne

Bzm2 horizon except in one sample (174-180 cm depth) where anhydrite is more
prevalent (Table 4). SEM/EDS analyses show that halite is a prolific ceigpagnt for

this horizon, but it is also intimately associated with comparable amountsatineitas
cement and coatings/ pendants on igneous grains as seen in samples collee®&d at 75
and 153 cm depth (Figures 3.33 and 3.34). Additionally, XRD analyses suggest that
nitratine is more abundant than halite near soil cracks (Table 6). Howewverjdali
commonly seen exclusively as cement and coatings/pendants, espeeipdly \aehin

the profile (e.g. ~3 m depth, Figure 3.35). Both halite and nitratine are present as
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Figure 3.32. A) Photos from front and side views of a hand sample (pre-analyses) of the
Bzm2 horizon collected at 155 cm ded®).Photo of polished billet cut from a Bzm2
horizon sample at 155 cm depth; note salt in the form of coatings/pendants (red arrows)

on underside of clasts and in interstitial spaces (white arrow).
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Figure 3.33. A) SEM image of Bzm2 horizon at 75 cm depth; note comparable amounts
of halite (H, white) and nitratine (N, light gray; white arrow for refere); volcanic

grains (V), soil matrix/micromass (M), and voids preserved with epoxy (E¥ rfot
referenceB) SEM image of Bzm2 at 80 cm depth; note massive and euhedral halite and
massive nitratine cementing volcanic grains and soil matrix/microrsas voids
preserved by epoxy as well.
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Figure 3.34. A) Petrographic photo (in PPL) of halite (H) and nitratine (N) coating a
large plutonic grain (P) within soil matrix (M) (153 cm depth); see image B for
halite/nitratine distinctionB) SEM image of salt coating depicted in figure 3.34A
emphasizing the distinction and intimate association of halite (white) aatnetr
(intermediate gray); also note small volcanic grain (V) coateld atite and nitratine.
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Figure 3.35. A) SEM image of halite (H) pendant on volcanic grain (V)Bzm2 at 292 cm
depth; also note void preserved by epoxy (E) at grain-pendant c@)t&EM image of
Bzm2 at 300-305 cm depth; note that cement is exclusively halite (H); examples of
volcanic grains (V) and soil matrix/micromass (M) for reference.
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massive, anhedral masses (>100um), and subhedral to euhedral crgdaa and 10-
100um respectively) (Figures 3.33, 3.34, and 3.36). Glauberite is primarily seen as an
anhedral to massive cementing agent or grain coating (Figures 3.37). Anlyyfirited
in interstitial space as an alabastrine (<20um) cementing agent betweerd I am
depth and sometimes seen along serrated igneous grain boundaries(along @jtim halit
samples collected at the 153 and 155 cm depths (Figure 3.37, 3.39, and 3.40). Anhydrite
and halite are also seen cementing dislodged and broken argillans in the sdlexiiedc
at 155 cm depth (Figure 3.37B & 3.39), which according to point count data (Table 4) is
where the highest concentration (albeit 3%) of argillans occur within théeprdhese
salt minerals contribute to a soil fabric that ranges from open to close-porasyparent
material grains/clasts are distributed (at variable distances) tmdtely matrix-
supported by a fine earth fraction of silicate minerals and salt (Fi§u828,3.33, and
3.35B, Stoops and Jongerius, 1975; Bullock et al., 1985). Clay mineralogy elucidates
illite and smectite as the main clay minerals with kaolinite and chloraierong in
similarly minor amounts (Table 7). Smectite peaks also show an increased st atpne
approximately 3 m depth (Figure 3.41).

Soil cracks
Soil fractures are a dominant feature throughout the OE profile in horizontal amdliverti
orientations (Figures 3.4, 3.5, 3.7, & 3.8). Small vertical cracks (1-5 cm wide) are
concentrated in the mostly unconsolidated upper three horizons. These cracks narrow
and terminate at the base of the Bz horizon at a depth of 15 cm except where the upper
horizons vary in thickness25 cm thick). Cracks are filled with vertical laminae of salt,

silt, coarse sand, and fragments of volcanic parent material contrastirgitealnly
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Figure 3.36. A) SEM image of anhedral and euhedral halite (H) adjacent to a soil void
preserved by epoxy (E) at 75 cm depth in the Bzm2 horBpSEM image of euhedral
nitratine (N) in a soil void at 258 cm depth in the Bzm2 horizon; epoxy (E) also noted for
reference. Points 1 & 2 indicate location of EDS spectrum acquisition for figure 3.38 A &

B respectively.
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Figure 3.37. A) Petrographic photo (XPL) of anhedral to massive glauberite (G) pendant
at the bottom of a volcanic clast (V) cemented by massive halite (H) @vak#ine

anhydrite (A) at 155 cm depth in the Bzm2 horiZBhSEM image of glauberite (G) and
anhydrite (A) as cementing agents for volcanic clasts (V) at 155 cm depthBartti:
horizon; also note modified/fractured argillans (white arrows) displaced fraraniol

clasts and recemented by salt. Points 3 & 4 indicate location of EDS spectruntianquis
for figure 3.38 C & D respectively.
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Figure 3.38. A) EDS spectrum for halite (Na-Cl peaks) from point 1 in figure 3.39A.
EDS spectrum for nitratine (Na-N-O peaks) from point 2 in figure 3.8§BEDS

spectrum for glauberite (Na-Ca-S-O peaks) from point 3 in figure 3BYBDS

spectrum for anhydrite (Ca-S-O peaks) from point 4 in figure 3.37B. Gold (Au) peaks a

from gold coating on samples.
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Figure 3.39. A) SEM image of volcanic clasts (V) cemented in halite (H), nitratine (N),
and anhydrite (A) at 153 cm depth in the Bzm2 horizon; note serrated grain boundaries
(white arrows)B) Close up SEM image of volcanic clast (V) at 155 cm depth in the

Bzm2 horizon with serrated grain boundary (white arrows) pronounced along plagioclase
(P) phenocryst adjacent to anhydrite (A) and halite (H).
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Figure 3.40. A) Petrographic photo (PPL) of an argillan (C, white arrow for emphasis)
being displaced from a volcanic clast (V) cemented by alabastrine aehydrat 155
cm depth in the Bzm2 horizon; also note modified/fracture argillan recementetitby ha

(H). B) SEM image of same field of view in 3.40A with identical labels.
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Figure 3.41. Stacked XRD diffractograms of treated samples from the Bzm2 horizon
clay fraction; Peaks acquired from massive sample at 300-305 cm depth. SmteSmecti
ChI=Chlorite, I=lllite, K=Kaolinite; numerical d-spacing values (Tabl; Appendix)

also noted with suspected mineralogy. 4.48 peak is suspected to be Chl.

finer soil horizons they cut through (Figure 3.6). XRD analyses indicate that sal
mineralogy varies in these laminae between 2 and 11 cm depth (within the Byz horizon)
a gypsum/bassanite assemblage primarily occurs in the cracks, butanartsi include
anhydrite (increasing) towards the Byz peds (Table 6). Additionallye ttresks

network to form small<10 cm) soil polygons only seen at the surface where the Avyz
horizon and desert pavement have been removed (Figure 3.42).

Both horizontal and vertical cracks (3-20 cm wide) are present in the Bzm1 horizon
(Figure 3.4, 3.7, and 3.8). Horizontal / subhorizontal soil cracks (3-9 cm thick) were
particularly common. Some are empty voids, but most contain horizontal lamifh@e (2-
mm thick) of salt, coarse sand/fine pebbles and silt in the 2 mm laminae. Average pH

measured 7.57 and 84 dS/m respectively in these horizontal laminae (Table 2). XRD
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Figure 3.42. Field photo of small soil polygons (white arrow) observed at the surface of
the Byz horizon on younger inset surface below OE profile, where the Avyz horizon and
desert pavement were not present; rock hammer for scale.

analyses indicate that nitratine is the most abundant salt mineral in hdriaoniteae,
but halite, glauberite, and a minor amount of darapskite are also present (Talky6). C
mineralogy suggests illite is the dominate phyllosilicate mineral irzbwtal soil cracks
(Table 7, Figure 3.43). Some horizontal cracks serve as a lateral offsetlof sma
(~5 cm width) vertical cracks within the Bzm1 and large (10-20 cm wide, patterne
ground forming) vertical cracks that propagate through the entire priegeré 3.4).
Most of the smaller vertical cracks typically terminate within the Bzm1sdne
penetrate the underlying Bzm2 horizon narrowing to ~3 cm width. Most vertical cracks
are also infilled with laminae (2-10 mm) of salt and sediment, ranging fibto soarse
sand or fine pebbles (Figure 3.8).

Similar to the Bzm1 horizon, soil fractures in the Bzm2 are abundant in horizontal

(<3 cm thick) and vertical orientations20 cm wide). However, the large vertical cracks
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Figure 3.43. Stacked XRD diffractograms of treated samples from the Bzm1 horizon

clay fraction within a horizontal crack; Peaks acquired from a horizontahdensample

at 26-34 cm depth. Sm=Smectite, Chl=Chlorite, I=lllite, K=Kaolinite; nucaid-

spacing values (Table 11; Appendix) also noted with suspected mineralogy. 4.48 peak is
suspected to be Chl.

(10-20 cm wide) that penetrate all horizons and coordinate to form patterned ground at
the surface are the most distinct (Figure 3.8). Most of these cracks aldaaexbnta

laminae (2-10 mm) of silt, coarse sand and sediment and salt in all respective
orientations, but some were also observed with no infill (Figures 3.4,3.7, and 3.8).
Average pH measurements in cracks within the Bzm2 horizon range from 7.15 to 7.44;
the lowest value comes from a horizontal laminae sample at 75 cm depth (Table 2).
Average bulk EC ranges from 80 to 88 dS/m and generally decreases with depth although
the highest value comes from a vertical crack sample at 126-138 cm depth (Table 2).
Textural analyses suggest that cracks are predominately very gisitddbams similar

to most of the Bzm2 horizon, although one horizontal crack at 80 cm depth classifies as a
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very gravelly loam. However, some of the highest clay fraction pegesnta the OE
profile are found in crack samples; the highest (18%) occurs in a verticalsaraple

from a depth of 153 cm depth (Table 3). Soil fractures have higher salt percestages a
well, ranging from 24 to 55% by weight (Table 3). Additionally, cracks aee4&§o salt
whereas the massive crack-hosting soil averaged 31% by weight. SEMiIBDSeca
indicate that the saline constituents include halite, nitratine, glaubkategrtite,
anhydrite, and calcium carbonate (Tables 5 & 6). Microscopic analysed tleatthese
minerals are part of a composite association of parent material (vélphnanic clasts),
salt minerals, and soil matrix/micromass distributed in an intricate netsoil
fractures/fracture fills in vertical and horizontal orientations, sombleisnly with high
magnification (Figure 3.44). Both macro and micro scale soil cracks reflect an
indiscriminate fracture system. Cracks propagate through igneous pareilmksts,
salt-cemented soil matrix, and older salt-filled cracks displaying aagobss-cutting
relationships largely preserved with salt minerals (Figures 3.44B-3.4 A)itA¢the

Bzm1/ Bzm2 horizons, halite and nitratine are the primary cementing difjerdshese
microscopic cracks, but XRD analyses suggest that nitratine is most aburatzatq).

No trends in a single salt mineralogy with depth are present. Halite artthaittee
primarily seen as anhedral masses (>100 um) or massive interstiiahtcdracture fills,
and igneous grain coatings (Figures 3.44B-3.47), but are also present in subhedral to
euhedral forms; <50um and 15-100um respectively (e.g. Figure 3.49). Minor anhedral
(10-100 pm) and alabastrine (<20 pum) anhydrite is seen in horizontal/ verticabsks
and cementing fractured volcanic clasts within samples at and below 153 cm depth

(Figure 3.45B and 3.48A). One discrete XRD sample collected from a verticadisal
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Figure 3.44. A) Photo of polished billet cut from Bzm2 horizon/vertical crack sample at
153 cm depth; note vertical laminae (black arrow) of volcanic grains and soil
matrix/micromass, emphasized by slight color variations, crosscusbiyreorizontal

crack (white arrow) infilled with halite/nitratine; finer cracks (ripsertical) can also be
seen throughout. B) SEM image of Bzm2 crack sample (153 cm depth) with crosg-cuttin
fractures infilled with halite (H) and nitratine (N) that displacetfreed volcanic grains

(V) and soil matrix/micromass (M).
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Figure 3.45. A) SEM image (153 cm depth) capturing the approximate boundary (dashed
black line) between the Bzm2 horizon (left) and a vertical soil crack (icgttipg

through it; note vertically oriented laminae of salt/sediment in crack, imguailcanic

grains (V) and fragments of soil matrix/micromass (M), along with a mement

horizontal soil crack (white arrow) cross-cutting both massive horizon andaverack;

white box indicates field of view in figure 3.48B) SEM image showing the cross-

cutting and indiscriminate nature of soil cracks; note unfilled horizontal cras&rpesl

with epoxy (E), that cuts halite (H)/ nitratine (N) filled cracks, anchtirie-impregnated

soil matrix/micromass (M); anhedral anhydrite (A) also noted.
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Figure 3.46. A) SEM image of volcanic clast (V) fractured by vertical crack and
displaced by vertical laminae (white arrow) of salt/sediment/dust in thn2 Borizon at
153 cm depthB) SEM image of vertical laminae of halite (H), nitratine (N), and soil
micromass/dust (M) cementing/displacing shattered volcanic clasis {fe Bzm2
horizon at 153 cm depth.
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Figure 3.47. A) SEM image of a volcanic grain (V) fractured by soil cracks and
displaced by halite (H) and nitratine (N) at 153 cm depth in the Bzm2 hoBz&EM
image of volcanic grain (V) fractured by soil crack (white arrows) contpotbalite (H)
and nitratine (N); note salt-filled crack is also offset at arrows, silixdmicromass (M)

for reference.

101



at 258 cm depth also elucidated mainly anhydrite (Table 6). Glauberite and ttgenardi
are infrequently seen distributed as anhedral to subhedral crystals (5-10@.m) a
subhedral to euhedral crystals (>100 um) respectively in horizontal crack sanpte

80 cm depth (Figure 3.48B). Glauberite is also seen in vertical cracks (varioos) dept
anhedral or massive (>100 um) forms as cement or grain coatings sinflasécsteen in
the Bzm2 horizon. SEM/EDS analyses indicates calcium carbonate asartaguedral
masses (>100 pum) in a single sample collected within a vertical craakegth (258 cm)
(Figure 3.49). Clay mineralogy from a horizontal crack (75 cm depth) and eaverack
(153 cm) indicate similarly minor presence of illite, kaolinite, smectitd,chlorite
(Figure 3.51). However, a vertical crack sample collected at a depth of 292 cs show
elevated peaks of illite and smectite much like the sample analyzed inrtti®Hgzizon

at 300-305 cm depth (Figures 3.41 and 3.52).
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Figure 3.48. A) SEM image of a fractured volcanic clast (V) cemented in alabastrine
anhydrite (A) at a depth of 292 cm within a vertical crack cutting the Bzm2dmgri
voids preserved in epoxy (E) and soil matrix/micromass (M) for refer&)@EM

image of anhedral/massive glauberite (G) coating a volcanic clasti{Nhed by dashed
black lines) and subhedral to euhedral thenardite (T) within a horizontal craclesempl
80 cm depth cutting the Bzm2 horizon; voids preserved by epoxy (E) and saill
matrix/micromass (M) for reference.

103



Figure 3.49. SEM image of calcium carbonate (C) accumulation seen within a vertical
crack sample collected at 258 cm depth; massive to euhedral halite (Hyai(hNti and
soil matrix/micromass (M) noted as well. Point 1 indicates location of EDSrgpect

acquisition for figure 3.50.

: J\_/\
Ca A
O Ca
i T o _.'I‘NL T T T T

Ca

T - T T T

o 05 1 1.5 2 25 3 35 4 45 5 55
Full Scale 6269 cts Cursor: 5809 (22 cts)

ke

Figure 3.50. EDS spectrum for calcium carbonate (Ca-C-O peaks) from point 1 in figure
3.49. Gold (Au) peaks are from gold coating on sample.
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Figure 3.51. Stacked XRD diffractograms of treated samples from the Bzm2 horizon
clay fraction; Upper stack of peaks acquired from horizontal crack sample at 75 cm
depth; Lower stack of peaks acquired from vertical crack sample at 153 cm depth.
Sm=Smectite, Chl=Chlorite, I=lllite, K=Kaolinite; numerical d-sjpacvalues (Table 11;
Appendix) also noted with suspected mineralogy. 4.48 and 3.18 are suspected to be

Chlorite and Glauberite respectively.
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Figure 3.52. Stacked XRD diffractograms of treated samples from the Bzm2 horizon
clay fraction within a vertical crack at 292 cm depth. Sm=Smectite, Chl=t&hlor
I=lllite, K=Kaolinite; numerical d-spacing values (Table 11; Appendigpadoted with
suspected mineralogy.
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CHAPTER IV

INTERPRETATION: HYPERARID SOIL GENESIS MODEL

Salt Heave

In arid and hyperarid climates, soils become enriched in soluble minerals.aOnc
soil becomes indurated with salt minerals, the behavior of these minerals deminate
pedogenic processes and landscape evolution. Environmental variations in humidity/
moisture and/or temperature incite salt reactions that cause volumetrieshasgil
materials, hence salt heave (Buck et al., 2006b). Salt heave can occur dailgly(possi
diurnally), or with infrequent precipitation events resulting in a dominant opyim
mechanism driving pedogenesis (Buck et al., 2006b; Buck et al., 2008). Salt heave is
attributed to fundamental salt weathering processes: (1) dissolution/{zéaipi
(enhanced by hydration/ dehydration) and (2) thermal expansion/ contraction of salt
minerals (Buck et al., 2006b; Buck et al., 2008). Specifics of salt heave as explained b
Buck et al., 2006b are outlined below:

Salt weathering processes are known to accelerate physical wegibfenock, stone,
and concrete in both urban and desert environments (Winkler and Singer, 1972; Yaalon,
1970; Amit et al, 1993; Winkler, 1994). In fact, the mechanical strength of these
materials is decreased in the presence of salts in solution (Dunning and Huf, 1983).

Research suggests that high crystallization pressures exerted on psieywall
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precipitating salts is a major factor in the decay of rock (i.e. proceabdie; Winkler

and Singer, 1972; Rodriguez-Navarro and Doehne, 1999), which is greatest in materials
with smaller pores (Scherer, 1999). Hydraulic pressures generated duriremitéotn

of hydrating salts from lower to higher hydrate forms (Winkler and Wiih&970) or

rapid salt precipitation where pore water is unable to drain (McMahon et al., 1992) are
also reported to instigate rock degradation (i.e. process (1) above). Otleers ha
concluded that bulk volume expansion initiated by frequent temperature changes can
fracture sediments cemented in salt (i.e. process (2) above; Kocurek aed HO86).
Additionally, it is important to note that thermal fluctuations also influence
supersaturation ratios of pore fluids, which could in turn affect the magnitude of both
crystallization pressure (Winkler and Singer, 1972) and hydraulic pressunkl¢and
Wilhelm, 1970) of salt solutions. However, data presented by Rodriguez-Navarro and
Doehne (1999) suggests that what is really occurring is “through-solutionibpdrat
where temperature and humidity sensitive salts rapidly dissolved and pgateci

creating the destructive salt crystallization pressures rathervthametric expansion

from temperature or hydration (i.e. process (1) above). Some common saltdaréytic
responsive to this process are hydrous/ anhydrous minerals like mirabila/dite and
gypsum/ anhydrite which are extremely unstable (with or without raintires in
dissolution/ precipitation (potentially multiple times daily) with smiitfuations in
temperature/ humidity. At any rate, salt weathering is considered dppltcasalt heave
modification in indurated soils because extreme salt cementation promotks tensi
strength analogous to rock, stone, and concrete. Since timing and intensity of each of

these mechanisms are difficult to quantify in indurated soil, especiallydatfieditions,
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and the fact that they can occur concurrently and/or interchangeably, theltdreaga

used in the following discussions implies a coordination of one or more processes unless
otherwise noted. However, it is important to suggest that salt dissolution/ @&aipit

may be the greatest contributor to salt heave in the Atacama (Buck et al., 2D@6élihe
anomalously high evaporation rates and solute availability will affect fhersaturation

ratio, which is directly proportional to crystallization pressure (Winkler@inder, 1972)
making these forces greater within the hyperarid core of the Atacasest[PBuck et al.,
2006b).

Besides the accumulation of soluble minerals, silicate dust plays an enaoigoins
the genesis of soils in arid and hyperarid climates. Presented below is apdelxfon
the genesis of soils in hyperarid climates (Figure 4.1). The two primdoydac
controlling the development of these soils and the resulting landscapes aneceasion/

deposition; and the accumulation of soluble minerals leading to salt heave.

Step 1

Incipient soils are dominated by eolian processes, which provide a sedinxeuit fl
ample salt and silicate dust. Original salt content will vary, but theepaisly sorted
alluvium provides high porosity/ permeability and facilitates rapid infitiraof
windblown soluble minerals during intermittent rain events. However, with an arid
climate comes extremely variable precipitation resulting in shallounaglation at
various depths depending on the effective depth of wetting. For example, a measurable
rain event in summer months may be adversely affected by higher temethtnee

evaporation) resulting in less infiltration and salt precipitation at moteshdepths
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compared to winter months. In turn salt illuviation at relatively shallow depthsopgem
soil matrix displacement and clast shattering at or near the suffiateet al., 1993).
Initial accumulation leads to Stage | snowballs (e.g. Buck and Van Hoesen|r2€2)
soil pores of fine sediment, and thin coatings on the underside of coarser clasts.
Continued salt influx and sporadic precipitation encourages further accuonwiatinin
the profile as Stage Il nodules and/or salt pendants on clasts. With tifmei®0/ears)
and depending on geomorphic position/ salt dust input, overwhelming salt
accumulation plugs the soil matrix creating a petrosalic or petrogypsmmhat the

maximum depth of wetting.

Step 2

Alluvial gravel at the surface, modified by thermal (McFadden et al., 2005) dnd sal
shattering (Watson, 1985; Amit et al., 1993; McFadden et al., 1998), provide a surface
litter of clasts. These clasts along with relict bar and swale topogeaplag passive
traps for the contemporaneous influx of eolian/atmospheric salt and silicate dust.
Continuous salt additions empower clast shatter, which in turn intensifies dugsbretent
with the increased surface litter. As salt/dust is translocated with sppradipitation,
these surface clasts are rafted with an accreting layer of airbateeiahbelow them,
hence the coevolution of a vesicular horizon (Av) and desert pavement atop thé alluvia
gravels. This process immediately starts during Profile 1 development @nttigrent
with the subsurface accumulation of salt minerals (stages I-11l Beslcmn Profile 1).
Continued aridity, eolian influx, and intermittent precipitation help establisitika Av

and well developed desert pavement, which effectively smooth the irregulaesurfac
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previously discerned by bars and swales. The formation of the desert pavement and Av
horizon also affects the infiltration of precipitation and decreases the depéttioigwv
(McFadden et al., 1986). However, this silty (and potentially clay & s&dd}-hiorizon
experiences periods of shrinking/ swelling incited by rapid wetting/dryrspdes and
trapped air in voids (i.e. vesicles), where intensity of expansion/ contractios wéthe
magnitude/frequency of water infiltration (Miller, 1971). Shrinking/ swigllof

expansive clays in this horizon may also contribute to volumetric changeséinpr
(McFadden et al., 1987). As a result these processes promote columnarigif Na
present) or prismatic peds bound by fine vertical joints/cracks in the Av (MeReet al.,
1987; 1998). These cracks cause preferential water flow into the Av horizon and below.
Dissolved salts are carried with the water and preferentially accuemnltite centers of

the columnar peds and at the base of the Av horizon (McFadden et al., 1998). During
larger rain events, water can be directed through the cracks in the Av and deliver
dissolved salts into the underling horizons. Therefore, as the desert pavement and Av
horizon evolve (perhaps 16 10 years) this illuviated salt systematically plugs all soil
pores in the underlying alluvial parent material until it is completely indiirate

effectively assimilating Stage | and Il zones and thickening the Stgugtriosalic

horizon noted in Profile 1. Post-induration, the (massive) relatively shallow salt-
impregnated alluvium responds cohesively to temperature /moisture (daily aodigeol
scale) fluctuations via expansion/contraction (salt heave). This isifiagecracks /

incipient soil fissures that extend shallowly into the massive horizon, which nmagyor

not align with Av cracks.
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Step 3

Continued hyperaridity and concurrent salt accumulation results in repetltive sa
heave processes. Cracks between columnar peds in the Av horizon are largeamfter m
cycles of contraction, eolian infilling, and expansion. This cyclicity and periodic
precipitation have supplied noticeable salt via multidirectional illuviation cking into
the inner reaches of the Av, inflating the unconsolidated horizon(s) with Skiaggtl-
morphologies and subsequently enhancing expansion/contraction (i.e. salt heave
supplements shrink-swell) within this horizon. Since Av cracks terminate at the
indurated horizon contact, a pure layer of salt has also accumulated at the basevof the A
representing the periodic, possibly seasonal, flushing of soluble salt(s)tagisigcated
through this horizon. Continued expansion-contraction/salt heave in the indurated soil
has resulted in an overall upward heave towards the surface. This has expanded the
original surface ruptures in the unconsolidated horizon(s) (including the desert
pavement). Some cracks align with incipient soil fissures in the petrosakoimori
described in profile 2 forming larger cracks. Similar to the cracks in the Avonoriz
these larger composite cracks also experience multiple cycles of tiomtradilling,
and expansion. However, contrary to the smaller cracks, the opposing forces caused by
the infilled salt/sediment during subsequent expansion exceed the tensgéhstfehe
indurated horizon. Therefore cracks propagate deeper into the profile instigatireg f
infill and incremental crack extension. Vertical laminae of salt/sedimdidate the
cyclicity of eolian dust infill of open cracks followed by salt heave expansion and
compaction of the crack-fill sediment. With time these infilled crack®nlgtpenetrate

deeper, but become increasingly wider and more sizeable partitions to the ddjgeent
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volumes (polygons) of sail, largely indurated and continually heaving (daily andggeolo
scale). As a result these growing cracks (also salt-rich) heatencporaneously and
coordinate with the heaving soil polygons to intensify the volumetric changes within the
soil profile. During expansion, all of the opposing forces generated between soil
polygons cannot be relieved by the cracks since they have been filled by sa#rfgedi
Therefore, unrelieved forces are redirected towards the surface, ecgigftive upward
warping of surface horizons. These adjustments solely account for small vadumetr
changes. However, over101C years the countless incremental modifications are
responsible for microtopographic highs (soil polygons) / lows (cracks) at theesthe
instigate gravitational migration of surface clasts (mm by mm)rdsMarge cracks,

which contribute to incipient patterned ground formation.

Step 4

Vertical crack contraction/ infill/lexpansion cycles have incrementatiseased the
amount, width, and depth of soil cracks in the massive horizon (including horizontal and
sub-vertical cracks). These new and/or larger vertical cracks transtebme water and
eolian salt/sediment beyond the petrosalic horizon and systematically #erich
underlying alluvium until eventual induration. This not only increases the thickness of
the soil solum (in meters), but also incorporates a larger volume of cemamiedated
soil that enhances each incremental salt heave-induced modification of the: pfBaii
heaving results in a noticeably undulating surface topography where thes cérsei
polygons serve as surface highs and large soil cracks serve as surfaceudace r8lief

leads to several developmental elements that ensure profile evolution. First, it
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encourages salt / sediment translocation, both from wet and dry processeseatsit di
these constituents into soil cracks that can reach deep into the soil profile and furthe
enhance salt heave. Additionally, each incremental heaving action theg nesur

increase of relief also aids in mobilizing desert pavement clasts, ejtigeavatational or
surface creep processes, towards soil cracks. Subsequently, clasts (dnst aalgition)

also act as rigid supports within the soil crack infrastructure, which ultymatkes the
infilled crack more resilient during expansion of soil polygons. This reinforceardpw
heave and subsequent salt / mineral / clast migration toward cracks, regetitive
facilitating salt heave processes and enhancing the effects noted abovetivB epel
systematic heaving also initiates cycles of brecciation / recetioentd parent material

clasts and salt impregnated fines within the massive horizon. Parent naéstmbre
physically weathered through heaving, but also undergo dissolution through pressure
solution caused by extreme crystallization pressures via minergbipaggon in confined

soil space/cracks (e.g. Winkler and Singer, 1972; Monger and Daugherty, 1991; Robin,
1978). At the surface, clasts have been shifted into the polygonal cracks and away from
the center of the polygons, forming strongly developed patterned ground. Thus, clasts no
longer form a strong desert pavement leaving the unconsolidated surfaces Az

and underlying loose salt horizons) subaerially exposed. Because the centelargéthe
soil polygons are now no longer covered by a desert pavement, eolian deflatistbegi
erode surface horizons. These materials then become source material tacihad;

cracks and soils downwind.
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Step 5

The continuously dynamic indurated horizon simultaneously heaves as eolian
processes erode the Av horizon. Eventually, the Av and other unconsolidated surface
horizons are completely removed. Additionally, the subaerial exposure readilytsubjec
the exhumed indurated massive horizon to temperature/ humidity variations and sporadic
rain. This leads to the dissolution of soluble salts near the surface freeengmpaterial
clasts as well as the fine earth material formerly cemented indhesited horizon. Salt
heave concurrently cracks and brecciates the surface increasingdalaaduits, and
the amount of some loose (fine) material directly. Subsequently, the fineaisareed
via salt dissolution and salt heave are entrained and removed by eoliamidleiéaving
only coarse parent material clasts as surface litter. Sporadipifatan events also help
flush any sediment/dust and salts not removed by eolian processes into new and relict
surface cracks/pores in the saline alluvium. Additionally, some of the moréseralts
(i.e. hydrating salts) will dissolve/ recprecipitate quickly as Emdess-cohesive, and
“fluffy” crystals readily entrained via eolian processes and redis&tbunt nearby passive
traps or soils downwind (Buck et al., 2008). Soluble minerals (and/or silicate fines) tha
are flushed back into the soil profile via soil cracks fuel the well institatkthsave
processes. Parent material clasts liberated from the indurated saoil eettasert
pavement and along with irregular surface morphology reestablish pasps/éhiaa
begin to retain eolian sediment /atmospheric dust resembling step 2.
Step 6

Similar to profile 2, once a desert pavement is re-established, fine eoliarahveite

accumulate beneath and establish another generation of Av/desert paicematon.
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This represents the completion of a feedback loop initiated and driven by salttontr

/ influx / and expansion. However, this terminus does not conclude or prevent further
pedogenesis. In contrast to the Av / desert pavement formed in profile 2, this
unconsolidated unit has formed upon a well established salt heaving “engine” with
pedogenic momentum. Persistent salt heave reactivates the feedback loop and repeats
processes described in profiles 3-6, possibly multiple times, probably only halted or
diverted by a shift in climate shift resulting in salt dissolution and/or anatiggr earth

surface process causing massive erosion or burial of the soil.
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CHAPTER V

DISCUSSION
Salt Heave

The nitrate-rich soils found in the Atacama Desert are characterizeetwgrks of
vertical cracks filled with vertically stratified lenses of gravehdsasilt, and copious
amounts of various salt minerals. At OE these vertical cracks extend>@empdepth)
into soil profiles and coordinate to define large (~2m diameter) soil polygons.oRslyg
are highlighted as microtopographic lows, created by vertical cracks, dadesalasts
forming a surface anomaly refered to as patterned ground (Buck et al., 20Q6b; Fig
3.2). Currently, patterned ground and the vertically stratified crack morpholegy ha
only been reported to form via frost heave processes (e.g. Lachenbruch, 196acIRetall
2001). Similarly, clay-rich soils (i.e. Vertisols) also reflect looselynparable features
known as gilgai and chimneys, respectively, as a result of shrink-swell fiesper
sometimes referred to as argilliturbation (Brady and Weil, 2004; Becknadny £984;
Newman, 1983; Shaetzl and Anderson, 2005).

However, neither frost heave nor argilliturbation can explain the occurrence®f thes
features in the hyperarid core (Central Depression) of the Atacaseatidere the OE
site resides (Figures 1.3, 1.4, and 1.9). The present and geologically persistestidhyp
climate (see Climate, pg. 12) consists of temperatures and extremvgbydcipitation

inputs that are not conducive to the formation of ice or frost heave
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processes. Additionally, clay content measured in this study indicatesathatinerals
(including shrink-swell clays) are in low abundance (averaging 8%, Babplercentage
calculated after salt removal). Even if shrink-swell clays aresptes the silt fraction it
is unlikely their contribution is comparible to clay mineral dynamics ptaa®ertisols
(>30%, Brady and Weil, 2004) since silt percentages were calculatedaftesmoval as
well, suggesting little to no soil modification via argilliturbation. Therefore|dble of

ice/ expansive clays and the prevalence of salt minerals (Tables 1,3,5, and 6) a new
formation process termed salt heave (Buck et al. 2006b) is utilized to explain the
expansion/ contraction forces responsible for soil cracks, patterned grounddarraat

hyperarid pedogenesis at OE.

Hyperarid Pedogenesis at OE

The Central Depression of the Atacama Desert is known to contain extehsied &n
deposits termed “Atacama gravels” (Nishiizumi et al., 2005) deposited between the
Oligocene and mid-Miocene in response to Coastal Range and Andean uplift (Mortimer
and Saric, 1975; Ericksen, 1981; Clarke, 2006). These ancient landforms have been
remarkably stable and preserved due to low erosion rates (Nishiizumi et al., 2005) a
limited chemical weathering losses (Ewing et al., 2006) attributed to thenpeasd
geologically persistent hyperarid climate since the mid-Mio¢Enieksen, 1981; Alpers

and Brimhall, 1988; Rech et al., 2006). Since the OE soil profile examined in this study
is located medially on an ancient alluvial fan composed of poorly sorted, gravelly,
(mainly) volcanic material, this landform is considered to be correlativeetdtaicama

gravels ubiquitous throughout this hyperarid corridor of the Central Depression.
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Therefore, soil development at OE theoretically could have begun as etréyraml-
Miocene (~13-15 Ma). However, soil inception would have been dependant on site
specific soil stability (possibly affected by erosion and/or sedirtienjawhich is known

to be variable in arid climates and/or fluctuations in intensity of aridity Baigk and
Monger, 1999). Aridity has certainly varied in magnitude in the Atacama $iace t
Miocene (e.g. onset of hyperaridity) adding an element of uncertainty to tihgani of
profile development and complicating the estimation of OE profile age. Howeve
Prellwitz (2007) dated granitic surface boulders on a nearby lower, younger, inset
geomorphic surface (OE2) using cosmogenic radionuclide (¢i8N) dating. These
analyses yielded empirical dates of 2.71-3.23 Ma for the OE2 surface. Usintydtes ni
inventory (368.28 kg) contained in the soil at OE2, Prellwitz (2007) also calculated a
nitrate flux rate (0.041 g/ffyr) based on those dates. In the absence of granitic surface
boulders on the OE surface (of focus in this study), the OE2 flux rate was substituted t
calculate an empirical age with the nitrate inventory (613.31 kg) at OEcdloigdation
suggests a minimum empirical age of 4.76 Ma for the OE soil profile (P=IR007).
Although, the sizeable difference in nitrate inventories, the fact that OE2 iseafains
within the OE fan surface, and lower bulk density (2.29 vs. 2.38%gasmwell as

average salt content (28 vs. 40%) (Prellwitz, 2007) between OE2 and OE respectively
suggests that the OE profile may be much older than the difference in agbates
between OE2 and OE imply. Therefore it is believed that the reported age of 4i36 Ma
not only a minimum age because of decreased nitrate retention with increased
cementation over time (Prellwitz, 2007), but inherently low due to the lack of datable

surface material (granitic boulders) corresponding to the actual landfolaésage and
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inception of pedogenic processes at OE. The age of this profile is conseueadly
constrained between 4.76 Ma (Prellwitz, 2007) and ~13-15 Ma (Ericksen, 1981;
Nishiizumi et al., 2005; Rech et al., 2006) and simply inferregla& Ma in the
proposed hyperarid pedogenesis model (Figure 4.1).

Step 1

Step 1 (Figure 4.1), therefore, models this Atacama gravel-type alluvialittpO&
stabilized sometime between 4.76 Ma and ~13-15Ma. After stabilization, thearregul
OE surface began to passively trap eolian dust/salt between surfaceradastthan
surface lows associated with bar and swale topography (McFadden et al., 1987,
McFadden et al., 1998). Additionally, the coarse Atacama gravels provided ample
porosity/ permeability for infiltrating meteoric water. Albeit extrely variable in
frequency and magnitude given the arid/hyperarid climate, measurealjgtatiea
events flushed eolian derived dust/ salts, and/or atmospheric solutes alreathedis
the rain water before intercepting the OE surface, to the effective deptitofg. The
very coarse parent material (i.e. Bzm1 and Bzm2 horizons) at OE (Table 3)ancvi
for the assumed rapid and readily accommodated dust/salt-enrich wateat@ncol
However, cutans found in micromorpological analyses provide the strongest evidence fo
mineral illuviation early in soil formation at OE. Two types of cutans ane ssieg
micromorphologic techniques, halans (salt pendants) and argillans. Thesesfeatud
have only formed as illuviated dust/salt accumulated on the surfaces/ undersldstsof ¢
when void space was still abundant in the incipient soil profile (i.e. before complete
induration of the alluvium). Salt pendants are prolific in the Bzm2 horizon and gyimari

composed of halite, and halite-nitratine, but occasionally glauberite (RBd24e3.35A,
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3.37A). Stage Il pendant formation is comparable to a stalactite-stylmaletion as
salt-rich pore fluids periodically precipitate salt minerals on the urttbsrgif clasts since

this is the last place for these fluids to concentrate (in coarse pareniathagegravity

and climate dictate the depth of wetting and salt precipitation; each periodia@ation

adds another layer of salt to the pendant, hence the stalactite comparison (Amundson et
al., 1989, 1994; Birkeland, 1999; Chadwick et al., 1988; Courtey et al., 1994; Ludwig and
Paces, 2002; McFadden et al., 1991; Pierce, 1985; Pierce and Scott, 1982; Reheis et al.,
1992; Sowers et al., 1988; Treadwell-Steitz and McFadden, 2000; Wang and Anderson,
1998). However, voids are sometimes present adjacent to pendants in the OE profile at
the clast-pendant boundary (Figure 3.35A) suggesting that salt accumulatitly direc

along the clast edge is not necessarily the first increment of sathatation on an

individual clast. This observation was also reported by Brock and Buck (2005) in
calcium carbonate pendants and indicates that pendants do not always form in a manner
similar to stalactites. Pendants at OE, in contrast to calcium carbondnps are
composed of highly soluble salt minerals and are more likely to dissolve/ ipHartec

with changes in temperature, humidity, or pore space chemistry. Thus, distimada

are unlikely to be preserved, which may explain why none were observed in this study
Because of this, it is difficult to interpret the relative timing or sequehsalomineral
formation in these pendants. It is also important to note that extreme cautiolkevas ta
prior to and during sample preparation for these analyses to avoid the destruction of
(micro) pedofeatures such as pendant laminae. Samples were never exposed to wat
high humidities, or sizeable temperature fluctuations; however some dissoletion/ r

precipitation may have occurred prior to analyses due to the highly sensititgés
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minerals present at OE (Table 1). We believe this is unlikely becausenfgiusittiny
euhedral crystals was not seen covering the surface of thin sections dorpig sa
preparation. “Dusting” is observed when soluble salt samples are exposed to high
humidity/ water effectively altering salt mineralogy/ morphology. ®d. Buck, personal
communication). Additionally, the high relief or the 3-D effect reflected mesof the
SEM images is attributed to minimal epoxy removal around various saltlsrgatang
thin section preparation as opposed to salt (re)precipitation because of séengleal
Epoxy from thin sections (both in-house and externally prepared) was noted to become
“‘gummy” then spall in the presence of acetone, which was used during samificati
remove polishing media from in-house prepared thin sections, as well as surface
preparation for sample photos (externally epoxied billets). Degraded epoxy temove
during sample preparation creates microtopography that is subsequentigezhbg
high magnification resulting in the high relief seen in SEM images. Therétore
microscopic results presented herein are considered to be an accuraiemedfeszlt
mineralogy/ micromorphology within the OE solil profile even after samples we
collected and transported out of the hyperarid Atacama Desert environment.

Argillans formed in the the incipient solil profile (Step 1) are primarilyntbin a
sample collected at 155 cm depth (Figures 3.37B and 3.40), though noted between depths
of 153 and 258 cm (Table 4). These depths indicate that they must precede the induration
of the Bzm2 since the Na-salts (i.e. halite) presently cementing mib&t Bzm2, would
have had a dispersive influence on clays (Petersen, 1980). This would have caused soil
matrix inundation with salt and dispersed clay minerals rather than distagtcoats.

However, petrographic (Table 4) and SEM (Table 5, Figures 3.37B and 3.40) show that
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the depths where argillans are present contain noteable amounts of Ca-sulifgdaté
and Na-Ca-sulfate (glauberite). As the soil solutions transmitting sla¢tseto depth
came in contact with the clay dispersed in Na-salt (or vice versa), shspaays would
have flocculated in the presence of the illuviate @ms, likely resulting in argillans on
volcanic grains represented herein. Additionally, Petersen (1980) suggebia-tait
accelerated argillic soil formation (19ears) in saline fan alluvium in the Panamint
Valley, California by enhancing the infliltration of dust derived clays. THhisshe
explain the presence of clay (Table 7), especially at depth, given thellanieunt of
chemical weathering of volcanic materials permitted by the hyipestaimate at OE even
in the initial periods of soil genesis.

With time these same infiltrating saline soil-fluids plugs a zone withinlkingan at
the maximum depth of wetting, creating a diagnostic petrosalic horizon (Aaljt et
1993); also modeled in the base of profile 1 (Figure 4.1). Induration of the OE profile to
all observable depths prevented the determination of the maximum wetting depth of the
profile at this point and presently. The exact timing for the formation of this tedura
horizon is speculative, but considering the vast (geologic) evaporite depoaits, satl
other saline-soils (Ericksen, 1981; Rech et al., 2003; Clarke, 2006) upwind of OE in the
Pampa del Tamarugal (Figure 1.4), eolian processes likely acceleratediomdinra
perhaps as little as 1§ears. However, Amit et al. (1993) suggests that petrosalic
horizons in the hyperarid§0 mm/yr precipitation, Amit et al., 2006) Negev Desert,
Israel are formed in gravelly alluvial fan chronosequences in roughly 500,080 yea
These “Reg soils” are possibly the closest analogy to the OE soil poofgeveral

reasons: they formed (1) in a hyperarid climate, (2) on coarse alluvium, (3)thede
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influence of a rainshadow effect caused by orogenic topography, (4) witblsieedian
dust/salt influx (Amit et al., 1993; 2006); hence the temporal upper limit°ofekls
used in the proposed hyperarid model. In contrast, however, the magnitude of
hyperaridity (<3 mm/yr vs<50 mm/yr precipitation) and local/regional sources of salt at
OE (versus the Negev soils) is noteably higher, which enhances both distribution and
accumulation of eolian dust/salt; hence th&tbQL( year time constraint for profile 1.
Future chronosequence studies on Atacama fans will provide a more constrained time
estimate for this incipient profile (1) as well the others described herein.

Step 2

Continued eolian/atmospheric dust/salt influx and persistent hyperaridityéueext
period of pedogenesis at OE (i.e. Step 2, Figure 4.1). Gravel clasts at #oe sue
reduced to smaller and smaller clasts via thermal (McFadden et al., 2005t and sa
shattering (Watson, 1985; Amit et al., 1993; McFadden et al., 1998) processes (e.g.
Figure 3.6B). This effectively increases surface litter/ partietesdy creating a desert
pavement composed of closely packed (modified) clasts derived from the allueratl par
material below (e.g. Wells et al., 1985). Once formed this desert pavement enhances t
retention of eolian dust (Yaalon and Ganor, 1973; Gile, 1975; Petersen, 1977; McFadden
et al., 1992; McFadden et al., 1998), resulting in the formation of a vesicular horizon
(Av) below the desert pavement (e.g. Figure 3.9A). Over time the desemgravand
Av coevolve (Gerson and Amit, 1987; McFadden et al., 1998) where the tightly packed
pavement clasts are vertically elevated as the Av thickens with continucars ieplits
of soluble minerals and silicate dust (e.g. Cooke, 1970; Yaalon and Ganor, 1973; Gile,

1975; Wells et al., 1987; Wells et al., 1995; McFadden et al., 1987; McFadden et al.,
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1992; McFadden et al., 1998; Anderson et al.,2002); and subsequently smooth surface
irregularities like relict bar and swale features (Figure 3.1). Twar@domains at OE
highlight this process with a noteable distinction between unconsolidated surface
horizons and (presently indurated) alluvial parent material below. The au{Agyz

and Byz) horizons (Figure 3.6) are comprised of mostly clast-free silirandand with
generally higher clay percentages compared to indurated horizon measar@rable

3). This is consistent with typically loamy Av horizons (McFadden et al., 1998) and
exemplifies the textural dichotomy often seen in desert soils betweensiindsial

horizons and the underlying parent materials. The Bz horizon was not given a textural
designation because of its overwhelming salt content (>99%, Table 3), but is ca@hsidere
part of this unconsolidated domain (discussed further below). These horizons are all
interpreted to be eolian dust derived and originally emplaced as a singuiari2on

upon the underlying alluvium after fan stabilization as described above andi#dstn
Profile 2. The separate horizon designations are explained further in the Pebfile 3
discussions below. Desert pavement clasts atop the Avyz (Figure 3.6B) icklgical
volcanic lithologies noted in the underlying alluvium suggesting that they are
synchronous to the parent material, but systematically dislodged/ modifiechttesh r
vertically during eolian deposition and formation of surficial horizons (e.glsWehl.,

1985). Furthermore, most researchers agree that the desert pavementia asse

initiate and accelerate the Av formation (Yaalon and Ganor, 1973; Gile, 1975; Petersen,
1977; McFadden et al., 1992; McFadden et al., 1998). Thus, the desert pavement in Step
2 (Figure 4.1) is tightly packed even though the desert pavement at OE is presentl

weakly interlocking (Figures 3.2 and 3.6B). This apparent inconsistency is also
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addressed later in the Step 4 discussion. Concurrent with the formation and thickening of
the Av, the petrosalic horizon born in Profile 1 thickens in the subsurface as soluble salt
dissolved from the surface or surficial horizons continue to infilitrate the poroukeprofi
with sporadic rain events. The desert pavement and continually accreting Ascaiese
surface runoff/ evaporation atop the pavement and limit rain percolation to depth because
of high surface areas (Shaetzl and Anderson, 2005) and/or negative matric potentials
(McFadden et al., 1998) associated with the silty Av. This translates intovaall

depths of wetting over time as the Av thickens, which results in accumulation of
illuviated salt at increasingly shallower depths, thus thickening the petrbsailzon.

The fine soil cracks (illustrated in Step 2) that bound columnar Av peds ceftaialy

rapid meteoric infiltration at times (e.g. McFadden et al., 1986; 1998) implyihg tha
depths of salt precipitation will be variable and not necessarily shalloweeach
subsequent addition of saline water. Additionally, anomalously intense rain events
(perhaps every £aL0* years) relatively unaffected by surficial horizons could flush
surface/ subsurface salts much deeper and overlap or overprint previous salt
accumulation (e.g. Harden et al., 1991). Anhydrite-cemented alluvium at depths of 153
to 180 cm in the Bzm2 (Tables 4 and 5, Figures 3.37B and 3.39A) provides evidence of
this process as the anhydrite cement could be an older salt accumulatioveprbyge
subsequent halite (and nitratine) induration in the Bzm2. Of course, this could also be a
reflection of soil chemistry as anhydrite could have illuviated contempouahewith

halite since NaCl can increase the solubilities of gypsum/ anhydritatiowérwhelms

the system (Braitsch, 1971). However, it is difficult to say which (if Bitblethese

interpretations is correct so it is more important to note that the saltatsii€ables 4-6)
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cementing the massive horizons at OE are extremely sensitive to depttiofw

changes given their high solubilities (Table 1) and environmental senssivihiey are

readily translocated during these changes. Ultimately, stochastiigedtion via

percolating meteoric water (of various magnitudes) over geologicstiales eventually
coalesces Stage I-Il with Stage Il zones noted in Profile 1. Hendegnimg of the

petrosalic horizon towards the surface until the underlying parent masec@hipletely
indurated, as illustrated in Profile 2 (Figure 4.1) and evidenced presently by the
extremely salt-indurated alluvial parent material (Bzm1/ Bzm2 horizogstyé-3.5) and
elevated EC values (Table 2) at OE. Estimating the time required talHfenonofile
illustrated in Step 2, similar to Step 1, is difficult. Some indication isriediefrom the
hyperarid Negev Desert as Av horizons form there in*a&8r time scale (Gerson and
Amit,1987; Amit et al., 1993). Desert pavement and Av studies in the Mojave Desert
similarly report these geologically instantaneous time spans (Mchratde., 1998;

Quade et al., 2001). Quade et al., (2001) also constrained timing of desert pavements/ Av
horizons in their study via radiocarbon dates of underlying spring deposits (Qudde et
1998), therefore this rapid minimum time is adopted in the proposed hyperarid
pedogenesis model. Since these surface horizons contribute to the induration of the
parent material below them, the formation of the indurated horizons at OE could have
also been equally rapid. The preservation of halans/ salt pendants (Figures 3.34, 3.35A,
and 3.37A) also suggests rapid cementation since these pedofeatures could lyave easi
been dissolved and reincorporated into the Bzm2 horizon in the presence of subsequent
soil water given their particularly soluble constituents. However, in thaedsé

chronosequence data at present within the study are an upper linfityefat8 is also

128



incorporated into the model since precipitation/ moisture events (as wethperéture/
humidity fluctuations) available to translocate salt minerals, to deptftnofseen at OE,
can be highly variable given the hyperarid climate in the Central Depressickséh,
1981, Ewing et al., 2006). Therefore & i®1C year temporal constraint is noted at this
point in the proposed pedogenesis model.

Step 3

The complete induration of parent material concludes the period of pedogenesis
depicted in Step 2. This signifies the inception of salt heave in the massive ho6n at
and a transition from eolian-dominated to salt heave-dominated pedogenic processes. A
noted in Chapter 1V, salt heave functions through salt weathering proaessesnig: (1)
dissolution/precipitation (enhanced through hydration/dehydration), and (2) therma
expansion/ contraction of salt minerals (Buck et al., 2006a; Buck et al., 2006b).
However, current research indicates that process 1 is the most influencranveat
process since the transition from anhydrous to hydrous salt phases does not infer
hydration but rather “through-solution hydration”, where rapid dissolution/ pratgit
facilitates the salt phase transition (Rodriguez-Navarro et al., 1999). fEbgveiness of
salt heave at OE is therefore attributed to repetitive/ persistentssatudion/
precipitation reactions, which exert significant crystallizationgaress in the confined
spaces within soil materials over time. Minerals most likely to exetigiest
crystallization pressures in this study include halite, anhydrite/ gypsutnthenardite
(Winkler and Singer, 1972; Figure 5.1). For example, theoretical caladaiichalite
pressures suggest forces of 654 atm when it is oversaturated by a factob0f Zat

(Winkler and Singer, 1972). Rodriguez-Navarro et al., (1999) also report that halite is a
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more effective weathering agent at low relative humidity, which makestribiag

proponent for salt heave in the Atacama Desert, and therefore OE. Since tfadite is
most abundant salt mineral in indurated horizons it is considered a major contributor to
salt heave at OE. Anhydrite and gypsum crystallization pressuresrkirodktulated are
398 and 334 atm respectively (Winkler and Singer, 1972). Although these minerals as
well as the hemihydrate (bassanite) are mostly concentrated atféeesar

unconsolidated horizons at OE, the presence of anhydrite in indurated zones (akeit les
than halite overall) could over time contribute significantly to salt heave (e.g.
dehydration/precipitation; Rodriguez-Navarro et al., 1999) especially #iaqgeesence

of sodium chloride lowers the transition temperature of gypsum-anhydritdd&and
Macdonald, 1953). The transition from bassanite to gypsum can also be a rapid process
(Winkler and Wilhelm, 1970) aiding salt heave over time. Similarly, the theeardit
mirabilite transition temperature is also affected in an environment satwéh sodium
chloride (from 32.4° to 17.9° C, Goudie, 1977). Thenardite crystallization pressure
calculations suggest forces of 345 atm when oversaturated by a factor of 2 at 50°C
(Winkler and Singer, 1972). The transition of thenardite to mirabilite (or vice)versa
results in a 314% volume change and can occur multiple times daily with temgeratur
and humidity fluctuations (Winkler, 1975; Sperling and Cooke, 1980), which should
certainly supplement salt heave (i.e. dehydration/precipitation; Rodrigararid et al.,
1999) in confined soil materials. Similar to gypsum/bassanite/ anhydriterdiiena

mainly occurs in an unconsolidated surface horizon limiting its overall contribution to
salt heave process at OE. However, its occurrence (albeit less thanimatitelyated

horizons suggests some contribution over extended periods of time. Although specific
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measurements of crystalline pressures for the other salts found in thigi sudyratine,
glauberite, eugsterite, bloedite, and darapskite) are not presented heresgestive
contributions to salt heave are considered noteworthy. These minerals ardralvely
soluble (Table 1) and sensitive to temperature/humidity, and therefore, sherld ex
similar (perhaps lesser magnitude) crystallization pressures during
dissolution/precipitation reactions in soil pores/cracks. Ultimatelyhalkalt minerals
present at OE possess the ability to dissolve and precipitate frequently wotraume
or relative humidity changes at the surface or at depth in pore spaces{ElicR006b).
Therefore, rain events are not necessary to incite salt heave at OBvbreetsmn the
hyperarid core of the Atacama Desert characterized by its infiegad/or negligible
precipitation.

Broadly estimated between®8nd 16 years of hyperarid soil formation at OE, Step
3 (Figure 4.1) models the transition to salt heave processes noted above, howaaver eol
processes certainly persist. Dust/ salt inputs are continuous (and likeblevaria
intensity) which in conjunction with periodic precipitation cause differeotiadf the Av
horizon by long-term retention of the windblown dust/ salt. Dissolved salts trameslocat
and reprecipitate shallowly within the Av causing horizonation. The three surface
horizons (Avyz, Byz, and Bz, Figure 3.6) seen at OE confirm this procdss,gtit the
shapshot in time represented by Step 3 is not correlative to the present GE profi
temporally. Subsequently, horizon thicknesses, texture, salt content, and degree of
accumulation are likely to be less than reported herein (Figures 3.3 and 3.4; Table 3) at
the time period represented by Step 3. Salt/ clay mineralogy and pHAEGamgaas

well (Table 2, 5-7). Therefore, the pedogenic specifics of these (AvyzaBgABz)
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horizons are discussed with Step 4 correlation to the OE profile. For now it is more
important to note that the Av is likely thickening as well as evolving with continued
hyperaridity and continued dust/salt influx. As mentioned above this step, (3 Bidyr
is illustrated primarily to reflect a transition from eolian to salt doteish@rocesses
(Figure 5.1). Anomolous salt percentages (Table 3) and bulk density (Figure 5.2),

throughout the OE soil profile and negligible soil voids (Table 4) especially inzim2 B

Oficina Ercilla (OE) Site
Soil Profile ;
Eolian )
Transported "E::?Sr'i::i‘rg
Salt & Silicate, o r-fo T
2
Bassanite Large-scale
small-scale Cracks
Cracks (filled wysilt,sand,
(filled w/silt,sand, gravel,cobbles and
and salt)
7 T Avyz
L
L
I+]
2 Byz
2 Th d
E enardite
=
4 Bz
-
a
g Bzm1 i
a Horizontal
£ laminae Vertical laminae
E__ Halite & Nitratine Halite & Nitratine
[ cemented gravels Horizontal cemented gravels
5 (+ anhydrite, glauberite, laminae (+ anhydrite, glauberite,
£ thenardite, darapskite, thenardite, darapskite,
= . . )
= and calcium carbonate) and calcium carbonate)
5 ‘ Expansion .
e Heave
Bzm2 ;

Figure5.1. Schematic summary of salt heave model for OE noted in text.
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horizon testify to the soil mass gain reported by Ewing et al. (2006). However,Ithe soi
cohesion as a function of this extreme salt induration is the focus of Step 3 and OE
development at this point. The induration of the subsurface horizon(s) with salt minerals
IS SO extreme that it responds to environmental changes (i.e. temperaturefyiumidi
moisture fluctuations) collectively as a single unit. Since the malseizson is so

indurated, volumetric expansion/ contraction via salt heave processes, cannot be
dispersed on an intergranular level. This results in incremental yet civaulat

(irreversible) massive soil horizon distortion/ warping (Figure 5.1). Afearymepetitive
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Figure5.2. Bulk density with depth at OE (modified from Prellwitz, 2007), petrocalcic
horizon data from Mormon Mesa, NV for comparison (data acquired via personal
correspondence with Dr. Amy L. Brock). * Gray area indicates bulk dermsigerof

most soil orders excluding Histosols, Andisols, and Gelisols that fall below the bulk
density range on the x-axis; hardpans are also not included in this gray area.
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horizons are contemporaneously forced to mimick the upward deformation and
eventually reflect a gently undulating surface microtopography. This surfac
characteristic is evident at OE presently (Figures 3.1, 3.2 and 3.42), but has also been
described by other researchers at other localities in the Central Deprgsstksen

1981; Clarke, 2006; Buck et al., 2006). With time and continuous salt heave
modification the cohesive soil develops tensile stresses as a result adierpan
contraction, which result in vertical soil cracks as illustrated in Stem@r@s 4.1 and

5.1) and at OE (Figures 3.4 and 3.8A-B). These vertical cracks breach the,surface
disrupting surface horizons including the desert pavement atop, and eventually coordinate
to define soil polygons at the surface (Figures 3.1 and 3.2). Some of these cracks may
also align with the fine cracks between columnar Av peds. Cracks are topoaligphic
lower than adjacent soil polygons, so when cracks are open, sediment from surficial
horizons as well as eolian dust/ salt infill the cracks by gravitationadarcwith water
infiltration, as seen in (Figures 3.4 and 3.8A-B) and reflected in texture/ sahtdata
(Table 3). These infilled cracks then enhance the next phase of upward saibwarpi
since the cracks have been filled and subsequently cannot relieve lateral@xpancsis
created by salt heave (Figure 5.1). Additionally, each subsequent contractilpn, infi
expansion cycle leads to crack propogation deeper into this soil profile, whiclhigels
salt heave feedback mechanism as sediment/ dust/ salt keep getting flushell amdiept
effectively incorporating deeper reaches of the solil profile. Since depnas not

viewed at the OE site to represent this profile (3) specifically, it is not kknlowt likely
these vertical cracks would reflect many vertical laminae sigmgjfthe cycles of

contraction/ infill/ expansion similar to those seen presently at OE (Figutgs8A-B,
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and 4.1). The fine cracks between Av peds would also reflect similar (albgjt fine
laminae since the soil warping would also cause these cracks to open/ odél/ cl
concurrently (Figure 3.4, 3.6, and 4.1). Another key process illustrated here (albeit
incipient at this point) is the disruption/ dismantling of the desert pavementudtioas
(and increasing) microtopography at the surface lead to the mobilization ofigratve
clasts toward surface lows (i.e. cracks), via gravitational forces omeatal creep
processes attributed to microtopography fluctuations. In contrast to Queldg2001)
desert pavement destruction is not linked to vegetation disturbance/ climage,dmain
rather salt heave processes solely since vascular plants are devoid in thadygpee of
the Atacama Desert (and OE) (Ericksen, 1981; Rech et al., 2006).

Step 4

Step 4 (Figure 4.1) is the most accurate physical depiction of the OEesientby.
However, placing the OE profile at this position in the model temporally isetdiiat
and discussed below. In the meantime this step (4, Figure 4.1) will be used as an
illustrative guide to examine and interpret OE pedogenesis, and salt heaagspsoc
dominating post soil induration (Step 3) up to the present day. At this point in the model,
hyperaridity, concurrent salt accumulation, and well established salt pesesses have
persisted for significant geologic time spans (*yiéars). These have had a profound
affect on both unconsolidated and indurated horizons. Texture, mineralogy, and eolian/
atmospheric dust sources for unconsolidated horizons correlate well with theta@scri
of the chuca layer (Figure 1.8) described by Ericksen (1981) and are considered
synonomous (Figure 5.3). This study divided this unconsolidated zone (chuca) into three

soil layers, but is interpreted to be a single Av horizon subsequently differdriate

135



long-term retention of windblown and translocated dust/salt. This inference is based on
similarities to Av horizon/ped properties documented in the Mojave Desert (Mafratd

al., 1997,1998). The obvious similarity is the vesicularity of the Avyz horizon at OE
(Figure 3.9A), which is a distinguishing characteristic for Av horizons worldwide
(Springer, 1958; Cooke, 1970; Miller, 1971; Evenari et al., 1974; McFadden et al., 1987,
1998). Columnar peds bounded by salt/ sediment filled cracks occur throughout the Byz
horizon (Figure 3.6) and are similar in size and shape to those documented in the Cima

volcanic field, CA (McFadden et al., 1987, 1998). These columnar Byz peds also reflect

Figure5.3. Sketch of Figure 3.2B modified to represent horizonation-soil crack
relationships at OE and likely correlative layers noted in Ericksen (1981). Sataller
polygons only seen in the field when desert pavement and Avyz are not present, see also
Figure 3.42.
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an increasing concentration of gypsum/ bassanite/ anhydrite towardsitbeafgeds
(Table 6, Figure 5.1), which is similar to the calcium carbonate distributitheiless

arid Mojave peds (Anderson et al., 1994; McFadden et al., 1987; 1998). This indicates
that water movement in both cases is towards ped centers. Additionallysisonata in

the Atacama is limited (Quade et al., 2007) and precipitation is generally nataHhg
favored (Rech et al., 2006; Prellwitz, 2007) due to the common ion effect and the lack of
organic processes (Ewing et al., 2006). Therefore, soluble salts that aaiytypic
(sometimes seasonally) flushed out of the Av (McFadden et al., 1998) are retained in the
soil in this study. Gypsum/ bassanite/ anhydrite salt crystals in thed&n in SEM
analyses exhibit mainly an anhedral/ alabastrine to subhedral lozengebiikéFigure

3.17). However, euhedral skeletal prismatic crystals were observed imyraitted salt
aggregates and snowball morphologies (Figure 3.18A). Alabastrine and skeletal
morphologies suggest rapid evaporation, therefore accelerated precipitatiimg &s
multiple crystal nucleation (alabastrine; Watson, 1985) and an exhaustion of satine por
fluid causing incomplete crystal formation (skeletal). The lozengeikstals are likely
degraded prismatic crystals partially-dissolved with infiltratingaoet water (Watson,
1985). Prismatic crystals most likely dominate when saline meteoric watéequate in

the Byz since impurities such as halite and organic matter, which would favorcalkmti
habit (Edinger, 1973), are limited (below XRD detection level, Table 6) or not present.
The open gefuric fabric constructed by these prismatic/lozenge-shaptdisaiy/a

reflection of salt weathering processes, but do not contribute to salt heave throhghout t
entire profile. Since this horizon is not indurated it is not entirely cohesivefdher

crystallization pressures of these mineralogies is mostly digpersan intergranular
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level as displacive crystallization (Watson, 1985), hence the open gefure; fabr
exhibited by randomly oriented crystals and salt aggregates, which rafaceisphd
eventually adhere soil materials (Figure 3.18B). Horizon porosity (TabddiBgly an
indirect result of this fabric since the small prismatic crystals promtdss cohesive and
‘puffy’ nature (e.g. Buck et al., 2008). Although clasts are sparse within the Av,
displacive crystallization can also cause clast shattering (Figurei3.ddnface horizons
(e.g. Amit et al., 1993) when saline soil water infiltrates incipient clastures. Salts
subsequently precipitate and fracture/ displace clasts, which over timacc@ynt for
some volumetric fluctuation in this horizon and some displacivity surficially. Behe
(Figure 3.6) is thought to form in a similar manner to the calcium carbonate aatagul
on the bottom of columnar peds noted in the Mojave (McFadden et al., 1998). In this
case, the mineralogies are different, but the location of salt accumulatiensame.
However, the reason for the enrichment of thenardite specifically in thesBmswhat
uncertain. Ericksen (1981) reports that this layer is common, but mineralogy can vary
between locations as gypsum, anhydrite, thenardite, bloedite, or humberstbiste. T
study shows that glauberite and eugsterite also occur in this horizon (TalgargsFi
3.21-3.23). Variability of salt mineralogy by location suggests that enrichmantyof
specific mineral is determined by site specific criterion/criteAaOE this is may be
attributed to the dominance of N&&"* cations and S§ anions (Prellwitz, 2007),
which over time results in preferential precipitation (at a solubility depeiggth) of
either gypsum or thenardite invoked by the common ion effect in soil solutions
supersaturated with $O(e.g. Braitsch, 1971; Reheis, 1987; Buck and Van Hoesen,

2002). Salt morphology in the Bz is dominated by euhedral prismatic and acidutar ha
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(Figures 3.21-3.23), which also suggests that this horizon contributes to displacivity
surficially (Buck et al., 2006b, 2008). Additionally, the hydration-temperature
experiment performed on the Bz horizon (Figure 3.25, Table 8; also see pg. 76) shows
that this horizon expands when wetted. The heat generated when the thenardite is
hydrated could potentially compliment solar radiation-induced topotacticaescand
subsequent mineralogical differentiation, (e.g. Mees and Stoops, 2003) of Ca-sailfat

in the overlying Byz. However, since sediments are generally poor insafhi®thermal
effect may be negligible attributing mineralogical variation (iygasyim/ bassanite/
anhydrite) mainly to long term dessication associated with the infrequefatliraapable

of infiltrating these surficial horizons.

Because the genesis of surficial (Av) horizons is dust-derived, this indibatesn
unconformity exists at the boundary between the overlying unconsolidated horizons
(Avyz, Byz, and Bz) and the underlying indurated soil horizons (Bzm1 and Bzm2). Thi
hiatus is considered to be geologically negligible since the coevolving gasement
and dust accumulation/ formation of an Av would have begun forming immediately after
cessation of sedimentation (McFadden et al., 1987, 1998; Quade, 2001). However, as
illustrated in the hyperarid pedogenesis model, the present Av and desert pavedient at
are not necessarily the first to form, which can in some instances, indieageatime
disparity between surface age and profile age. The well-developed set of uncabolidat
horizons (Avyz, Byz, Bz) and the enrichment of soluble salt in the Byz (Table &) coul
support a significant profile age at OE (perhaps Pliocene; Prellwitz, 2007). vEiQute
is possible that surficial horizons like these have been eroded and re-formedltriring t

history of this geomorphic surface. Therefore these unconsolidated horizons may be

139



much younger than the surface boulders used to date the OE profile, which would have
remained at the surface during unconsolidated horizon removal/reformatiort, bsfa
Step 4 illustrates and the present weakly interlocking/ missing desert pa\smoe/s
(Figure 3.6), these horizons are presently in a phase of eolian erosion since thenpavem
is no longer sufficient to prevent losses to wind. Additionally, Brock and Buck (2009)
studied an arid soil in southern Nevada thought to be ~5 Ma and dominated by eolian
processes. Yet, they found that this high geomorphic surface underwent numerous
episodes of massive eolian erosion followed by re-sedimentation and soil formation
during its ~5 m.y. formation. Therefore, it is likely that the OE soil has a|serienced
similar processes and therefore its temporal position in the proposed hyperarid
pedogenesis model may correspond to Step 6 instead of Step 4.

Step 5

Indurated horizons (Bzm1 and Bzm?2) in this study also exhibit profile characterist
that suggest that Av horizons are indeed transient over geologic time sodiast, the
Bzm1 horizon specifically is interpreted to represent the subaerially ekpodurated
horizon in Step 5 (Figure 4.1), thereby implying the surface horizons (Avyz, Byz, Bz
have been removed at least once. This interpretation is evidenced by field observations
including: (1) prolific cracks in multiple orientations (i.e. brecciation), €2% lindurated
nature compared to the underlying Bzm2, and (3) and the extremely variableghkickne
observed over short distances. These observations correspond well to the lkgenEric
(1981) referred to as Costra (Figure 1.8) therefore it is considered analogbe$3zml
(Figure 5.3). Ericksen (1981) describes the costra as a generally thinmt; abse

moderately to firmly cemented layer that can be similar to the undedgirghe or a
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transitional material with properties of both the chuca above and the callohe be
Continued salt heaving which creates an undulating surface morphology and/or the
preferential infiltration of rainfall via soil cracks, while the indurated zariwas

exposed, could account for the disparity in preservation (thickness) noted by Ericksen
(1981), and field observation above, as surface erosion would scour simultaneously to
achieve steady state. It is also important to note here that the caliagheédagebed by
Ericksen (1981, Figure 1.8) is also considered synonomous with the Bzm2 horizon
(Figure 5.3) since the description of this extremely cemented calictredagtains veins/
layers of nitrate-rich saline material and pebbles with halos of saliteziata Both of
these features are found in this study (in indurated horizons) and describedeas infil
halite-nitrate cracks and halans/ pendants respectively. Thereforgysitarsoil

properties of the chuca-caliche suggested in the costra description (Erit88&)
translates to Bzm1 characteristics resembling both unconsolidated horizons and the
Bzm2. Laboratory analyses (mineralogical and micromorphological) providenee

for this. Of course identical parent material and induration in the Bzm1 indibates t
similarity between Bzm1 and Bzm2; and likely at one time were a sirmje Blowever,
clay content/ mineralogy in the Bzm1 are interpreted as strong evidersienflarities to
unconsolidated surface horizons. Table 3 shows that elevated clay percentages in the
Bzm1 rival those in the Avyz and Byz. This is hard to explain if the Bzm1 was never
exposed because its strong induration would prevent the incorporation of silicate dust
especially if the Av horizon were overlying it. Similar to the Avyz and,Byg Bzm1
contains an analogous clay mineral assemblage of commonly illite and kaalitiite

minor amounts of smectite and chlorite (Table 7, Figures 3.13, 3.19, and 3.31). lllite and

141



kaolinite specifically are noteworthy, as these clay minerals havenoaiy been
reported in the clay fractions of many arid soils (Dregne, 1976; McFadden, 1982;
McFadden et al., 1986, 1998; Simonson, 1995). lllite in particular is known to enrich
surface horizons of aridic soils around the globe via dust inputs and neoformation
(Singer, 1988). Although the Singer (1988) hypothesis on pedogenic illite was not tested
in this study, it is a possibility given substantial residence times atsbwiah the
Atacama’s enduring aridic regime (Alpers and Brimhall, 1988; Rech et al.,2006) and
cation (i.e. K) availability at the OE site (Prellwitz, 2007). However, dust-deriveié illi
is the interpretation here inferring that the Bzm1 has been exposed to seofare/
processes as some point during pedogenesis of the OE profile, as well as tyridg S
Additionally, microscopic analyses reflect higher porosity (Table 4, Fig2&-3.29) in
the Bzm1, which are likely due to salt dissolution when the underlying indurated horizon
in the proposed model was exposed (Figure 4.1, Step 5) to rainfall or temperature/
humidity fluctuations at the surface, thereby resulting in a slightlydessented upper
portion of the underlying indurated horizon.

Step 6

As the proposed model illustrates the integrity of surface horizons are ulfimate
influenced/ dictated by the salt heave processes occurring in the indurazech&oilhe
well established salt heave mechanism (from Step 3 onward) continues to propagate
vertical cracks deeper into the soil profile and ultimately the alluviahpanaterial
below. At OE these cracks extend to ~3m depth (Figures 3.4 and 3.8), but many extend
beyond this viewable depth so the terminal depth is unknown. However, cracks

penetrating to 18 m depths are reported regionally (Dr. J. Rech, personal
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communication). This suggests that cracks not only provide a place for eolian additions
to accumulate, but also “short circuit” salt illuviation by providing a direct condui
more permeable/ non-cemented parent material. Subsequently, more pargal is\ate
incorporated effectively increasing the thickness of the indurated zone asidither
enhances salt heave with the increase of cohesive soil material. Additieaalycycle
of contraction/ infill/ expansion that promotes cracks propogation also inctbases
width of cracks as dust/ salt/ sediment are vertically stratifidadmibem. This in turn
provides more resistance during expansion equaling more upward warping of soil
polygons, which results in destruction/ mobilization of desert pavement towarkls crac
(Step 4, Figure 4.1), hence patterned ground. This again means loss of unconsolidated
horizons, either consumed by soil cracks or removed via eolian deflation since the
pavement clasts no longer provide a protective armor.

In addition to the macroscale pedofeatures (i.e. vertical cracks/ineattground/
surface microtopography) that testify to the significant role salt heays i
pedogenesis at OE, microscopic scale pedofeatures within the Bzm2 horizon and the soill
cracks that fracture it also give some indication of the smaller incrensaittheave
processes that ultimately facilitate the larger scale manif@asseof salt heave. Anhedral
to euhedral, albastrine, and massive salt forms (Table 5) indicate not orily in-si
precipitation, but continual/ repetitive salt dissolution/ recrystallizatiengalt heave) in
the Bzm2 horizon regardless of depth. SEM/EDS analyses reveal that thasecdyn
salts cause and preserve pedofeatures including serrated grainsedluddids, and

(sometimes cross-cutting) soil cracks.
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Parent material clasts with serrated edges were observed at aygiadykil53-155
cm depth in the Bzm2 horizon (Figure 3.39). Embayed and serrated grains have been
studied and implicated as indicators for pressure solution in petrocalcic horizons as a
result of calcite precipitation (Monger and Daugherty, 1991). Additionally, thie ne
neutral pH values at this depth dismiss high pH induced grain dissolution (e.g. Walker,
1962; Friedman et al., 1974). Therefore it is hypothesized that the serrated grai
observed at OE are similarly pressure solution features. However, ptempit
anhydrite is suggested here instead of calcite since anhydrite is thalmnmesent along
these dissolution features. The high crystallization pressure exertetiydrite
(Winkler and Singer, 1972) during precipitation is inferred to have the sameaffec
grain boundaries as would calcite in a confined soil matrix (i.e serragts)gr
Therefore, as anhydrite precipitated in the confined interstitial $peeen grains, the
indurated Bzm2 horizon provided an opposing force thereby creating compressive
stresses (Robin, 1978) along the volcanic grain boundary as the anhydrite ¢rystal(s
applied pressure on the clast during crystallization. This crystallizatessyme increases
the solubility of the silicate grain (Weyl, 1959; Maliva and Siever, 1988a, 1988b)
resulting in dissolution.

Shattered clasts and soil cracks are common and contemporaneous throughout the
Bzm2 horizon (Figures 3.44-3.48). Although, the process by which clasts areeshatter
this horizon differs from salt-shattered clast(s) observed in the Byz h@ibather arid
soils globally (i.e. Amit et al., 1993). The shattered clast seen in the BynmdFigure
3.14) reflects cycles of salt dissolution/ precipitation near the surfaeeeshlt has

invaded and dismantled a parent material clast via pre-existing weakmetiseslast;
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similar to observations by Amit et al., 1993. However, clast shattering at depéh in t
Bzm?2 is facilitated by salt heave via soil cracks, which indiscriminatabgure
indurated soil, salt infills (Figures 3.44 and 3.45), and inevitably parent malastd
(Figure 3.46A) as they propagate through the soil profile. During salt heavectiontra
open cracks are formed and later filled with eolian sediments and surfase\Glatsr
from subsequent rain events is preferentially transferred into these craakisée
elevated centers of large soil polygons create a surface topograptiehbtg runon into
them (e.g. Figure 3.2). Water especially generates periods of salt hehseit
dissolves salts from the surface and within the sediment-filled crackdyyhere
translocating them to greater depths. When they precipitate, expansion occing, clos
the cracks and heaving soil polygons upward. Therefore, salt and sedimeneth#tdil
cracks undergo compression and laminae are preserved (Figures 3.8A and 3.46).
Furthermore the compressive forces from salt precipitation cause reatiamof
constituents making distinct laminae of salt and sediment (Figure 3.49). tdliyinthe
indurated Bzm2 horizon is so cohesive that the massive unit responds as a whole to salt
heave stresses (e.g. cracking) throughout regardless of differencaminiges.
Therefore, the cracks highlighted by salt/ sediment laminae propagaitgttlaib
constituents in the Bzm2 horizon, including clasts of various sizes; hence clasirsfhatt
Similar to observations by Amit et al. (1993), clast shattering is not dependant on
specific salt mineralogy. This is evidenced in SEM images as clastbaitered by
halite-nitratine (Figures 3.47-3.50) and anhydrite (Figure 3.51A). Howeveatepiks
(e.g. 153-292 cm) where clast shattering is occurring within the OE pioiflecontrast

to Amit et al. (1993). They conclude that clast shattering on hyperarid allang(if
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Israel) is only facilitated near the surface because of rapid and exieerperature/
moisture variations at50 cm depth. This suggests that despite climate and solum
similiarities to Atacama fan surfaces in the Central Depression, tistoene and
younger fan surfaces in their study have not experienced the residencediroe salt
influx required to cross the pedogenic threshold resulting in soil cohesion. Therefore
tensile stresses via salt heave and subsequent salt cracks are not presiet ttestaat
depth. This stresses the need for more research to quantify this apparentchypera
threshold, illustrated in the transition from Step 2 to Step 3 (Figure 4.1).

Besides their role in clast shattering, cross-cutting soil cracksvelosduring SEM
analyses also suggest temporal relationships of salts and heaving. Forexiaanpl
vertical seam of nitratine in Figure 3.44B is cross-cut by a halieetdrack, meaning the
nitratine precipitated first. But the nitratine vein is also offset horiZgrgagjgesting
that the soil was sheared laterally, possibly by halite precipitation lartjer crack to
the left, or during microscale adjustments via salt heave preceding tleefiiatitcracks.
Figure 3.45B shows a similar relationship between nitratine and halite asfrttost
halite filled cracks disseminate nitrate-impregnated soil matrixyesiong nitratine
precipitated first. However, the horizontal orientation of the halite-filletepoxy-filled
cracks is particularly informative of small upward heaving increment3 tm per
crack) induced by the cracking and subsequent salt precipitation. Since tkd infill
cracks cannot close they signify an irreversible volumetric changedswee surface,
hence salt heave. This phenomenon is echoed in Figure 3.44A, but shows an even greater
upward heave since the horizontal crack (white arrow) propogating acrossete bil

measures ~ 0.5 mm thick. Similarly in Figure 3.40 a fragment of a saliredclast
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and the argillan coating it are being displaced and heaved upward by halite. Althoug
this sample is not directly correlated to a crack network, cracks in closiengly most
likely provided the conduit for halite to modify this clast and clay coat (irdegrto be a
pedofeature formed early in OE soil development, i.e. Step 1. It would be difficult to
characterize the timing and magnitude of each of these systemakieaadtadjustments
relative to the OE profile as a whole, based on these discrete snapshots. Hosemresi
logical to suggest that their collective contribution is noteworthy througho@Bhe
profile. Since these microscopic cracks are prolific throughout the Bzm2, the
individually small soil modifications combined translate into a composite volumetri
adjustment of the indurated horizons that is considerable over geologic tiee @chl

years).

OE Soil Profile Implications

Soil horizons and the trans-horizon cracks that disrupt them define the most
fundamental profile relationships attributed to hyperarid pedogenesis @iqutes 4.1
and 5.3). Fine, unconsolidated surficial horizons (Avyz, Byz, and Bz) and underlying
indurated gravelly horizons (Bzm1 and Bzm2) produce a distinct soil profile dicirotom
Soil cracks emphasize this division as small soil cracks only penetrate thesaolndated
horizons, which network to form small surface polygons (only visible at the surface when
desert pavement/ Av are removed, Figure 3.42). Whereas the large imgrseiti
cracks extend well into the indurated horizor3n( depth; and up to 18m regionally, Dr.
J. Rech, personal communication). It is these larger cracks that eventualiéor

patterned ground as the clasts in the desert pavement are shifted into tic&se(Eri
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1981; Buck et al., 2006). Therefore, small cracks/polygons are attributes of the Av
horizon (Avyz, Byz, and Bz)(e.g. McFadden et al., 1998) modified by long térm sa
accumulation. Likewise, large soil cracks and patterned ground are netiofesbf the
indurated horizons’ (Bzm1 and Bzm2) behavior also attributed to long term salt
accumulation.

This division exemplifies the difference in tensile strength betweenpper and
lower units inherited from their provenance (i.e. soil texture), soil structue, a
mineralogy. As the proposed model implies, this distinction does not indicate gt the
horizons form or function completely independent of each other. The self-sustaedng fe
back loop proves that they are pedogenically intertwined by salt heave processes a
dependent even though their mineralogical, textural, and structural propezéies c
juxtaposition. The hyperarid climate has just modified these properties adtafe
long-term retention of eolian/atmospheric dust and limited soil losses miegigetime
scales (1810° years) (Ewing et al., 2006; Brock and Buck, 2009). Reported 120% soil
mass gain due to salt additions alone, suggests that the salt fraction of thédwuist i
most influential (Ewing et al., 2006). The data presented in Prellwitz (2007) suggests
similar or greater gains of eolian/atmospheric solutes in the Ev@llay, particularly
expressed at OE by abundant (sometimes overwhelming) soil horizon salt coatées (
2 and 3) along with anomalously high bulk density measurements (Figure 5.2).
Therefore, just as the arid-hyperarid transition in the Atacama defitnedshold from
volumetric collapse/soil mass loss to volumetric expansion/soil mass gaimg(Ewal.,
2006); the antiquity of hyperaridity defines another pedogenic threshold through saline

mineral accumulation.
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Extreme salt induration has provided the necessary soil cohesion to develop tensile
stresses (through salt heave) in indurated horizons, which is evidenced by theilarge s
cracks that distinguish this profile. This connection also confirms salt hedkie a
catalyst for patterned ground formation as contraction/expansion processdsrabgée
indurated horizons cause the undulating soil surface as well as the largecksil cra
Moreover the soil fractures are critical to continue profile evolution, asrdtestin the
proposed model, making the salt heave/soil cracks/patterned ground connection
inherently essential to pedogenesis. Additionally, the salt mineralsékais present in
this study are known to incite salt heave processes often, possibly diurnadi,&Bal.,
2006, 2008), which over geologic time scales @A years) accounts for the countless
cumulative soil adjustments required to manipulate the soil solum and fan surfate into i
present state. This suggests that once salt minerals have accumulatgubiot thie
cohesion/ induration, salt heave processes are the most important control orichypera
pedogenesis. Therefore, salt heave is interpreted to be the dominate pedogenic process
as well as the proponent for patterned ground, occurring at OE and in similaghahgp

soils as hypothesized by Buck et al. (2006).

Petrosalic Soil Morphology

OE and similarly hyperarid sites within the Atacama Desert provide aeiniq
opportunity to supplement fundamental petrosalic soil morphology studies (e.g. Amit et
al., 1993; Amit and Yaalon, 1996). At present diagnostic petrosalic (and petrogypsic)
developmental morphology terminates at a Stage Ill cementation. This mresknted

in this study and the proposed model imply that hyperarid soils in the Central Sdepres
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represent soil development beyond Stage Ill accumulation, similar to petcduaiizon
morphology which presently consists of six cumulative developmental stagest(&lile
1966; Bachman and Machette,1977; Machette, 1985; Monger et al., 1991; Monger and
Daugherty, 1991). Specifically, the Bz horizon (~4 cm thick) is likely analogous to a
salt-enriched calcium carbonate laminar cap (>1cm) overlying a pleimlearizon.

Except in this study the laminar cap is composed of thenardite, subsequently to® solubl
to retain the horizontal laminae associated with perching/ laminar flowioé saéteoric
water atop the petrosalic horizon. Since the Bz exceeds a 1 cm thicknesspbgi@etr
standards this elevates the OE profile to Stage 5 salt accumulation. Howpuwsurek
brecciation (i.e. cracks)/ recementation of the indurated horizon during Stepuée(Fig

4.1) of the proposed hyperarid pedogenesis model indicates Stage 6 morphology.
Therefore, these features indicate that the OE profile is a Stagérdade horizon.

These studies combined with the proposed hyperarid pedogenesis model could provide an
improved temporally constrained morphological model for global hyperarid soil
comparison. In the meantime, this study provides a hypothetical pedogenic mbdel tha
elucidates the effects of salinization as a result of extreme ariditghwbpplements
desertification studies that predict increase and expansion of drylands as welieased
aridity to presently arid/hyperarid regions given the present trenchateli(Mabutt,

1985; Dregne, 1986).
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CHAPTER VI

CONCLUSIONS AND FUTURE WORK

Soil Macro/Micromorphology and Salt Heave

Soil morphology using macro/microscopic techniques indicate that salt miagzals
the primary contributors to dynamic soil properties at OE, confirming thendmni
pedogenic process termed salt heave by Buck et al., (2006). Salt heave is a composite
force consisting of (1) precipitation/dissolution (enhanced by hydration/dsiomy, and
(2) differential thermal expansion/contraction reactions of salt msexdlich can occur
at numerous different time scales diurnally, seasonally, decadal, ogigecGountless
cycles of this composite set of processes incites cumulative volumetricesheamdy
subsequent tensile stresses in the salt-rich soil materials. At OEintheserable soil
modifications over millions of years have resulted in profile distortion antufrag.
Cracks have supplemented salt retention and in turn enhanced the salt heave mechanism
visible in pedofeatures observed macroscopically and microscopically. Megros
evidence of salt heave at OE includes (1) shattered and displaced cla#ite iseaface
or within the subsurface, (2) disruption of soil horizonation by stress fracturésdver
and/or horizontal), preserved with laminae of salt/sediment in respectiveatioest (3)
undulating soil surface where soil (stress) fractures serve as topodmphithat
concentrate cobbles/clasts and coordinate into a polygonal network (i.e. patterned

ground). SEM/petrographic analyses corroborate field evidence with topios
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expressions of salt heave as (1) petrosalic peds marbled with salt-irdillé@ctures,
(2) shattered parent material grains displaced/offset in a salt majradtrnating
laminae of salt/sediment in soil cracks that disseminate petrosalicnmbpar@nt
material grains, (4) cross-cutting/offset cracks, with and withoutrdal propogating
through parent material clasts and petrosalic peds, (5) and serrated/embeaged pa
material clasts interpreted as pressure dissolution caused by salllizatgin in

confined soil spaces.

Hyperarid Pedogenesis

The current and persistent hyperarid climate within the Central Depmesfsihe
Atacama Desert has produced one of the oldest and driest extant soil proties
planet, Oficina Ercilla (OE). Evidence for this comes from the sizeabémiory of
soluble pedogenic salt resulting from long-term &yidars) retention of eolian/
atmospheric dust. Halite is most prevalent, however other salt minerals ingipseny
bassanite, anhydrite, nitratine, thenardite, glauberite, eugsteritpskiteabloedite, and
calcium carbonate. Salts are present at depths correlative to a coardeysterid
indicating the stochastic infiltration via intermittent rain events ovdramd of years.
Soil morphologies exhibited by these salts range from Stage | coatingbéalls, Stage
Il pendants/halans/nodules, incipient Stage Il peds, to most commonly Stagesifena
cementation. SEM analyses reveal that these salts frequently occurlgs &0paim)
subhedral to euhedral crystals indicative of in-situ growth and pedogenic origins.
However, anhedral to massive (halite/nitratine/ glauberite/thenaadde/im carbonate)

and alabastrine (anhydrite) forms of are present at depth, whichafachbst of the
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cementation in indurated alluvial parent material. With the exception of gneéiss of
calcium carbonate (interpreted as dust translocated via soil cracks)atkesso
considered to be precipitated in-situ and exhibit these crystal forms bexfanapid and
continuous dissolution/reprecipitation or dessication.

Mineralogical and micromorphological results presented in this studglrévat
characteristically indurated Atacama soils are open and dynamimsyttat evolve
through a self-sustaining feedback loop because of moisture limitations and
negligible/nonexistent biological activity. The hyperarid pedogenesitehproposed in
this study suggests a combination of soil forming processes (e.g. eoliartidaposi
accumulation of soluble salts, clast shatter, and pressure solution) that areatxdenpa
those observed in arid soils globally. However, once a threshold is reached in Which sa
induration with continued salt accumulation occurs, the processes of salt heave becom
the dominant controls on surface and soil evolution. Only significant and sustained
climate change can erase these effects through dissolution of thieusatitdpping the
salt heave engine. Therefore salt heave and its resulting effects is urégige to
hyperarid pedogenesis.

Coevolving Av horizons/desert pavements are common to arid soils (McFadden et
al., 1998), but at OE they are interpreted to signify a transient yet reoggoedogenic
marker through the course of soil evolution. In contrast to the Mojave Desert the
destruction of the Av horizon/desert pavement is not due to climate change and/or
biological processes (Quade et al., 2001), given persistent hyperanidlitgck of flora
in the Atacama (Rech et al., 2006). Rather dynamic pedogenic processsst(neave),

fueled by anomalously high salt content, distort and fracture the petrosalic $oil ove
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geologic time scales. Desert pavement clasts (and certainly somaténat) are
subsequently consumed by soil fractures, which leads to eolian deflation/reshthel
Av horizon. This in turn enhances salt heave as additional salts are added to the
subsurface horizons (the salt heave engine). Additionally, erosion of the oyexlyin
materials likely aids salt heave and developmental processes in soils dovaswiell.
Once the overlying unconsolidated materials are removed, the exposed petrosali
horizons begin to dissolve, freeing parent material clasts. Eventually, a rextv des
pavement is created (i.e. McFadden et al., 1998). With continued deposition of eolian
dust, a new generation of Av/ desert pavement forms. Parent materiahotaldterated
from aerially exposed petrosalic horizons via salt heave and meteoric wiaiteh
coordinate with continuous (likely fluctuating) eolian dust to reform a new geoeiof
Av/desert pavement.

The repetitive construction and destruction of the Av/desert pavement presents a
conundrum to profile and landform dating. Lack of datable materials availabledon ari
alluvial surfaces is a common dilemma (Amit and Gerson, 1986) and is echoed at OE as
well. Surface and profile ages on a younger, inset geomorphic surface veene! ruied
via cosmogeni¢’Be dating on surface boulders (Prellwitz, 2007), a current method for
dating surfaces/landforms in the Atacama Desert (Amundson et al., 2005; Nislgizum
al, 2005; Ewing et al., 2006). However, caution is suggested when applying these
absolute dates to surfaces ages when solil profiles contain similar Sagtaces
attributed to salt heave (i.e. large soil fractures/patterned ground). i€éahages for
surface cobbles/ boulders ages may only represent the last of potentiallgtagas/of

Av/desert pavement development. Additionally, exceptionally large cobbles/®ulde
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could have survived multiple cycles of Av/desert pavement formation/destruction, but
have been subject to surficial weathering (e.g. spalling) complicatilgm dating
techniques. Therefore, dates are inherently less than developmental agentiféhe
profile and geomorphic surface, thereby making interpretations of hyperadfibim

ages and duration of hyperaridity inherently low. As with the OE study location, a
detailed geomorphic surface map is needed to supplement the investigation, but used
contemporaneously with geologic maps, soil morphology, and available cosmaggsic a
to determine landform ages especially in the Atacama Desert, whose ly|zardforms

are notorious for complicating geologic mapping and relative dating tecsiq

(Mortimer et al, 1974).

Patterned Ground

Lastly, the connection between salt heave and hyperarid pedogenesis gresazite
leads to implications of paleosol and interplanetary soil processes. Perhaqusthe
impressive and memorable pedofeatures in the Atacama Desert argehsoibcracks
and the patterned ground they define. Similar pedofeatures have been reportad in pol
and alpine localities globally, but are attributed to frost heave procéssdse(ibruch,
1962; Murton et al., 2000; Hall, 2002). Likewise, interpretations of paleosols with
comparable pedofeatures mostly have been used to suggest paleo-frost heave and
periglacial conditions (e.g. Retallack, 2001). However, as suggested by Bagk et
(2006b) and indicated by this study, salt can be just as effective in patterned ground
formation if parent material is indurated with salt. Therefore, cautionpsretive when

interpreting vertically-stratified cracks/ polygonal fracturedhmrock record since these
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features can be preserved even if the salts are removed after burial Kaditdunter,

1986). Additionally, patterned ground within the Atacama (Buck et al., 2006) and dry
polar regions of Antarctica (Marchant et al., 2002; Sletten et al., 2003) have been
compared to those prevalent on the surface of Mars (Malin and Edgett, 2000; Seibert and
Kargel, 2001). This study supplements previous research in that the results liectin re

an alternative pedogenic process applicable to paleosol interpretationgtoartear

patterned ground on Mars. However, future investigation is needed to confirm this

hypothesis.
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APPENDIX

SOIL PROFILE DATA TABLES
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