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Soil supports life by serving as a living, breathing fabric that connects the atmosphere to the Earth’s crust. The
study of soil science and pedology, or the study of soil in the natural environment, spans scales, disciplines, and
societies worldwide. Soil science continues to grow and evolve as a field given advancements in analytical tools,
capabilities, and a growing emphasis on integrating research across disciplines. A pressing need exists to more
strongly incorporate the study of soil, and soil scientists, into research networks, initiatives, and collaborations.
This review presents three research areas focused on questions of central interest to scientists, students, and
government agencies alike: 1) How do the properties of soil influence the selection of habitat and survival by
organisms, especially threatened and endangered species struggling in the face of climate change and habitat loss
during the Anthropocene? 2) How do we disentangle the heterogeneity of abiotic and biotic processes that
transform minerals and release life-supporting nutrients to soil, especially at the nano- to microscale where
mineral-water-microbe interactions occur? and 3) How can soil science advance the search for life and habitable
environments on Mars and beyond- from distinguishing biosignatures to better utilizing terrestrial analogs on
Earth for planetary exploration? This review also highlights the tools, resources, and expertise that soil scientists
bring to interdisciplinary teams focused on questions centered belowground, whether the research areas involve
conservation organizations, industry, the classroom, or government agencies working to resolve global chal-

lenges and sustain a future for all.

1. Introduction

Many of us remember the draw to soil as children. The need to be
connected to the earth beneath our feet is inherently engrained. Adults
and children alike are reconnecting to soil whether that be through
gardening, recreation, soil painting, or looking towards the stars and
pondering how humans could grow food and survive on the surface of
another planet.

1.1. The challenge

Soil sustains life. Soil filters the water that we drink, provides a
medium upon which our entire agricultural system is sustained, and
serves as the prime foundation for the terrestrial biosphere (Banwart,
2011; Food and Agriculture Organization of the United Nations, 2015).
Soil provides humans with feed, fiber, food, and fuel (Wilding and Lin,
2006). Many of the world’s most effective antibiotics are produced by
microbes in the soil (Van Epps, 2006; Crits-Christoph et al., 2018;
Nothias et al., 2016; Hover et al., 2018). Soil mitigates the effects of
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climate change by storing and consuming carbon dioxide and other
greenhouse gases in soil organic matter (Bormann et al., 1998; Berner,
2004; Nezat et al., 2004). Human beings and most forms of terrestrial
life rely either directly or indirectly on soil to live. The physical,
chemical, and biological break down of rocks and soil minerals supplies
nutrients to our terrestrial world, feeds elemental nutrients into the
Earth’s hydrosphere, and dictates coastal marine productivity (Berner
and Berner, 1987; Eiriksdottir et al., 2015; Frings and Buss, 2019; Por-
der, 2019; The Editors of Encyclopedia Britannica, 2021). Burrowing
and ground-dwelling animals, from ground-nesting bees to desert tor-
toises, depend on soils to survive (Woodbury and Hardy, 1948; Andersen
et al., 2000; Cane and Neff, 2011; Bernheim et al., 2019; Harmon--
Threatt, 2020; Antoine and Forrest, 2021). Soil supports an intricate
mycorrhizal “underground highway” of plant roots and fungi that ex-
change carbon, nutrients, and water depending on the environment
(Simard et al., 1997; Allen, 2007; Klein et al., 2016).

“Like a library, soil houses stories written from the microscopic to the
landscape scale of human and evolutionary history” where “the mem-
ories retained by soil contain countless records, including a history of
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human encounters with the land” as stated by Dr. Derek Lynch in “Soil is
the key to our planet’s history (and future).” Dr. Paul Schroeder builds
on this concept in “Clays in the Critical Zone (CZ)” when describing the
important role of clays and clay minerals as the Critical Zone’s most
abundant and reactive components that “serve to proxy information
about the deep time history of Earth and give us insight as to how and
how fast our own CZ will change as we move into the future” (Schroeder,
2018).

Soil is being threatened and lost at an alarming rate despite its ever-
growing importance to society and the global challenges we face (Food
and Agriculture Organization of the United Nations, 2015). ““About 3.2
billion people worldwide are suffering from degraded soils,” said Inter-
governmental Science-Policy Platform on Biodiversity and Ecosystems
Services (IPBES) chairman Prof Sir Bob Watson” in a BBC article titled,
“Climate change being fueled by soil damage” (Harrabin, 2019). Soils
are being exposed, blown away, paved over, eroded, scraped, com-
pacted, graded, desertified, and contaminated (i.e., Food and Agricul-
ture Organization of the United Nations, 2015). Tremendous numbers of
soil biota live belowground, many of which have not been identified, yet
face the risk of extinction (Veresoglou et al., 2015). We need to “Save
our soils!” as highlighted in an article by Dr. Steve Banwart stating that
“Researchers must collaborate to manage one of the planet’s most
precious and threatened resources — for food production and much
more” (Banwart, 2011).

Scientists are joining together to work in multidisciplinary teams and
networks, such as the Critical Zone (CZ) Network, where soils play a
critical role in addressing collaborative research questions. Professional
soil societies and organizations worldwide comprise thousands of
members who are advancing the discipline of soil science through the
transfer of knowledge, the promotion of soil health and sustainable
management practices, and the dissemination of basic and applied
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research through conferences, peer-reviewed publications, soil field
tours, workshops, and more. The Soil Science Society of America serves
as a professional home for 6000+ members, provides a flagship journal
to the global soils community, organizes educational programs, con-
tributes to science policy initiatives, and hosts an international confer-
ence annually. The World Congress of Soil Science meets every four
years and additional renowned conferences offer sessions that integrate
the study of soil including meetings organized by the Geological Society
of America, Goldschmidt, and the American Geophysical Union (AGU).

Policy makers also understand the global scale challenges that our
societies face, many of which directly involve soil, as indicated by the
European Union Soil Thematic Strategy that identified seven functions
of soil calling for protection. The United States Department of Agricul-
ture National Resource Conservation Service (NRCS) has demonstrated
commitment to promoting soil health and recognized that, “As world
population and food production demands rise, keeping our soil healthy
and productive is of paramount importance” (Natural Resources Con-
servation Service, 2022). Government leaders and international
agencies are recognizing the importance of soil “ecosystem” services and
the need to communicate the financial value of soil from a monetary
valuation framework (Baveye et al., 2016). Overall, it is critical to
engage students, the public, stakeholders, and scientists in the broader
applications of soil science whether that be from a research, education,
governmental, or applied practices perspective.

Three areas of research are presented herein to demonstrate where a
stronger integration with soil science will advance knowledge and pre-
sent opportunities for enhanced collaborations. The research areas
center on i) conservation planning, ii) nutrient cycling, and iii) the
exploration of extraterrestrial surfaces (Fig. 1). The key opportunities for
collaborative research presented here are based on an extensive review,
synthesis, and discussion of published literature. This work highlights
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Fig. 1. An overview illustration presenting the main themes in the review including the important roles of soils on Earth, such as providing habitat to ground-
dwelling organisms (e.g., desert tortoise, ground-nesting bee); the need to better understand microscale processes pertaining to nutrient cycling and mineral
weathering (e.g., fungal-driven weathering of mineral grains); and opportunities to bridge soil science with the planetary and space sciences on Mars and other
extraterrestrial surfaces. Illustration created by Rob Riedel and Matthew Verdolivo, UC Davis IET Academic Technology Services.
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the need for the continued expansion of collaborative research networks
to understand the complexity of interconnected processes in the Critical
Zone that encompass the atmosphere, biosphere, hydrosphere, litho-
sphere, and the pedosphere- the soil mantle of the Earth.

2. Conservation planning and ecology

“Ecology is the study of the relationships between living organisms,
including humans, and their physical environment.” Ecological Society
of America.

2.1. Overview

Ground-dwelling bees, termites, ants, earthworms, and even turtles
are referred to collectively as ecosystem engineers who shape the
structure of the soil environment and modify the resources available to
other organisms (Figs. 1-3; Jouquet et al., 2006). Soil invertebrates and
macrofauna transform soils across desert, rainforest, savanna, temperate
forest and grassland systems (Zida et al., 2011; Sarcinelli et al., 2013;
Lovich et al., 2018; Wills and Landis, 2018; Myer and Forschler, 2019) in
addition to playing important roles in soil development, bioturbation,
decomposition, elemental cycling, and dispersing or enhancing the
germination of seeds (Lobry de Bruyn and Conacher, 1990; Six et al.,
2004; Wang and Ruan, 2011; Culliney, 2013).

The ecological impacts of losing ecosystem engineers to climate
change or land-use change are being recognized (e.g., Lovich et al.,
2018). In the case of turtles, the ecosystem services provided by turtles
have greatly diminished given that 61% of the 356 turtle species are now
threatened or already extinct, which has left scientists asking, “[Turtles]
survived the Cretaceous-Paleogene boundary cataclysm that wiped out
the dinosaurs. Will they survive us in the Anthropocene?” (Lovich et al.,
2018). We continuously question how organisms drive soil formation
(Jenny, 1941) or how ecosystems will evolve in response to environ-
mental change or the loss of keystone species. A more understated
question remains, How do the properties of soil influence the selection of
habitat and survival by organisms, especially threatened and endangered
species struggling in the face of climate change and habitat loss during the
Anthropocene?

Soil delivers underrecognized benefits and ecosystem services to our
society by supplying habitat to ground-dwelling native pollinators (e.g.,
Cane, 1991; Potts and Willmer, 1997), mammals (e.g., O’Brien et al.,
2005), amphibians (Dillard et al., 2008), and reptiles (Andersen et al.,
2000; Heaton et al., 2006; Bernheim et al. (2019), to name a few.
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However, the study of the soil habitat itself is often excluded or poorly
represented in microhabitat research, conservation efforts focused on
addressing threats of habitat disturbance or climate change (Harmon-
Threatt, 2020), or habitat preference modeling activities (Bernheim
et al., 2019).

Here, two examples demonstrate important connections between
soils and ground-dwelling organisms:

2.2. Ground-nesting bees

Wild bees collectively represent more than 20,000 species of insects
globally that serve as major pollinators for over 90% of flowering plants
in agricultural and natural systems (Klein et al., 2007; Ollerton et al.,
2011; Potts et al., 2016; Antoine and Forrest, 2021). Pollination by bees
accounts for $15 billion in crop value for the United States by pollinating
75% of the country’s vegetables, fruits, and nuts (Hamilton, 2013). Bee
populations face many threats ranging from climate change, pesticides,
habitat loss, reduced access to resources, and exposure to parasites from
managed bees despite the importance of bees to pollination services and
economies worldwide (Potts et al., 2016; Harmon-Threatt, 2020). As a
result, much interest has been generated to identify the floral and
nesting requirements for bees, particularly in agricultural and urban
systems (Cane, 2008; Fortel et al., 2016; Harmon-Threatt, 2020).

Surprisingly, quantitative data sets that identify the abiotic or soil
nesting habitat requirements of ground-nesting bees remain limited or
incomplete even though 64% to 83% of bee species are reported to
construct nests in soil (Fig. 3; Cane and Neff, 2011; Harmon-Threatt,
2020; Antoine and Forrest, 2021). For example, soil texture (relative
proportion of sand, silt, and clay-sized particles that comprise the min-
eral soil) was identified as a strong predictor for nest-site selection
(Antoine and Forrest, 2021). However, the reporting of soil texture data
or textural classes for nest substrates remains incomplete (Harmon-
Threatt, 2020): “Soil was often described as sandy, with no specific soil
texture mentioned.” Ground-nesting bees have shown nest-site selection
behavior based on soil-landscape properties including percent bare soil,
aspect, slope, soil moisture/humidity, soil temperature, compaction,
and soil texture where, for example, preferences for sand versus high
silt+clay fractions varied by species, climate, and geographic location
(Cane, 1991; Potts and Willmer, 1997; Srba and Heneberg, 2012; Sar-
dinas and Kremen, 2014; Lybrand et al., 2020). Questions remain on
how bees will respond to climate change including the influence of
projected differences in rainfall, snow cover, and soil temperature on
nest-site selection preferences. Soil and environmental properties still

Fig. 2. The Gopher tortoise (Gopherus Polyphemus)
serves as an ecosystem engineer by constructing
extensive, complex burrows up to 10-m in length that
provide shelter and habitat for 350+ organisms who
cannot dig their own burrows. Knowledge gaps
remain in understanding how soil properties influ-
ence habitat preferences and activities of burrowing
and ground-dwelling organisms and the behavior of
species who utilize the burrows or shelter sites (e.g.,
burrowing owls, bobcats, rabbits, snakes, and lizards,
among others; Lovich et al., 2018).
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Fig. 3. Andrenid bees (Andrena sp.) have been documented a,b) digging a burrow; c¢) guarding a nest entrance, and d) emerging from a nest. Ground-nesting bees
spend much of their life cycles in contact with soil across five primary stages of nesting including initiation, construction, development, overwintering, and
emergence (Harmon-Threatt, 2020). Yet, the soil properties that dictate nesting habitat selection remain understudied, specifically work that connects nesting habitat

preferences to individual bee species. Bees face threats from climate change and land-use change during each stage of nesting, which span multiple life stages from
egg, larva, pupa to adult stages. All photographs in this figure were reproduced with permission from Whitney Cranshaw (Colorado State University/Bugwood.org).

need to be measured and reported more consistently in studies of
ground-nesting bees to better understand how bees may respond to and
adapt under changing environmental conditions, especially while nest-
ing where natural mortality exceeds 80% for some species (Harmon-
Threatt, 2020).

Much variation has been observed when assessing the influence of
individual soil properties on bee habitat or nest-site selection (Harmon-
Threatt, 2020; Antoine and Forrest, 2021). For example, some bees
exhibit a strong preference for coarser soil textures (e.g., sand, sandy
clay loam, sandy loam; Harmon-Threatt, 2020, Antoine and Forrest,
2021) while other bees nest in more silty or clayey materials (i.e., silt
loam, clay, clay loam; Harmon-Threatt, 2020; Lybrand et al., 2020).
Some research has shown that ground-nesting bees appear to prefer
coarser textured soils since water drains more freely from nesting sites
while others noted that sand grains are abrasive and could potentially be
harmful to bees (i.e., mandibles, wings; Antoine and Forrest, 2021). Soil
moisture is another important property for nesting site preferences given
that bees require some level of moisture to promote larval development,
especially in drier climates (i.e., May, 1972). Conversely, soil conditions
that are too moist may lead to flooding or prolonged inundation, which
in turn may cause disease, reduce emergence, or kill the ground-nesting
bees altogether. Overall, the general relationships identified between
ground-nesting bees and abiotic soil properties requires additional
investigation given that the associations vary greatly by species,
geographic region, and climate (Antoine and Forrest, 2021).

For now, more experimental soil studies of nesting habitats are
needed to distinguish the influence of soil properties on nesting pref-
erences for individual bee species as well as bee nesting activities in
contrasting climates and geographic regions (i.e., Harmon-Threatt,
2020). Identifying the soil properties that influence bee nesting activ-
ities would be a step forward in producing the quantitative data required
to construct predictive habitat models and to create habitat suitability
maps as demonstrated for Colletes inaequalis (Lopez-Uribe et al., 2015;
Antoine and Forrest, 2021). Obtaining the quantitative soils data
required to produce species and region-specific predictive models and
habitat suitability maps for wild bees could be used for education and
outreach purposes in order to expand access to suitable nesting sites to
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wild pollinators in agricultural or natural systems (i.e., Antoine and
Forrest, 2021).

2.3. Desert tortoises

Desert Tortoises (Gopherus agassizii), a Federally threatened species
under the Endangered Species Act, display specific soil habitat and
geomorphic requirements that reflect the overall degree of “digability”
of a landscape surface (Fig. 4; Andersen et al., 2000). The range of the
desert tortoise spans from the Mojave Desert (southeastern California,
southern Nevada, southwestern Utah, and northwestern Arizona, USA),
the Sonoran Desert (southeastern California, western and southern
Arizona, western Sonora, Mexico), and south into the semitropical
Sinaloan thornscrub and Sinaloan deciduous forests found in eastern
Sonora and northern Sinaloa, Mexico (Germano et al., 1994). Desert
tortoises exhibit marked differences in habitat preferences based on
geographic location, but the species does construct or utilize burrows
across its entire range (Germano et al., 1994). Soil type was noted as a
“critical factor in tortoise distribution” in the late 1940s (Woodbury and
Hardy, 1948) and specific soil properties (e.g., structure, moisture,
texture, aeration, chemical composition) that may impact reptile
abundance and distribution have since been identified (Hendricks,
1985). Yet, as highlighted by Andersen et al. (2000), “Subsequent
studies have failed to follow up on this observation” despite the
importance of soil type for identifying potential preservation areas or
translocation sites: “Certainly, it is important to consider soil char-
acteristics in studies of the habitat requirements of burrowing
animals.”

Desert tortoises demonstrate contrasting patterns of habitat use
across their range that appear to be based on topographic and geo-
morphologic properties (Zylstra and Steidl, 2009). Tortoises in the
Sonoran Desert shelter in i) caliche caves associated with deeply incised
washes, ii) soil burrows on more gently sloping terrain, and iii) in steep,
rocky volcanic terrain when present (Riedle et al., 2008). Tortoises in
the Sonoran Desert also live in hibernation burrows associated with
vegetation, packrat nests (known as middens), or on steep, southerly
slopes where soils were comprised of silt (sometimes with loose gravel),
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Fig. 4. a) Illustration of a desert tortoise in front of a burrow in the Mojave Desert (Illustration reproduced with permission from Dennis Caldwell; caldwell-design.
com/). Examples of desert tortoise burrows that were associated with a disturbed industrial landscape including b,c) a juvenile desert tortoise near the entrance of a
burrow made of waste concrete found near a wind turbine. d) A female desert tortoise constructed a burrow under a concrete pad of an electrical transformer and
used the burrow for at least two years as evidenced by observations from the field. Fig. 4b-d and revised captions for each were used with permission from Lovich and

Daniels (2000).

diatomite, or layers of lithified ash (Bailey et al., 1995; Lovich and
Daniels, 2000). Desert tortoises in the Mojave Desert construct or occupy
long, complex burrows in soil, within the walls of washes, or under
caliche overhangs (Woodbury and Hardy, 1940; Woodbury and Hardy,
1948; Luckenbach, 1982; Berry and Turner, 1984; Germano et al.,
1994). Mojave Desert tortoises construct burrows in sparsely vegetated,
sandy-gravel soils that are both friable for digging and firm so that the
resulting burrows do not collapse (US Fish and Wildlife Service, 2011). A
modeling assessment of desert tortoise distribution in the central Mojave
Desert, California predicted that tortoises would be found on
south-facing, loamy soils instead of stony soils or north-facing land-
scapes with low plant cover (Andersen et al., 2000).

Additional research focused on an altered industrial area of the
Colorado Desert of California where tortoises located burrows under the
concrete foundations of wind energy turbines and in cut banks along
gravel access roads (Fig. 4b; Lovich and Daniels, 2000). Here, the team
postulated that the tortoises may be utilizing the concrete pads to
simulate “artificial caliche” environments or for the thermal inertia
offered by the concrete. Future conservation planning and recovery ef-
forts for desert tortoises would benefit from research on the soil prop-
erties of the burrows given the constraints tortoises face if attempting to
survive in locations without the soil types or properties for safe burrow
construction that includes the ability to shelter from exposure to fire or
predators (Lovich and Daniels, 2000). Understanding the nature and
distribution of burrows as a function of soil type is important given that

desert tortoise activity and distance traveled appear to significantly
differ during drought versus more productive years (Duda et al., 1999;
Duda et al., 2002).

Soil properties and type remain an outstanding factor to study for
assessing habitats of desert tortoises as summarized by Bernheim et al.
(2019): “...in land-dwelling ectotherms, an often-overlooked charac-
teristic that may have a strong effect on habitat preference is soil type.”
Andersen et al. (2000) indicated that the composition of soils and
geologic materials serve as important factors in habitat suitability
modeling for desert tortoises and that “soil diggability should be
assessed along with vegetation and topography” when reserves or
translocation sites are under evaluation for burrowing or ground-
dwelling organisms. Habitat modeling activities utilized soil and
geologic data, among other factors, to identify areas of continuous
habitat in efforts to define recovery units for desert tortoises in the
Mojave Desert (US Fish and Wildlife Service, 2011). Here, desert tortoise
density and distribution data sets from surveys spanning 80 years were
combined with 16 environmental variables and spatial data spanning
plant communities, soils, topography, geology, and slope (US Fish and
Wildlife Service, 2011; Nussear et al., 2009). Landscape scale surveys of
desert tortoises in the Mojave Desert, California also identified positive
associations between the density of desert tortoises and the number of
active burrows as well as total burrows across multiple spatial scales
using three geospatial methods including linear regression and Ripley’s
geospatial functions (Duda et al., 2002). The study concluded that the
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energetic cost of constructing burrows would be nontrivial, especially
since many of the active or occupied burrows occurred at greater depths.
Thus, examining the soil properties associated with burrows or shelter
sites of desert tortoises has been identified as a critical factor (Duda
et al., 2002), “If indeed a non-trivial investment, tortoises should select
soils for burrowing that maximize stability and longevity. Additional
research is needed to determine the soil characteristics (e.g., texture,
content, and moisture) most responsible for burrow site selection and
longevity.”

Some research has started to address the soils knowledge deficits in
habitat selection, such as work in Piute Valley, Nevada where the den-
sity of desert tortoises was analyzed as a function of soil map unit in
order to examine the resulting associations among soil characteristics,
geomorphic relationships, and the occurrence of tortoises (Wilson and
Stager, 1992). The research identified over seven properties that
appeared to influence the density and distribution of desert tortoises
including available water capacity, soil consistence, depth to limiting
layer (i.e., rock or hardpan contact), rock fragment content, soil salinity,
soil temperature, and frequency of flooding. This research demonstrates
the importance of and need for more work that integrates the study of
soil into understanding desert tortoise habitat preferences and distri-
bution within their range. As stated by Andersen et al. (2000) when
emphasizing the need for interdisciplinary teams to identify habitat
requirements of endangered species: “Without the geology and soils
data, we would have not recognized the importance of soil composition
and parent material in desert tortoise habitat selection.”

2.4. Additional examples connecting soil science to conservation planning
efforts

Ground-nesting bees and tortoises serve as two examples that
demonstrated the need for more research connecting soil science and
conservation planning efforts, especially to improve understanding of
habitat preferences. However, there are a multitude of examples of or-
ganisms where soil has been identified as an important factor for pre-
dictive habitat modeling and conservation planning activities.

2.4.1. Sonoran pronghorn (Antilocapra americana sonoriensis)

Soil category was one of 5 explanatory variables identified in com-
bination with slope, aspect, biome, and distance to wash for predicting
potential habitat for Sonoran pronghorn in the development of
landscape-level habitat models (O’Brien et al., 2005).

2.4.2. Cheat Mountain salamander (Plethodon nettingi)

The presence of the federally threatened Cheat Mountain salamander
positively corresponded to high elevation landscapes formed on sand-
stone with northeasterly aspects (Dillard et al., 2008). A “landform/li-
thology” macrohabitat model best predicted distribution of the
salamander with several abiotic factors attributed to moisture of surface
and subsurface habitats formed on sandstone.

2.4.3. Turtles, birds, and crocodiles

Soil texture, soil moisture, and related properties influence the soil
microclimate and the exchange of water between buried eggs and the
soil environment for ground-nesting species (e.g., Trionyx spineferus,
Packard et al., 1979; Chelydra serpentina, Chrysemys picta, Packard,
1999). The properties of the soil habitat significantly impact the soil
types, depths, timing, nest monitoring, and degree of organic matter
decomposition selected by turtles and birds for underground egg burial
or mound constructions for nesting (Trionyx triunguis, Mauremys capsica,
Caretta caretta, Alectura lathami, Leipoa ocellata; Frith, 1956; Seymour
and Ackerman, 1980) as well as the mound or hole nesting patterns
displayed by crocodiles when digging nests in soil or constructing
mound nests of soil organics or vegetation (Crocodylus niloticus, Croc-
odylus poros; Seymour and Ackerman, 1980). The physical composition
of the soil has also been assessed from the perspective of energy
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expenditure, particularly for gravid females or hatchlings with limited
energy supplies (Wood and Bjorndal, 2000; Lamont and Carthy, 2007;
Rusli and Booth, 2018). The nesting patterns and habitats of Loggerhead
sea turtles have been investigated including how slope, salinity, tem-
perature, and moisture, among other factors, may serve as cues or
properties that influence nest site selection and timing by females
(Caretta caretta; Lamont and Carthy, 2007; Wood and Bjorndal, 2000).
Soil texture also influenced the energetics of nest escape and digging
performance in freshwater Brisbane river turtles where hatchlings
expended 33.8% less energy digging through fine sand versus those in
coarse sand (Rusli and Booth, 2018).

2.4.4. Lizards (Aspidoscelis tigris, Callisaurus draconoides, and Uta
stansburiana)

A geomorphic landform lizard habitat model, LizLand, found re-
lationships between soil geomorphic features (e.g, sandy washes, rock-
iness; desert pavement; alluvial fans) and the distribution of 3 lizard
species (Aspidoscelis tigris, Callisaurus draconoides, Uta stansburiana) in
the Mojave Desert, where each species had preferences for distinct soil
microhabitats (Heaton et al., 2006).

2.5. Collaborative opportunities

There is great potential for improved collaborations among soil sci-
entists, conservation organizations, and government agencies over-
seeing the protection of threatened and endangered organisms that live
underground or those relying on vegetation or other soil-dependent
characteristics for survival (Fig. 5). Soil scientists, specifically pedolo-
gists, routinely assess soil-landscape relationships in the field and collect
samples for biological, chemical, physical, and/or mineralogical anal-
ysis. Pedologists analyze soil texture (percent sand, silt, clay), rock
fragment content and surface cover, soil moisture, soil temperature,
percent carbon, aspect, slope, bulk density, among other soil properties.
The data are assessed in combination with soil descriptions and other
field observations to present an in-depth understanding of the processes
influencing soil formation at a site. Habitat preference modeling and
conservation planning would be strengthened through partnerships with
soil scientists by coordinating the sampling and analysis of soils with
ecologists and wildlife biologists working in a particular region. Arid-
land soil scientists, for example, specializing in salt-cemented soils
would be well-equipped to partner on assessments of tortoise habitat by
examining the genesis and geochemistry of constructed soil burrows or
caliche caves (e.g., petrocalcic soil horizons).

3. Nutrient cycling and mineral weathering

“Weathering describes the breaking down or dissolving of rocks and
minerals on the surface of the Earth. Water, ice, acids, salts, plants,
animals, and changes in temperature are all agents of weathering”
(National Geographic Resource Library, 2022).

3.1. Mineral weathering: an overview

Mineral weathering sustains terrestrial life on Earth by regulating the
supply of nutrients (C, N, S) and metals (Ca, Na, Mg, K, Fe, Mn) released
from soil minerals and rocks (Fig. 6; Bormann et al., 1998; Nezat et al.,
2004; Frings and Buss, 2019). Assessing the drivers of mineral weath-
ering is critical for addressing the global challenge of climate change and
for estimating ecosystem level nutrient status- where biological contri-
butions represent a serious gap in nutrient cycling models and assess-
ments of rock-derived nutrients on a global scale. The weathering of
silicate minerals stabilizes global climate over geologic timescales by
consuming atmospheric acidity as carbon dioxide (Bormann et al., 1998;
Nezat et al., 2004). Lithology type and distribution, climate, and
ecosystem activity are predictors of silicate weathering rates and long-
term carbon cycling (Gaillardet et al., 1999; Dessert et al., 2003;
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Fig. 5. A three-dimensional representation of a soil environment on Earth with an emphasis on the underrecognized role of soils in providing habitat and nesting
space for ground-dwelling organisms. Illustration created by Rob Riedel and Matthew Verdolivo, UC Davis IET Academic Technology Services.

Suchet et al., 2003; Ibarr et al., 2016). Mineral weathering has been
quantified across scales and disciplines given its global significance,
from assessing weathering in global biogeochemical cycling (Von
Blanckenburg et al., 2015; Winnick and Maher, 2018), to determining
weatherability along environmental gradients with co-varying climate
and overlaying ecosystem parameters (Dahlgren et al., 1997; Khomo
et al., 2011, 2013; Rasmussen et al., 2007, 2010, 2011; Lybrand and
Rasmussen, 2015; Buss et al., 2017), to examining microbial and abiotic
controls on mineral dissolution and the formation of secondary weath-
ering products at nano- to microscale scale resolutions (Bonneville et al.,
2009, 2011; Gazze et al., 2012; Saccone et al., 2012).

Importantly, a wide breadth of societal challenges aligns with
ongoing questions pertaining to mineral weathering including how biota
may influence or transform rock and mineral materials. As summarized
by Lybrand et al. (2022), “How does (a)biotic mineral weathering drive
nutrient cycling, the persistence of soil carbon, and ultimately, soil
formation, in terrestrial environments on Earth and beyond? What
mechanisms will securely preserve spent nuclear fuel to ensure the safe,
geological storage of radioactive waste? How can we best preserve and
conserve glass artifacts, such as medieval stained glass, or other cultural
heritage materials? These questions reiterate the need to continue dis-
entangling the heterogeneity of weathering processes in natural soils
(Figs. 7-9), such as the foraging and mining of grain surfaces by fungi
(Fig. 7a,b), and how weathering differs between simulations or
controlled settings in the laboratory compared to the complex, intricate

nature of field environments.”

3.2. Nanolandscapes of weathering: intersection of microbes and minerals

Microorganisms (bacteria and fungi; referred to herein as microbes)
inhabit and contribute substantial biomass to most subsurface terrestrial
environments in addition to driving the decomposition and weathering
processes that regulate the cycling of carbon, nitrogen, and other nu-
trients in the soil (Fig. 7; Taylor et al., 2009; Thorley et al., 2015; Bar-On
et al., 2018; Zaharescu et al., 2020). Biological weathering has become
recognized as a catalyst for mineral weathering and represents a driving
force in nutrient cycling even amid the challenges associated with
quantifying and distinguishing biological inputs from chemical or
physical processes (Jongmans et al., 1997; Bormann et al., 1998; Ban-
field et al., 1999; Aghamiri and Schwartzman, 2002; Hoffland et al.,
2004; Rosling et al., 2004; Balogh-Brunstad et al., 2008; Frings and Buss,
2019; Porder, 2019; Finlay et al., 2020; McCutcheon et al., 2021). As a
result, biological weathering has been studied under laboratory condi-
tions (e.g., Leake et al., 2004, 2008; Quirk et al., 2014, 2015; Burghelea
et al., 2015; Bonneville et al., 2016; Zaharescu et al., 2017, 2019) and in
natural soil systems (e.g., White and Brantley, 2003; Nezat et al., 2004;
Wallander et al., 2006; Mahaney et al., 2013; Pawlik et al., 2016;
Lybrand et al., 2019, 2022). Ongoing research questions focus on the
relative influence of weathering mechanisms, including biochemical
versus biomechanical weathering, in addition to addressing whether
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Fig. 6. “Weathering involves processes that span many orders of magnitude in
spatial and temporal scales, from global geochemical budgets operating over
billions of years, to sub-micrometre mineral fabrics and reactions. Therefore,
‘weathering’ means different things to different people, to the point that this
familiar word may even impede discussions between scientific disciplines (Hall
et al., 2012).” Figure from Frings and Buss (2019) with permission.

direct or indirect interactions between microbes and minerals contribute
most substantially to mineral weathering in natural soils (Lee and Par-
sons, 1999; Buss et al., 2007; Mahaney et al., 2013; Bonneville et al.,
2016; Austin et al., 2018). Furthermore, researchers also question
whether microbes enhance or slow the dissolution of minerals and
whether this varies by species or environment (Gadd, 2007; Pawlik
etal., 2016). Given the complexities of microbe-mineral interactions and
biological weathering research, much of the work has required the use of
laboratory-controlled studies performed at the microscale (Kendall and
Hochella, 2003; Perdrial et al., 2009). However, we need to understand
the complex biogeochemical interactions driving weathering in natural
systems to better equip climate and nutrient cycling models (Dontsova
et al.,, 2020) and to broaden understanding of mineral weathering
pathways.

High-resolution microscopy represents a long-standing resource used
by mineralogists; however, soil scientists, among other geoscientists,
have also utilized high-resolution microscopy (e.g., scanning electron
microscopy; transmission electron microscopy) for decades to identify
secondary weathering products, dissolution pitting, and other weath-
ering features (Berner and Holdren, 1979; Holdren and Berner, 1979;
Eggleton and Buseck, 1980; Velde, 1984; Berner and Cochran, 1998;
Banfield et al., 1999; Zhu et al., 2006; Graham et al., 2010; Gazze et al.,
2012; Lybrand and Rasmussen, 2014; Horgan et al., 2017) in addition to
integrating techniques new to the earth and environmental sciences (e.
g., helium ion microscopy; Dohnalkova et al., 2017; Lybrand et al.,
2019; Balogh-Brunstad et al., 2020). Collaborations among soil scien-
tists, mineralogists, microbiologists, microscopists, and geoscientists
would enhance the study of microbe-mineral interactions given the in-
tricacies of the nanoenvironment. Key partnerships would contribute to
clearer, broadened perspectives on how microbes disrupt, dissolve, and
extract nutrients from soil minerals (Fig. 7a,b) or how top predators in
the microbial food web, such as soil testate amoeba, may influence
nutrient cycling in contrasting environments (Fig. 7c-f; Marcisz et al.,
2020). Furthermore, knowledge deficits exist in our ability to assess how
coupled biological, geochemical, and physical processes interact to
transform mineral surfaces, including physical mechanisms common to
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landscape surfaces, such as freeze thaw. How do we disentangle the
heterogeneity of abiotic and biotic processes that drive mineral trans-
formation and nutrient cycling processes in soil, especially at the nano-
to microscale where mineral-water-microbe interactions occur?

3.2.1. Fungal-driven weathering

Soil fungi transform minerals and cycle nutrients across spatial scales
in field and laboratory settings (Simard et al., 1997; Wallander et al.,
2001; Burford et al., 2003; Wallander et al., 2004; Leake et al., 2008;
Finlay et al., 2009; Quirk et al., 2012; Ahmed and Holmstrom, 2015;
Bonneville et al., 2016; Klein et al., 2016; Leake and Read, 2017;
Lybrand et al., 2019; Pokharel et al., 2019; Finlay et al., 2020). Soil fungi
contribute to nutrient cycling and mineral weathering pathways in
many ways which include: acting as biosensors and allocating growth
towards certain mineral types and size fractions (Leake et al., 2008;
Bonneville et al., 2009); applying biomechanical forces during fungal
growth that can disrupt the mineral lattice (Li et al., 2016); accelerating
the dissolution of minerals through indirect, biochemical weathering
(Balogh-Brunstad et al., 2008); increasing elemental dissolution rates
using chemical energy transferred from plants to mycorrhizal associa-
tions (Quirk et al., 2014); and transferring carbon and nutrients between
plants through the “underground highway” facilitated by mycorrhiza
(Klein et al., 2016). The “Hyphae Move Matter and Microbes to Mineral
Microsites” (HMMMMMs) framework brings attention to the importance
of fungi and the hyphosphere for contributing to the formation of
mineral-associated organic matter (MAOM) in the bulk soil environment
in addition to the rhizosphere (See et al., 2022). The authors emphasize
“an urgent need for fine-scale estimates of hyphal exploration and
functional community composition within and across mineral soils” (See
et al., 2022). Soil fungi contribute substantial carbon inputs to both the
rhizosphere and the bulk soil environment; disperse bacteria associated
with the fungi to the same mineral microsites being explored, selected,
and colonized by the soil fungi; and influence the chemical composition
and nature of the organics being deposited on the surfaces of mineral
grains (See et al., 2022).

Recent work at the fungal-grain interface demonstrated the hetero-
geneity of processes at the nano- to microscale using laboratory and field
approaches (Fig. 8; Bonneville et al., 2009, 2011; Saccone et al., 2012; Li
et al., 2016; Lybrand et al., 2019; Finlay et al., 2020; Lybrand et al.,
2022; See et al., 2022). Fig. 8 highlights the heterogenous nature of the
fungal-grain interface as observed in a multi-disciplinary study that
combined an in-soil mineral substrate mesh bag field study with sub-
sequent analyses performed using transmission electron microscopy and
diffraction, focused ion beam, and atomic probe tomography techniques
(Lybrand et al., 2022). Here, fungi interacted with individual grains of
ground basalt rock that were buried in a mixed hardwood forest soil for
three years. Fungal growth on grains coincided with regions of the basalt
glass matrix that contained magnetite inclusions. The presence of
magnetite enhanced the accessibility of the glass matrix and provided a
source of iron at or near the surface of basaltic grains, which likely
created an advantageous environment for fungi to forage and mine
mineral nutrients. The fungal-grain interface presented evidence for
abiotic enrichment of elements (i.e., Ca), biotic aggregation, redox, and
hydrolysis processes occurring across only 3-4 um (Fig. 8).

Nano- to micron scale investigations strengthen our ability to un-
derstand how soil fungi drive nutrient cycling in soils by capturing the
intricate, heterogenous mechanisms associated with fungal-mineral in-
teractions and the release of rock-derived nutrients (Fig. 8; Smits et al.,
2009; Reddy et al., 2020). The ability for soil fungi to interact with and
transform rock and soil substrates in field and lab settings is central to
understanding the rates and pathways of biogeochemical reactions
related to nutrient cycling, soil formation processes, geologic carbon
storage, cultural artifact preservation, and nuclear waste disposal (Tot-
sche et al., 2010; Leake and Read, 2017; Finlay et al., 2020; Lybrand
et al., 2022).
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3.3. Nanolandscapes of weathering: intersection of ice, minerals, and
organics

Freeze-thaw is a prevalent mechanism in our natural and built en-
vironments that influences the physical structure and composition of
rock, soil, and organic materials (Schmitt et al., 2008). Freeze-thaw
weathering, or frost weathering, has been the focus of much investiga-
tion in cold regions given that the process enhances weathering by
breaking consolidated rock down into smaller, more weatherable blocks
at the macroscale (e.g., talus slopes). Freeze-thaw also results in
microcracks and other features in mineral grains at the submicron scale
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Fig. 7. Examples of how micro- nanoscale
studies encompass a range of microbes (i.e., soil
fungi, testate amoeba), mineral features, and
organo-mineral interactions. a-b) A helium ion
micrograph of a fungal-mineral interface detec-
ted on a basaltic grain (53-250 pm) from a bulk
granular sample deployed at 10 cm depth in a
desert scrub ecosystem (Tucson, AZ). (Modified
from Lybrand et al., 2019; Imagery captured by
Shuttha Shutthanandan (a-b) and Odeta Qafoku
(c-f). c-d) A soil testate amoeba observed via
scanning electron microscopy from a granular
sample that was deployed in a humid, mixed
hardwood forest soil in South Carolina. e-f)
Scanning electron micrographs of a soil testate
amoeba identified in a free light carbon fraction
obtained from a coastal rainforest soil (Juneau,
Alaska).

(Nicholson and Nicholson, 2000; Weiss et al., 2001; Luckman, 2013; Jia
et al., 2017; Holbrook et al., 2019); deteriorates stone statues and his-
torical buildings (Grossi and Brimblecombe, 2007; Siegesmund et al.,
2008; Ruedrich et al., 2011); and presents crucial engineering chal-
lenges by affecting the structural integrity of natural building stones,
concrete, and buildings (Thomachot and Matsuoka, 2007; Dewanckele
et al., 2013; Jamshidi et al., 2013; Rodriguez et al., 2020). Assessing the
microscale processes associated with freeze-thaw is critical for under-
standing controls on the stability of natural or built materials (Watanabe
and Kugisaki, 2017; Dong et al., 2018; Xu et al., 2018; Wang et al., 2019;
Wang et al., 2020; Zeinali and Abdelaziz, 2020; Leuther and Schliiter,
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Fig. 8. An example showing the heterogeneity of microscale processes as observed along a basaltic glass-fungal interface. The research addressed questions per-
taining to microscale interactions at the interface by combining atomic probe tomography with scanning electron microscopy, focused ion beam, and transmission

electron microscopy. (Figure referenced from Lybrand et al., 2022).

2021) and for improving early-warning systems associated with
macroscopic natural hazards, such as landslides, debris flows, or
extensive surface runoff and flooding (Descroix and Mathys, 2003;
Ravankhah et al., 2019; Baselt and Heinze, 2021). Extending frost
weathering research to encompass warmer, temperate environments is
needed, especially in regions experiencing more frequent and/or
extensive freeze-thaw activity as a result of climate change (Hall et al.,
2002; Schmitt et al., 2008).

Hall et al. (2002) put forth the question, “Are ‘cold region’ weath-
ering processes truly zonal, might they be azonal?” since ‘“the only
fundamental zonal limitation is that sub-zero temperatures occur, and
such a situation extends the role of freeze-thaw action well beyond
polar or alpine zones?” Scientists and government agencies have
dedicated time, research strategies, and funding to examine soil mi-
crobes as microscale drivers of mineral weathering and nutrient cycling
processes (e.g., BERAC, 2010; Gaskill, 2019). Micro-nanoscale physical
mechanisms have not been examined to the same extent even though
freeze-thaw is actively transforming, and likely weakening, mineral
grains across scales and climates as well as influencing the quality of
organic matter in soil (Schmitt et al., 2008).

To date, some of the most prominent bodies of literature on ice-
microbe-mineral interactions and freeze-thaw are found in atmo-
spheric chemistry through the study of ice nucleation (Schnell and Vali,
1972; DeMott et al., 2003; Zimmermann et al., 2008; Conen et al., 2011;
Hoose and Mohler, 2012; O’Sullivan et al., 2014; Tobo et al., 2014;

10

Hiranuma et al., 2014; Kiselev et al., 2016; Coluzza et al., 2017; Conen
and Yakutin, 2018; Knopf et al., 2018) and in cold weather regions
(Smith et al., 1991; Hofle et al., 2013; Gentsch et al., 2015; Szymanski
et al., 2015; Gillespie et al., 2014; Mueller et al., 2017; Gao et al., 2021;
McCutcheon et al., 2021; Polyakov and Abakumov, 2021). The same
tools and techniques (e.g., scanning electron microscopy) are used by
and available to soil scientists, geoscientists, and atmospheric chemists
alike. For example, an interdisciplinary team recently performed
microscale investigations on in-situ ice formation on unreacted mineral
particles and particles containing fungal-mineral interfaces and organic
coatings following exposure to natural soil and laboratory weathering
conditions (Lybrand et al., 2021). The experiments were performed with
an ice nucleation chamber interfaced with an environmental scanning
electron microscope; an innovative, relatively new (e.g., Kiselev et al.,
2016) approach where in-situ ice formation was assessed via rapid im-
aging of individual mineral particles at sub-micron resolutions. The re-
sults from the work indicated that mineral coatings, presumably from
soil microbes, influence where and how ice forms in natural soils
whereas fungal-mineral contacts did not impact ice nucleation activity
(Fig. 9a). Mineral grains exposed to biological activity in natural soil
conditions showed enhanced ice formation at significantly lower rela-
tive humidity with respect to ice formation when compared to unreacted
grains (Fig. 9b). This study contributes to a growing body of evidence
suggesting the importance of organic matter for promoting ice nucle-
ation activity on particles suspended in the atmosphere and those in soil.
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Fig. 9. a) Scanning electron micrographs of ice formation occurring on an organic coating versus mineral defects as observed on grains with no biological inputs. The
top row of images shows the grain prior to exposure to ice nucleation and the sublimation cycle (left) followed by water uptake (middle) and the initial stages of ice
nucleation on the organic coating (right). Images on the bottom row show the progression of ice crystal growth on the organic coating (left), ice sublimation (middle),
and the grain surface after exposure to the full ice sublimation process (right). b) General schematic summarizing the differences in ice formation on pristine grains
compared to those with mineral coatings following burial in a forest soil environment. This work found that grains deployed in the forest soil displayed ice formation
at lower relative humidity (RH) percentages with respect to ice formation compared to pristine grains (Images and modified captions reproduced with permission

from Lybrand et al., 2021).

This affects weathering and nutrient release to the biosphere, with direct
consequences for interactions between the atmosphere and geosphere.
As we move forward in defining weathering pathways to constrain
nutrient cycling models (Hartmann et al., 2014; Goll et al., 2017; Sun
et al.,, 2021), the underpinning mechanisms of freeze-thaw impacts
require additional consideration across spatial and temporal scales, from
the Arctic, where permafrost thaw is becoming more frequent as a result
of warming climate (e.g., Schuur et al., 2015; Chadburn et al., 2017), to
more temperate environments where the role of freeze-thaw in
enhancing weathering pathways may currently lack consideration
altogether.

3.3.1. Soil-landscape to microscale perspectives on organo-mineral
associations in Arctic soils

Arctic and boreal soils store more than 50% of Earth’s soil organic
carbon in permafrost (Jobbagy and Jackson, 2000; Tarnocai et al.,
2009), making these landscapes a focal point for the study of warming
and environmental change in the Arctic (Moni et al., 2015). Arctic air
temperatures are exceeding previous predictions and increasing at a rate
twice that of the global average (AMAP, 2017; Screen, 2017). Land-
scapes in the Arctic once stabilized for millennia by permafrost (soil,
rock, or sediment frozen for over two consecutive years) are now more
susceptible to thaw (Ping et al., 2015). As permafrost thaws, microbes
decompose once-frozen organic matter and release methane, carbon
dioxide, and other greenhouse gases to the atmosphere (Schuur et al.,
2008; Chen et al.,, 2016). Releasing heat-trapping greenhouse gases
presents the potential to drive unprecedented changes in global climate
(Koven et al., 2015; Lawrence et al., 2015). Permafrost temperatures are
rising worldwide with an associated thickening of the active layer, or the
surface soil overlying permafrost that thaws and refreezes seasonally
(Lawrence et al., 2015). Permafrost thaw under warming air tempera-
tures alters carbon and nutrient cycling dynamics of Arctic ecosystems;
poses as a threat to global climate goals; and impacts the structural
integrity of urban infrastructure and rural communities (Schaefer et al.,
2014; Gentsch et al., 2015; Turetsky et al., 2020; Natali et al., 2021;
Schneider von Deimling et al., 2021). As a result, regional to global scale
research efforts have centered on modeling permafrost distribution, the
predictive response of permafrost soils to warming climate conditions,
and future projections of permafrost dynamics (Turetsky et al., 2020).
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Integrating soil properties into global models has provided more real-
istic predictions of permafrost distribution, such as the refinement of
freeze-thaw processes (e.g., Yokohata et al., 2020). Closer assessments of
the belowground systems that contribute to the variability, stability,
and/or degradation of permafrost are required across scales from soil-
landscape relationships, to morphological observations and soil prop-
erties expressed in a pedon, to nano-microscale relationships of collected
permafrost soil samples (Fig. 10; Baumann et al., 2009; Hofle et al.,
2013; Gillespie et al., 2014; Shelef et al., 2017; Polyakov and Abakumov,
2021; Rooney et al., 2022).

Soil morphological descriptions and pedological investigations of
permafrost landscapes are required to interpret the complex processes of
soil formation (Fig. 10a,b; Smith et al., 1991; Tarnocai and Bockheim,
2011; Kovda and Lebedeva, 2013) and the heterogeneity of carbon
distribution in Arctic soils (Fig. 10c,d; Ping et al., 1998, 2008). The
expression of soil properties in permafrost soils varies based on differ-
ences in processes prevalent in the soil, which leads to distinct contrasts
in Arctic soil profiles compared to more temperate environments where
soil horizons are generally arranged in more systematic ways (Figs. 5,
10a,b). Permafrost soils present much complexity and heterogeneity in
soil as a result of the dominant pedogenic processes in the Arctic. For
example, the freezing and thawing of Arctic soils can lead to the for-
mation of soils through cryogenic processes (i.e., freeze-thaw cycles,
cryoturbation). Cryoturbation (denoted with a jj), or frost churning,
moves organics from the landscape surface to depth and results in the
subsurface accumulation of organic matter (i.e., Oejj) and the formation
of irregular, broken, or distorted horizon boundaries (Fig. 10). The soil
profile depicted in Fig. 10b presents pockets of “Oejjf” at >50 cm depth,
or the presence of intermediately decomposed organics (i.e., Oe) that
have been cryoturbated or moved downward in the profile by freezing
(f) and freeze-thaw (i.e., jj). The example displayed in Fig. 10 represents
the variability of describing and sampling permafrost soils at the pedon
scale. Fig. 10 also highlights the need for Arctic pedologists skilled at
making soil horizon differentiations and soil morphological observa-
tions to be included in the field descriptions, sampling, and research
activities focused on the distribution of soil organic carbon in Arctic
landscapes (Ping et al., 1998).

Soil micromorphology, the microscopic study of soil, has also been a
useful approach for characterizing permafrost soils, particularly the
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Fig. 10. The complexity of permafrost soil demon-
strated in a-b) soil profiles for a) a moist nonacidic
tundra soil and b) a moist acidic tundra soil. Both soil
profiles represent cryoturbated soils from the Arctic
Foothills, Alaska (Ping et al., 1998). Cryoturbation,
also known as frost churning, occurs when materials
from the soil horizons have been mixed by freeze-
thaw processes. The intricacies of permafrost soils
are also observed at the c-d) microscale where X-Ray
computed tomography (XCT) was used to assess
complex relationships among connected and uncon-
nected pores. Here, an aggregate from a permafrost
core sampled in Toolik, Alaska was visualized as c) an
unseparated pore network and d) as connected ob-
jects using XCT. All figures were reproduced with
permission (Ping et al., 1998; Rooney et al., 2022).
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expression of soil structure (Van Vliet-Lanoe, 1985; Smith et al., 1991)
and when considering cryoturbation as a mechanism for the redistri-
bution of soil particles (Fox and Protz, 1981). Nano- to microscale in-
vestigations of organo-mineral associations and the distribution of
organics in Arctic soils are still emerging in conjunction with advance-
ments in the analytical approaches required to support such analyses
(Prater et al., 2020; Gao et al., 2021). As global land surface models
continue to improve and integrate the physical properties of soil to
predict permafrost processes (e.g., Yokohata et al., 2020), there are
opportunities to combine advanced analytical capabilities with soil
morphological investigations to identify the micro- nanoscale controls
on the distribution and persistence of soil organic carbon in Arctic soils
(Gentsch et al., 2015; Mueller et al., 2015, 2017, 2019; Gao et al., 2021).
Microscale analyses are especially critical for recognizing the dynamic
nature of interactions at the mineral-organic interface (Kleber et al.,
2021).

The importance of nano- to microscale investigations continues to be
recognized (Hochella et al., 2019) including the need to differentiate
among the degree of decomposition of organics and associations with
coarse to fine-grained mineral particles (Fig. 10d; Mueller et al., 2017).
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NanoSIMS was used to examine interfaces among plant residues and
mineral soils where organo-mineral associations were identified, such as
evidence for the preliminary stages of soil aggregation or microstructure
development (Mueller et al., 2017). The deepening of the active layer
and exposure of previously frozen soil to freeze-thaw under warmer
conditions also alter soil porosity characteristics at the nano-microscale
(Rooney et al., 2022; Ma et al., 2021; Liu et al., 2021; Rempel, 2010).
More work has since integrated the use of soil aggregates in microscale
assessments of the influence of freeze-thaw on porosity in the active
layer and permafrost as investigated along a gradient of discontinuous to
continuous permafrost in Alaska (Rooney et al., 2022). X-ray computed
tomography (XCT) has also been employed to compare soil macropore
patterns between hummocks and interhummocks using intact soil col-
umns excavated from alpine meadows in the northeastern Qinghai-Tibet
Plateau (Gao et al., 2021). Soil morphological and micromorphological
investigations require a stronger coupling to regional to global scale
modeling activities and interdisciplinary research projects focused on
the response of permafrost soils to climate change, especially for
differentiating composition and the nature of buried/cryoturbated
organic horizons.
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3.4. Collaborative opportunities

There are opportunities to expand the role of soil scientists working
with research teams across spatial and temporal scales from nano-
microscale processes to the global scale (see dotted yellow box in
Fig. 11; e.g., Slessarev et al., 2016). Enhanced collaborations could
improve understanding of the fungal hyphosphere in the soil environ-
ment including “spatially explicit, quantitative research characterizing
the environmental drivers of hyphal exploration and hyphosphere
community composition across systems” (See et al., 2022). Soil scientists
would offer much expertise and insight on identifying landscape-, soil-,
to micro-scale controls on factors driving environmental differences in
the hyphosphere of the soil environment including how soil forming
factors and processes may be influencing the composition and nature of
the hyphosphere itself. As stated by Frings and Buss (2019), “Landscapes
ultimately arise as the integrated result of processes that act at the
mineral-grain scale.” We still need to identify and understand the min-
eral weathering pathways that promote habitability on Earth and
potentially elsewhere. Soil scientists are poised to offer cross-scale
expertise in the soil subdisciplines (e.g., soil physics, soil chemistry,
soil mineralogy) whether that be examining nano- to microscale controls
on rock-derived nutrient release using high-resolution microscopy
(Fig. 12) or examining the soil properties at sites that support terrestrial
organisms on Earth or beyond, whether those species live, nest, or dwell
in the soil or rely on the vegetation supported by the soil (Figs. 2-5).

More active, integrated collaborations are required to address ob-
stacles, challenges, and questions arising under the influence of
anthropogenic factors and changing climate conditions as presented by
Dontsova et al. (2020), Schwartzman (2013); and Brantley et al. (2011),
some of which include:

“l. What are the impacts of human-induced land use change on
biological weathering?

2. What is the impact of changing environment/climate on the
dominant biological weathering processes?

3. What is the impact of extreme events (disturbances), such as
hurricanes, fire, extended drought, etc. on the feedbacks between bio-
logical and geological processes?

4. How can increased knowledge of biogeochemical weathering
processes be exploited to sequester atmospheric carbon dioxide?”

4. Linking soil to the space and planetary sciences

“Much of the neglect of soil science [in current space programs] is
also due to the relative scientific anonymity of soil scientists [to space
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scientists].” Cameron (1963).

4.1. Overview: Is there soil on Mars or on other planetary bodies?

Soil has been referred to as a “frontier in extraterrestrial explora-
tions” (Fig. 13; Lin, 2005). Bridging soil science with the planetary and
space sciences has been discussed for decades (Cameron, 1963; Lin,
2005), with demonstrated success in research that has since paved the
path forward (Ewing et al., 2006, 2007; Amundson et al., 2008). There
have been questions on whether surficial materials on Mars and other
planets truly meets the definition of “soil” given a lack of biota (e.g.,
Richter and Markevitz, 1995; Markewitz, 1997). Or whether soils
include “any loose, unconsolidated materials that can be distinguished
from rocks, bedrock, or strongly cohesive sediments” with “no impli-
cation of the presence or absence of organic materials or living matter is
intended” as defined by the Mars Rover Exploration (MER) team (Bell
et al., 2000; Gellert et al., 2004; Squyres and Knoll, 2005; Amundson
et al., 2008). Amundson et al. (2008) emphasized that soils exist in
Antarctica and elsewhere on Earth “where the climate is too harsh to
support higher plant forms (Soil Survey Staff, 1999),” which therefore
“fully includes generally abiotic soils within a standard pedological
framework.” Extraterrestrial soils, sometimes referred to as Astrosols
given abiotic formation pathways, have also been described as “histor-
ical entities that retain information on their climatic and geochemical
history (Certini et al., 2009).” Most recently, the Soil Science Society of
America presented a new definition of soil as, “the layer(s) of generally
loose mineral and/or organic material that are affected by physical,
chemical, and/or biological processes at or near the planetary surface
and usually hold liquids, gases, and biota and support plants.” This
definition was introduced by Van Es (2017) to address multiple concerns
of inclusivity related to the previous definitions of soil, one of which was
specifically focused on the “implicit message that soil science (and
therefore research funding) would not be relevant outside planet Earth.”

Regardless of whether “soil” exists on Mars and other planetary
bodies or not, soil scientists are positioned to contribute to collaborative
opportunities in the planetary sciences by applying skillsets, expertise,
technologies, and concepts from the discipline, such as pedogenesis or
the formation of soil, to Mars (Fig. 13), entirely new worlds, or analo-
gous environments on Earth. Conversely, the planetary and space sci-
ence community would benefit from a more intricate connection with
the discipline of soil science focused on a cross-disciplinary, three-
dimensional perspective of the subsurface. Soil scientists already
consider how interactive physical, biological, and chemical processes
drive mineral weathering processes, with many who already work in
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Fig. 11. A schematic highlighting the extensive range of mineral weathering research across scales and disciplines. This figure has been modified from Frings and
Buss (2019) to emphasize that the scale and scope for Pedology/Soil Science research (as highlighted with yellow dashed line) could be expanded to include the wider

range of research being conducted now and in the future.
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Incipient
biomechanical
weathering

The Search for Life
Space Agriculture

In Situ Resource Utilization

Fig. 13. An illustration presenting a hypothesized soil depth profile for the
subsurface on Mars including a thin dust layer, duricrust, fine-grained impact
ejecta, and a fractured basalt field. The field of soil science offers opportunities
for partnerships with planetary and space scientists to better understand pro-
cesses related to the search for life, space agriculture, and in situ resource
utilization. Illustration created by Rob Riedel, UC Davis IET Academic Tech-
nology Services.

extreme environments that serve as analogs to Mars (Bockheim, 1997;
Arnalds and Kimble, 2001; Bockheim, 2002; Arnalds, 2004; Graham
et al., 2008; Ewing et al., 2006, 2007, 2008; Owen et al., 2011; Balks
etal., 2013; Arnalds, 2015; Arnalds et al., 2016; Amundson, 2018). More
specifically, the CheMin instrument aboard Curiosity has discovered an
abundance of X-ray amorphous materials in all Martian rocks and soils
analyzed to date from Gale Crater, Mars (i.e., Rampe et al., 2020); a
topic being explored at the microscale by soil scientists and geoscientists
for analog studies on Earth (Minitti et al., 2007; Hausrath et al., 2008;
Tamppari et al., 2012; Dorn et al., 2013; Schindler et al., 2019; Yesavage
et al., 2015; Broz, 2020). Future space exploration missions for landers
and rovers would benefit from the continued incorporation of in-
struments that investigate soil properties (i.e., Sample Analysis at Mars
suite; Chemistry and Mineralogy instrument; Alpha Particle X-Ray
spectrometer instrument; Mars Hand Lens Imager camera). The science
would also be advanced by integrating nano- to microscale microscopy

Micrograph of a
basalt sand grain
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Fig. 12. An illustration of a Scanning Electron Mi-
croscope with the displays highlighting a fungal
hypha transforming the edge of a mica grain (left)
through a biomechanical weathering interaction and
an electron micrograph of a basalt sand grain
collected from a Mars analog landscape in Iceland
(right). High-resolution microscopy is a critical
resource for expanding our understanding of micro-
scale processes that control nutrient cycling in soil.
Ilustration created by Rob Riedel, UC Davis IET Ac-
ademic Technology Services.

capabilities specifically for soil particles that would build upon current
capabilities, such as the Planetary Instrument for X-Ray Lithochemistry
(PIXL) on the Perseverance rover mission. The PIXL instrument is a
micro-X-Ray fluorescence spectrometer that analyzes the elemental
chemistry of rocks and sand-sized grains with a 120 pm-diameter X-ray
beam (Allwood et al., 2020). An ever-present need exists to dig deeper
on Mars, which requires the engineering tools and capabilities required
to dig, observe, and sample soils at greater depths including the ability
to observe and analyze points within intact soil profiles. New technol-
ogies are presently being developed to dig deeper during planetary
exploration (MapX, CheMinX; Sarrazin et al., 2018). Soil scientists are
also designing and implementing approaches that support the in-situ
analysis of soil properties in field excavated walls of soil profiles, such
as the use of multistripe laser triangulation scanning to quantitatively
assess soil structure (Eck et al., 2013; Hirmas et al., 2016). Establishing
new partnerships and continuing to strengthen existing collaborations
between soil scientists and planetary scientists is required to embrace
the diverse perspectives and disciplines needed to address challenges of
future missions and human exploration activities.

Both disciplines would also be enhanced by a stronger integration
and engagement with students, the public, and stakeholders. Investing
the energy to establish these connections is especially relevant in a
world where scientific communities are striving to recruit students and a
diverse workforce while justifying relevance and funding to our broader
society. For example, exposing geoscience students to the importance of
soil science in the planetary and space science context would capture an
audience who already want to see more widespread applications of soil
science and the geosciences apart from agriculture, mining, or oil
extraction (Baveye et al., 2006). Incorporating growers into discussions
on space agriculture would engage individuals with years of expertise
and experience in the agricultural industry; stakeholders who value
strong collaborative community networks and the co-production of
knowledge in shared spaces (e.g., Nocco et al., 2020). Integrating a
broader, more diverse approach to space travel, research, and explora-
tion activities would be enhanced by the neighborliness frames identi-
fied by Carlisle (2020), “Farmers had learned to see the world as a
neighborhood, in which residents relied on one another and flourished
through cooperation.” Opportunities to create collaborative pathways
between the broader soil science and the planetary and space science
communities remain underutilized yet prevalent (Cameron, 1963).

Soil continues to be studied as a medium for conducting research on
Martian landscapes as well as extending agriculture and engineering
applications with respect to establishing human settlements on Mars
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(Fig. 13; Bugbee and Salisbury, 1988; Ming and Henninger, 1989;
Wamelink et al., 2014; Chow et al., 2017; Karl et al., 2018; Cannon and
Britt, 2019). Martian analog soils have been developed for conducting
relevant experiments and research (e.g., Cannon et al., 2019); and to
assess how soils could be used to construct building materials for
structures on Mars (e.g., Naser, 2019). As for basic applications in
research, overlapping topic areas on the formation of rock varnish,
polygonal terrain, weathering rinds, and other features have been
studied by geoscientists for decades (Engel and Sharp, 1958; Perry and
Adams, 1978; Krinsley, 1998; Sak et al., 2004; Thiagarajan and Lee,
2004; Sak et al., 2010) and continue to be assessed from a planetary
science perspective (e.g., Seibert and Kargel, 2001; Bishop et al., 2002;
Knoll et al., 2008; Lanza et al., 2012; El-Maarry et al., 2014). In situ
microscopy of Martian soil samples has provided support for a histori-
cally dry climate on the surface of Mars through an analysis of particle
size distribution using optical microscopy and atomic force-microscopy
(Pike et al., 2011). The Phoenix spacecraft landed at high northern
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latitudes in periglacial terrain in 2007. The spacecraft was equipped
with an optical microscope used to classify soil particles based on color,
size, and other optical and magnetic properties (Goetz et al., 2010).

The expanding realm of Critical Zone Science has presented the
prospect for Solar System Critical Zones (SSCZ), including Proto-Critical
Zones (abiotic CZs). Examples of planetary CZs include Mars, comets,
asteroids, and planet(oids), all of which present boundary zones that
qualify as Proto-CZs (Ashley and Delaney, 2017). In the context of
addressing interdisciplinary questions in soil science that align with
concepts of extraterrestrial CZ science and NASA’s mission to find life on
other planets, How can soil science advance the search for life and habitable
environments on Mars and beyond- from distinguishing biosignatures to better
utilizing terrestrial analogs on Earth for planetary exploration?

4.2. The search for life...and false positives

“A ‘biosignature’ is an object, substance, and/or pattern whose origin

Carbonates Phylosilicate clays

D77 B

Microscale
“biosignatures”

Fig. 14. A cross-scale perspective on the types of landscapes and minerals on a-h) Mars where “false positive” biosignatures have been identified and also where
missions continue to focus on the goal to identify evidence for morphological biosignatures. i-p) Examples of mesoscale to microscale biosignatures that have been
identified on Earth. The figure displays biosignatures that are directly relevant to subdisciplines of soil science including soil biology, chemistry, mineralogy, and

pedology. Image reproduced with permission from Chan et al. (2019).
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specifically requires a biological agent” (Fig. 14; Hays et al., 2017). “The
usefulness of a biosignature is determined not only by the probability of
life creating it but also by the improbability of nonbiological processes
producing it” (Des Marais et al., 2008; Des Marais, 2013; Hays et al.,
2017).

“Did life ever exist on Mars?” is a key question driving the Mars
Sample Return Mission; a joint partnership between NASA and the Eu-
ropean Space Agency that would bring the first Martian rock, dust, and
soil samples back to Earth in the 2030s. The search for life on Mars is an
overarching goal of the Mars Exploration Program with emphasis on
identifying biosignatures or recognizing the activities of microbial
groups preserved in rock, soil, and sediment materials on Mars and in
terrestrial analogs (Cuadros, 2017; Vago et al., 2017). Extensive evi-
dence for the presence of water has been documented for ancient
Martian landscapes (i.e., Nazari-Sharabian et al., 2020). Water on
present-day Mars has also been detected, such as modern water ice
confirmed at the Phoenix landing site (Renno et al., 2009). Conversely,
much less is known about how direct evidence for life, if present, was
preserved on Mars.

Biological weathering mechanisms present the potential to form
distinct, long-lasting mineral biosignatures whether that be through
microbes imprinting unique morphological features at biotic-abiotic
interfaces or by producing biominerals, microstructures, and microfos-
sils that are preserved in the soil or regolith matrix. Research on the
potential for biosignatures formation has spanned landed Mars missions
(Goetz et al., 2016), spectral studies of Mars (Villanueva et al., 2013),
and the use of terrestrial analogs on Earth that emphasize: the study of
terrestrial fossils in clay deposits, anaerobic, and volcanic terrestrial
environments (Orofino et al., 2010; Westall et al., 2015); morphological
biosignatures (Cady et al., 2003; Fisk et al., 2003); and mineral bio-
signatures preserved through the formation of biominerals (Banfield
et al., 2001). Microbially produced minerals retain isotopic signatures
indicative of biotic activity (Boston et al., 2001), present unique struc-
tural characteristics attributed to biological origins (Cady and Farmer,
1996; Farmer and Des Marais, 1999; Konhauser et al., 2002) or even
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capture biological compounds in the mineral precipitation process (Hays
et al.,, 2017). The expertise of soil scientists extends to spatial and
temporal scales beyond the confines generally recognized for the disci-
pline (Figs. 11, 12).

A wealth of soil science and earth surface literature focuses specif-
ically on weathering mechanisms (Jackson et al., 1948; Tardy et al.,
1973; Berner and Holdren, 1979; White and Blum, 1995; Banfield et al.,
1999; Frazier and Graham, 2000; Kendrick and Graham, 2004; Dixon
etal., 2009; Rasmussen et al., 2010, 2011; Nakao et al., 2012), including
the micromorphology of soils and the formation of secondary minerals
as assessed at the nano- to microscale of study using high-resolution
microscopy (e.g., Allen, 1978; Banfield and Eggleton, 1988, 1990;
Banfield et al., 1995; Buck et al., 2006; Lee et al., 2007, 2008; Minyard
et al., 2011). Given that a primary research area emphasizes the need to
distinguish biosignatures from “false positive” abiotic signatures, we
need to forge interdisciplinary partnerships that integrate experts on
abiotic weathering processes or equip soil scientists with the opportu-
nities to employ tools that, for example, differentiate biominerals from
secondary minerals produced through abiotic pathways (Gadd et al.,
2014; Byrne et al., 2016; Grant et al., 2016; Li et al., 2020).

4.3. Soils of terrestrial analogs

The Encyclopedia of Astrobiology has defined a terrestrial analog as,
“a field site, which bears an analogy or similarity in some way to other
planetary bodies of the solar system. Similarities can be related with
physicochemical conditions, such as dryness, low water activity,
mineralogy, or chemical composition of the environment. (Fig. 15).”
Terrestrial analogs represent “places on Earth that approximate, in some
respect, the geological, environmental and putative biological condi-
tions on a particular planetary body, either at the present-day or
sometime in the past. Analog studies are driven by the need to under-
stand processes on Earth in order to interpret and groundtruth data sent
back from Mars and other planetary bodies by unmanned orbiters and
rovers” (Osinski et al., 2006).

Fig. 15. The diversity of terrestrial analogs on Earth relate to different environments that could have existed on Early Mars including hydrothermal spring systems as
well as subsurface, subaerial, and subaqueous environments (Hays et al., 2017). The figure contains examples of the diverse types of terrestrial analog environments
found on Earth including a) Rio Tinto River near Berrocal, Spain, b) Beacon Sandstone in Antarctica presenting evidence of surface weathering and biological
alteration by cyanobacteria, ¢) Lake Vanda and the Onyx River in Wright Valley, Antarctica, d) University Valley in Antarctica with e) soils that showed evidence of
salt accumulation at depth, and f) the barren landscapes in the highlands of Iceland g) with evidence for incipient soil development at depth. Photographs from 13a-
d used with permission from Doug Ming and those in 13f,g were taken by Rebecca Lybrand. The Field of View (FOV) for the panels has been estimated based on
features in each photograph including: a) FOV of ~1.5 m for the rocks in the Rio Tinto; b) The distance between the Beacon Sandstone featured in the foreground is
~6 km from the cliffs pictured on the opposite side of Beacon Valley; c) the FOV for the Onyx River is ~10 km across at the upper end of Lake Vanda (inlet of the
Onyx River); d) The University Valley image is ~50 m FOV width in the foreground and ~300 m to the base of the valley wall; e) the University Valley soil profile is
about 60 cm FOV width; f) the rocks in the foreground of the Iceland landscape panel are approximately 0.5-1 m in size; and g) The photograph is focused on the
surficial soil horizons where each white line on the soil profile measuring tape denotes a 10 cm increment.
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Research utilizing terrestrial analogs for Mars and other planetary
bodies are a high priority in the international planetary science com-
munities (Fig. 15; Pollard, 2001; Farr, 2004; Osinski et al., 2006) and
present opportunities to expand interdisciplinary collaborations among
earth, planetary, and biological scientists (Osinski et al., 2006). Studies
in terrestrial analogs center on astrobiology, exploration science (e.g.,
instrument testing, astronaut training), and a process-based approach to
assess analogous landscapes and materials from a comparative planetary
geology perspective (Osinski et al., 2006); all of which encompass
strong, and sometimes already demonstrated, links to soil science.

We entered a new era of research on Mars focused on “regional to
outcrop level” analyses versus work solely on global mapping (Farr,
2004). Soil scientists, especially those specializing in terrestrial analog
environments, could contribute greatly to upcoming missions through
data and site interpretation given that soil science naturally integrates a
three-dimensional, multidisciplinary view of the subsurface—one of the
most challenging dimensions to capture in the planetary and space sci-
ences to date. NASA highlighted the need to dig deeper on Mars in a
news article stating that, “NASA has barely scratched the surface of Mars
— literally. While past rovers have dug inches into the rusty soils of the
Red Planet, NASA is testing out a drill that can go feet deep and operate
autonomously with minimal human guidance. Probing that far down
below the harsh Martian surface will reveal a world we’ve never seen up
close before — one where scientists believe there’s a chance for life”
(Tavares, 2019).

Furthermore, a NASA-requested survey conducted by the U.S. Na-
tional Resource Council received the following recommendations from
the Terrestrial Analogs to Mars community panel: “process studies at
analog sites, field workshops, instrument and operations tests, and
laboratory measurements” and the need to expand the “collection and
wide dissemination of terrestrial analog data.” The Canadian Space
Agency recognized the need for expanded interdisciplinary connections
by identifying enhanced collaborations between earth and planetary
scientists as a primary goal when forming the Canadian Analogue
Research Network (CARN) under the theme of “Exploring other worlds
begins with exploring our own.” Research teams would benefit from the
inclusion of soil scientists in resulting workshops and discussions as
many actively engage in research at extreme environments, termed
extreme pedology (Goryachkin et al., 2019).

Ongoing work in terrestrial analog sites has focused on applications
in astrobiology and comparative planetary geology where Earth-based
analogs provide environments for the study of Mars and beyond. The
Atacama Desert is a well-recognized, longstanding analog for hyperarid
conditions on Mars and has been explored from numerous comparative
perspectives including: to examine soil formation and soil carbon
cycling along an arid-hyperarid climate transition (Ewing et al., 2006,
2008); to demonstrate the importance of depth profile sampling on Mars
to understand salt and water mobility, where geochemical data suggests
the formation of a Typic Petrogypsid (an arid soil cemented by sulfates)
at Meridiani Planum, Mars based on soil sampling and data interpreta-
tion in the Atacama (Amundson, 2018); to show that viable bacteria and
fungi are transported on particles of wind-blown dust to the Atacama’s
hyperarid core and that Martian dust should be analyzed for potential
biosignatures given the occurrence of similar dust transport mechanisms
on Mars (Azua-Bustos, 2019); to assess how analogous environments
may support life in hygroscopic habitats provided by soluble salts
(Davila and Schulze-Makuch, 2016) and the importance of assessing
microbial fingerprints in salty, subsurface soils preserved over
thousand-to million-year timescales (Wilhelm et al., 2017).

The Antarctic Dry Valleys represent another established terrestrial
analog where dominant soil-forming processes are likely comparable to
Mars, such as salinization, or the accumulation of soluble salts. Soluble
salt composition, abundance, and preservation mechanisms vary along
climo- and chronosequences in Antarctica with the most abundant and
mobile salts (e.g., nitrate) concentrating in surface soils and nearsurface
salt pans in the driest, and often oldest, ultraxerous soils (Claridge and
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Campbell, 1977; Bockheim, 1982; Bockheim, 1990; Bockheim, 1997).
The high elevation Antarctic Dry Valleys serve as an ideal analog site for
subsurface ice on Mars given that this may be the only location on Earth
to contain dry permafrost (Heldmann et al., 2013). Permanently frozen
soils in Antarctica provide analogous materials to Mars for assessing
landscapes containing ice-cemented soil versus massive subsurface ice
(Heldmann et al., 2013). Microbial diversity, distribution, and abun-
dance have also been analyzed as a function of Antarctic soil properties
that are comparable to conditions on Mars (Smith et al., 2006; Cary
et al., 2010; Lee et al., 2012; Richter et al., 2014).

Above, examples are provided from two prominent analogs for Mars,
namely Antarctica and the Atacama Desert. Potential connections
among the biological, soil, geologic, and planetary sciences remain
underexplored for established terrestrial analogs elsewhere on Earth as
identified by Farr (2004) and others. Examples include the accumulation
and preservation of subsurface salts or the distribution of salts as dust in
arid landscapes of the Mojave Desert (Wells et al., 1985; Reheis et al.,
1995, 2009; Reynolds et al., 2006, 2007; Graham et al., 2008; Hirmas
and Graham, 2011; Lybrand et al., 2013, 2016). Or the study of soils in
icy, cold analogs for Mars, including the Canadian Arctic (e.g., Osinski
et al., 2006), Svalbard (Hausrath et al., 2008), or the Icelandic Deserts
(Arnalds, 2004, 2015; Arnalds et al., 2016). Overall, we need to better
connect the study of soils to the planetary sciences as emphasized by
Amundson (2018): “The knowledge of the soils of Mars is very frag-
mentary, but it will expand if soils continue to become part of the suite of
targets for future planetary research.”

4.3.1. Connections to Mars exploration and human settlement

Linking soil science and the geosciences to exploration science ac-
tivities in terrestrial analogs presents opportunities to identify and solve
challenges in mission design, operations, and the development of tech-
nologies needed to explore and settle on Mars (Snook and Mendell,
2004). Planetary exploration requires that rovers, drills, and other
technologies are tested at sites that encompass properties of rocks, soils,
and terrain, among other factors likely to be encountered during surface
mission operations on the Moon or other planetary bodies (Snook and
Mendell, 2004). Soil scientists with expertise in the spatial distribution
of soils and associated properties in extreme analog environments would
offer insight and guidance on soil-landscape relationships that may
present challenges to planetary exploration and research. For example,
evidence for thinly indurated crusts (‘duricrust’) has been detected at
multiple landing sites on Mars (Arvidson et al., 2004a, 2004b, 2008;
Herkenhoff et al., 2008; Golombek et al., 2020; Piqueux et al., 2021) and
created challenges for deep drilling activities at the Insight landing site
(e.g., Witze, 2019; Dorminey, 2021; Spohn et al., 2022). Indurated soils
are a common phenomenon on Earth and form as the result of con-
trasting processes occurring under different climate, geologic, or topo-
graphic conditions (e.g., Gile et al., 1966; Flach et al., 1969; Torrent
et al., 1980; Boulet et al., 1998; Chadwick et al., 1989; Boettinger and
Southard, 1990; Harden et al., 1991; Hollingsworth and Fitzpatrick,
1993; Blank et al., 1998; Hobson and Dahlgren, 1998; Van Breemen and
Buurman, 2002; Duniway, 2006; Duniway et al., 2007; Brock and Buck,
2007; Lybrand et al., 2013; Salari et al., 2019). Soil scientists working in
extreme environments may be well-versed to contribute to discussions
on landing site locations or to identify analogs that may present simi-
larities in terrain or geochemical evolution of the landscape.

A second example pertains to addressing potential human health and
plant growth challenges on Mars given the abundance of salts distrib-
uted in Martian surficial materials. Perchlorate, a soluble salt and
human health contaminant, has been detected in the surface and near-
surface at multiple landing sites on Mars (Fig. 16a; Hecht et al., 2009;
Cull et al., 2010; Navarro-Gonzalez et al., 2010; Glavin et al., 2013; Ojha
et al., 2015). Perchlorate represents both a resource and hazard to
consider in human exploration and settlement activities on the Martian
surface (Davila et al., 2013; Fig. 16). Perchlorate is a resource given that
the compound is a strong oxidizer and potential fuel source (e.g., solid
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Fig. 16. Martian perchlorate has been described as a hazard and a resource (Davila et al., 2013), which makes identifying the controls on the distribution and
variation of perchlorate and other soluble salts on Mars and in Earth-based analogs an important research priority. a) Perchlorate has been detected at multiple
landing sites on Mars as evidenced at the Phoenix Landing Site in the analysis of the Rosy Red, Sorceress 1, and Sorceress 2 Wet Chemistry Lab (WCL) samples (Hecht
et al., 2009). Image credit: NASA/JPL-Caltech/University of Arizona. b) Perchlorate is a resource given its role as a strong oxidizer and potential fuel source, as a
possible in situ supply of oxygen on Mars, and as a geochemical marker for understanding liquid water contents and the migration of salts solubilized in water under
both present-day climate and paleoclimate conditions (Davila et al., 2010, Ojha et al., 2015; Davila and Schulze-Makuch, 2016). Image credit: NASA/JPL-Caltech. c)
Perchlorate is a well-known health contaminant on Earth that interferes with iodide uptake in the human thyroid and thereby impacts thyroid hormone synthesis in
infants, adolescents, and adults (Lisco et al., 2020). The widespread distribution of perchlorate on Mars is also therefore a hazard given that perchlorate is found in
water and accumulates in some food products (e.g., leafy greens, fruits, vegetables). Plans for human settlement activities on Mars would need to account for the
strong likelihood of encountering perchlorate and other salts in the dust, in the Martian soil materials used to grow food, or in the subsurface ground ice used as
source(s) of water (Davila et al., 2013). Images modified and used with permission from Lisco et al. (2020) and the medical illustration of the human thyroid was
provided with permission from Terese Winslow (tereswindslow.com).

rocket fuel) in addition to serving as a possible source of oxygen on Mars resource by supplying a source of oxygen for life support or fuel (Fig. 16;
(Fig. 16; Davila et al., 2013). The abundance and spatial variation of Davila et al., 2013). There is a need to understand the strong spatial
perchlorate is an important research topic in both the geosciences variation of perchlorate observed both on Mars and in Earth-based hy-
communities and those working in exploration science. Perchlorate perarid analogs where perchlorate salts occur naturally (Jackson et al.,
provides information about liquid water contents and migration under 2010; Kounaves et al., 2010; Lybrand et al., 2013; Andraski et al., 2014;
present-day climate and paleoclimate conditions while also presenting Ming et al., 2014; Jackson et al., 2015; Lybrand et al., 2016). This is an
the potential to support or preserve signs of life in the Martian subsur- example of one path forward that would enhance collaborations among
face (Davila et al., 2010, Ojha et al., 2015; Davila and Schulze-Makuch, soil scientists who work on salt-rich soils in arid to hyperarid systems on
2016). Perchlorate also serves as a hazard since the contaminant impacts Earth as well as the scientists and engineers working in the space
human health by interfering with iodide uptake in the human thyroid. exploration science community.
Perchlorate exposure commonly occurs through the ingestion of
contaminated water given the high solubility of the compound and 4.4. Collaborative opportunities
through the consumption of food products, such as fruits and vegetables.
Astronauts could therefore potentially be exposed to perchlorate Research partnerships among NASA, universities, and private sector
through dust or by ingesting foods grown in Martian materials or organizations are already prevalent in the planetary and space science
through water obtained from subsurface ice (Davila et al., 2013; Berliner community and represent potential areas of collaboration with soil sci-
et al., 2021; Duri et al., 2022). entists. There are also established teams of soil scientists and geo-
The Curiosity Rover has confirmed the ubiquitous nature of scientists based at the NASA Space Centers (e.g., Johnson Space Center,
perchlorate on Mars, with its detection of perchlorate approximately Goddard Space Flight Center). Soil scientists and geoscientists interested
5000 km from the Phoenix Mission site in environments of contrasting in pursuing research Opportunities in the space and planetary sciences
geology, mineralogy, and landforms (Leshin et al., 2013; Ming et al., are able to pursue external funding through NASA’s solicitations with
2014). The widespread occurrence of Martian perchlorate led to its in-  applicable soils-relevant programs ranging from Habitable Worlds, Solar
clusion in NASA’s Strategic Knowledge Gaps (SKGs) given that System Workings, Exobiology or even Human Exploration depending on
perchlorate represents both a potential hazard to human health and a the nature of the proposed research topic or project idea. The National
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Space Grant College and Fellowship Program was also established by
Congress in 1988 to “broaden the base of universities and individuals
contributing to and benefiting from aerospace science and technology
and ultimately to the development and utilization of space resources”
(California Space Grant Consortium, 2022). Space Grant Consortiums
operating at the state level offer educational and/or research opportu-
nities for students, faculty, and additional interested individuals
depending on the state and funding available. Promoting relevant
educational, research, and career opportunities to students and early
career scientists serves to encourage the next generation of soil/geo-
scientists to think freely about applications of soils research on Mars and
other planetary bodies.

Declaration of Competing Interest

The author declares that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

The data synthesized and presented in this work are from published
literature that have been cited accordingly.

Acknowledgments

A portion of this work was performed on project award no. 49828
and 51465 from the Environmental Molecular Sciences Laboratory, a
DOE Office of Science User Facility sponsored by the Biological and
Environmental Research program under Contract No. DE-ACO05-
76RL01830. This work was partially supported by NSF grant CAREER
EAR-1945659 to R.A.L. The overview illustration for the review was
created by Robin Riedel and Matthew Verdolivo, UC Davis IET Aca-
demic Technology Services. The author would like to acknowledge the
constructive feedback from the anonymous reviewers during the pub-
lication process. The author would also like to thank Doug Ming, Paul
Schroeder, Robert Graham, Odeta Qafoku, Nik Qafoku, Shuttha Shut-
thanandan, Andrew Martinez, Robert Lybrand, Dragos Zaharescu, Elise
Gustilo, Erin Rooney, and Brad Sutter for providing feedback on the
project, contributing to the figures, or by offering logistical assistance in
support of this work.

References

Aghamiri, R.R., Schwartzman, D.W., 2002. Weathering rates by lichens: a mini
watershed study. Chem. Geol. 188, 249-259.

Ahmed, E., Holmstrom, S.J.M., 2015. Microbe-mineral interactions: the impact of
surface attachment on mineral weathering and element selectivity by
microorganisms. Chem. Geol. 403, 13-23.

Allen, C.C., 1978. Desert varnish of the Sonoran Desert- Optical and electron probe
microanalysis. J. Geol. 86, 742-752.

Allen, M.F., 2007. Mycorrhizal Fungi: highways for Water and Nutrients in Arid Soils.
Vadose Zone J. 6, 291-297.

Allwood, A.C., Wade, L.A., Foote, M.C., Elam, W.T., Hurowitz, J.A., Battel, S., Dawson, D.
E., Denise, R.W., Ek, E.M., Gilbert, M.S., King, M.E., Christian, Liebe, C.C., Parker, T.,
Pedersen, D.A.K., Sharrow, R.F., Sondheim, M.E., Allen, G., Arnett, K., Au, M.H.,
Basset, C., Benn, M., Bousman, J.C., Braun, D., Zimmerman, R., Randall, D.P., 2020.
Planetary instrument for X-Ray lithochemistry. Space Sci. Rev. 216, 134.

AMAP, 2017. Snow, Water, Ice and Permafrost in the Arctic (SWIPA) 2017. Arctic
Monitoring and Assessment Programme (AMAP). Oslo, Norway. 269 pp.

Amundson, R., Ewing, S., Dietrich, W., Sutter, B., Owen, J., Chadwick, O., Nishiizumi, K.,
Walvoord, M., McKay, C., 2008. On the in situ aqueous alteration of soils on Mars.
Geochim. Cosmochim. Acta 72, 3845-3864.

Amundson, R., 2018. Meteoric water alteration of soil and landscapes at Meridiani
Planum, Mars. Earth Planet. Sci. Lett. 488, 155-167.

Andersen, M.C., Watts, J.M., Freilich, J.E., Yool, S.R., Wakefield, G.I., Mccauley, J.F.,
Fahnestock, P.B., 2000. Regression-tree modeling of desert tortoise habitat in the
Central Mojave Desert. Ecol. Appl. 10, 890-900.

Andraski, B.J., Jackson, W.A., Welborn, T.L., Bohlke, J.K., Sevanthi, R., Stonestrom, D.A.,
2014. Soil, plant, and terrain effects on natural perchlorate distribution in a desert
landscape. J. Environ. Qual. 43, 980-994.

19

Earth-Science Reviews 237 (2023) 104247

Antoine, C.M., Forrest, J.K., 2021. Nesting habitat of ground-nesting bees: a review. Ecol.
Entomol. 46, 143-159.

Arnalds, O., Dagsson-Waldhauserova, P., Olafsson, H., 2016. The Icelandic volcanic
aeolian environment: processes and impacts- a review. Aeolian Res. 20, 176-195.

Arnalds, O., 2015. Genesis and Mineralogical Characteristics. The Soils of Iceland.
Springer, Dordrecht.

Arnalds, O., 2004. Volcanic soils of Iceland. Catena 56, 3-20.

Arnalds, O., Kimble, J., 2001. Andisols of deserts in Iceland. Soil Sci. Soc. Am. J. 65,
1778-1786.

Arvidson, R.E., Ruff, S.W., Morris, R.V., Ming, D.W., Crumpler, L.S., Yen, A.S., Squyres, S.
W., Sullivan, R.J., Bell, J.F., Cabrol, N.A., Clark, B.C., Farrand, W.H., Gellert, R.,
Greenberger, R., Grant, J.A., Guinness, E.A., Herkenhoff, K.E., Hurowitz, J.A.,
Johnson, J.R., Klingelhofer, G., Lewis, K.W., Li, R., McCoy, T.J., Moersch, J.,
McSween, H.Y., Murchie, S.L., Schmidt, M., Schroder, C., Wang, A., Wiseman, S.,
Madsen, M.B., Goetz, W., McLennan, S.M., 2008. Spirit Mars Rover Mission to the
Columbia Hills, Gusev Crater: mission overview and selected results from the
Cumberland Ridge to Home Plate. J. Geophys. Res.-Planet. 113, E12S33.

Arvidson, R.E., Anderson, R.C., Bartlett, P., Bell, J.F., Christensen, P.R., Chu, P.,

Davis, K., Ehlmann, B.L., Golombek, M.P., Gorevan, S., Guinness, E.A.,
Haldemann, A.F.C., Herkenhoff, K.E., Landis, G., Li, R., Lindemann, R., Ming, D.W.,
Myrick, T., Parker, T., Richter, L., Seelos, F.P., Soderblom, L.A., Squyres, S.W.,
Sullivan, R.J., Wilson, J., 2004a. Localization and physical property experiments
conducted by opportunity at Meridiani Planum. Science 306, 1730-1733.

Arvidson, R.E., Anderson, R.C., Bartlett, P., Bell, J.F., Blaney, D., Christensen, P.R.,
Chu, P., Crumpler, L., Davis, K., Ehlmann, B.L., Fergason, R., Golombek, M.P.,
Gorevan, S., Grant, J.A., Greeley, R., Guinness, E.A., Haldemann, A.F.C.,
Herkenhoff, K., Johnson, J., Landis, G., Li, R., Lindemann, R., McSween, H., Ming, D.
W., Myrick, T., Richter, L., Seelos, F.P., Squyres, S.W., Sullivan, R.J., Wang, A,
Wilson, J., 2004b. Localization and physical properties experiments conducted by
Spirit at Gusev Crater. Science 305, 821-824.

Ashley, G.M., Delaney, J.S., 2017. In: “Critical Zones” on Mars and across the Solar
System, Lunar and Planetary Science Conference. Lunar and Planetary Institute,
Houston, TX, p. 1179.

Austin, J.C., Perry, A., Richter, D.D., Schroeder, P.A., 2018. Modifications of 2:1 clay
minerals in a kaolinite dominated Ultisol under changing land-use regimes. Clay
Clay Miner. 66, 61-73.

Azua-Bustos, A., 2019. Aeolian transport of viable microbial life across the Atacama
Desert, Chile: Implications for Mars. Sci. Rep. 9, 11024.

Bailey, S.J., Schwalbe, C.R., Lowe, C.H., 1995. Hibernaculum Use by a Population of
Desert Tortoises (Gopherus agassizii) in the Sonoran Desert. J. Herpetol. 29,
361-369.

Balks, M.R., Lopez-Martinez, J., Goryachkin, S., Mergelov, N., Schaefer, C., Simas, F.,
Almond, P., Claridge, G., Mcleod, M., Scarrow, J., 2013. Windows on Antarctic soil
landscape relationships: comparison across selected regions of Antarctica. Geological
Society, London, Special Publications. 381, 397-410.

Balogh-Brunstad, Z., Keller, C.K., Dickinson, J.T., Stevens, F., Li, C.Y., Bormann, B.T.,
2008. Biotite weathering and nutrient uptake by ectomycorrhizal fungus, Suillus
tomentosus, in liquid-culture experiments. Geochim. Cosmochim. Acta 72,
2601-2618.

Balogh-Brunstad, Z., Smart, K., Dohnalkova, A., Saccone, L., Smits, M.M., 2020. Micro-
and nanoscale techniques to explore bacteria and fungi interactions with silicate
minerals. In: Dontsova, K., Balogh-Brunstad, Z., Roux, G.L. (Eds.), Biogeochemical
Cycles. John Wiley & Sons Inc, pp. 33-58.

Banfield, J.F., Moreau, J.W., Chan, C.S., Welch, S.A., Little, B., 2001. Mineralogical
biosignatures and the search for life on Mars. Astrobiology 1, 447-465.

Banfield, J.F., Barker, W.W., Welch, S.A., Taunton, A., 1999. Biological impact on
mineral dissolution: application of the lichen model to understanding mineral
weathering in the rhizosphere. Proc. Natl. Acad. Sci. U. S. A. 96, 3404-3411.

Banfield, J.F., Ferruzzi, G.G., Casey, W.H., Westrich, H.R., 1995. HRTEM study
comparing naturally and experimentally weathered pyroxenoids. Geochim.
Cosmochim. Acta 59, 19-31.

Banfield, J.F., Eggleton, R.A., 1990. Analytical transmission electron microscope studies
of plagioclase, muscovite, and K- feldspar weathering. Clay Clay Miner. 38, 77-89.

Banfield, J.F., Eggleton, R.A., 1988. Transmission electron microscope study of biotite
weathering. Clay Clay Miner. 36, 47-60.

Banwart, S., 2011. Save our soils. Nature 474, 151-152.

Bar-On, Y.M., Phillips, R., Milo, R., 2018. The biomass distribution on Earth. PNAS 115,
6506-6511.

Baselt, I., Heinze, T., 2021. Rain, snow and frozen soil: open questions from a porescale
perspective with implications for Geohazards. Geosciences 11, 1-16.

Baumann, F., He, J., Schmidt, K., Kuhn, P., Scholten, T., 2009. Pedogenesis, permafrost,
and soil moisture as controlling factors for soil nitrogen and carbon contents across
the Tibetan Plateau. Glob Change Biol. 15, 3001-3017.

Baveye, P., Jacobson, A.R., Allaire, S.E., Tandarich, J.P., Bryant, R.B., 2006. Whither
goes soil science in the United States and Canada? Soil Sci. 171, 501-518.

Baveye, P.C., Baveye, J., Gowdy, J., 2016. Soil “ecosystem” services and natural capital:
critical appraisal of research on uncertain ground. Front. Environ. Sci.. 4, 41.

Bell, J.F., McSween, H.Y., Crisp, J.A., Morris, R.V., Murchie, S.L., Bridges, N.T.,
Johnson, J.R., Britt, D.T., Golombek, M.P., Moore, H.J., Ghosh, A., Bishop, J.L.,
Anderson, R.C., Bruckner, J., Economou, T., Greenwood, J.P., Gunnlaugsson, H.P.,
Hargraves, R.M., Hviid, S., Knudsen, J.M., Madsen, M.B., Reid, R., Rieder, R.,
Soderblom, L., 2000. Mineralogic and compositional properties of Martian soil and
dust: results from Mars Pathfinder. J. Geophys. Res.-Planet. 105, 1721-1755.

BERAC, 2010. Grand Challenges for Biological and Environmental Research: A Long-
Term Vision. A Report from the Biological and Environmental Research Advisory
Committee March 2010 Workshop, DOE/SC-0135, BERAC Steering Committee on


http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031342426515
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031342426515
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050942034353
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050942034353
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050942034353
http://refhub.elsevier.com/S0012-8252(22)00331-2/optqsmMAYps3t
http://refhub.elsevier.com/S0012-8252(22)00331-2/optqsmMAYps3t
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050942179513
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050942179513
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050926100356
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050926100356
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050926100356
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050926100356
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050926100356
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031343282195
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031343282195
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050942242083
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050942242083
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050942242083
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031343543965
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031343543965
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050942369873
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050942369873
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050942369873
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050942455053
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050942455053
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050942455053
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031344310845
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031344310845
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050942514113
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050942514113
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031345095575
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031345095575
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050942569223
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050943030883
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050943030883
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050927067347
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050927067347
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050927067347
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050927067347
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050927067347
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050927067347
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050927067347
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050927067347
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031345437775
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031345437775
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031345437775
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031345437775
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031345437775
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031345437775
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031346011275
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031346011275
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031346011275
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031346011275
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031346011275
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031346011275
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031346011275
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031346445585
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031346445585
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031346445585
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050943301354
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050943301354
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050943301354
http://refhub.elsevier.com/S0012-8252(22)00331-2/opt44iUexax4Z
http://refhub.elsevier.com/S0012-8252(22)00331-2/opt44iUexax4Z
http://refhub.elsevier.com/S0012-8252(22)00331-2/optlocbsVvYQ6
http://refhub.elsevier.com/S0012-8252(22)00331-2/optlocbsVvYQ6
http://refhub.elsevier.com/S0012-8252(22)00331-2/optlocbsVvYQ6
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031347021065
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031347021065
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031347021065
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031347021065
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031348268405
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031348268405
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031348268405
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031348268405
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031347152735
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031347152735
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031347152735
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031347152735
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050943478194
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050943478194
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050943565584
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050943565584
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050943565584
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050944071255
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050944071255
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050944071255
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031348322005
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031348322005
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031348352005
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031348352005
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050944405055
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050944431015
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050944431015
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031348469555
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031348469555
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031348572055
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031348572055
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031348572055
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050944488675
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050944488675
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031349269825
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031349269825
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031349335105
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031349335105
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031349335105
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031349335105
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031349335105
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031349335105
http://refhub.elsevier.com/S0012-8252(22)00331-2/optjMBfMKPCEr
http://refhub.elsevier.com/S0012-8252(22)00331-2/optjMBfMKPCEr
http://refhub.elsevier.com/S0012-8252(22)00331-2/optjMBfMKPCEr

R.A. Lybrand

Grand Research Challenges for Biological and Environmental Research (science.doe.
gov/ober/berac/BER_LTVreport.pdf).

Bernheim, M., Shanas, U., Bar-Massada, A., 2019. Soil type impacts macrohabitat
selection and spatiotemporal activity patterns of Testudo graeca in an Eastern
Mediterranean Ecosystem. Copeia 107, 332-340.

Berliner, A.J., Hilzinger, J.M., Abel, A.J., McNulty, M.J., Makrygiorgos, G., Averesch, N.
J.H., Gupta, S.S., Benvenuti, A., Caddell, D.F., Cestellos-Blanco, S., Doloman, A.,
Friedline, S., Ho, D., Gu, W., Hill, A., Kusuma, P., Lipsky, L., Mirkovic, M., Meraz, J.
L., Pane, V., Sander, K.B., Shi, F., Skerker, J.M., Styer, A., Valgardson, K.,
Wetmore, K., Woo, S., Xiong, Y., Yates, K., Zhang, C., Zhen, S., Bugbee, B., Clark, D.
S., Coleman-Derr, D., Mesbah, A., Nandi, S., Waymouth, R.M., Yang, P., Criddle, C.S.,
McDonald, K.A., Seefeldt, L.C., Menezes, A.A., Arkin, A.P., 2021. Towards a
biomanufactory on Mars. Front. Astron. Space Sci. 19, 711550.

Berner, R.A., Holdren, G.R., 1979. Mechanism of feldspar weathering-II. Observations of
feldspars from soils. Geochim. Cosmochim. Acta 43, 1173-1186.

Berner, E.K., Berner, R.A., 1987. The Global Water Cycle: Geochemistry and
Envrionment. Prentice Hall Inc, Englewood Cliffs, N.J.

Berner, R.A., Cochran, M.F., 1998. Plant-induced weathering of Hawaiian basalts.

J. Sediment. Res. 68, 723-726.

Berner, R.A., 2004. The Phanerozoic Carbon Cycle: CO2 and O2. Oxford University Press,
Oxford.

Berry, K.H., Turner, F.B., 1984. Notes on the behavior and habitat preferences of juvenile
Desert Tortoises (Gopherus agassizii). Proceedings of the Desert Tortoise Council
Symposium 1984, 111-130.

Blank, R.R., Cochran, B., Fosberg, M.A., 1998. Duripans of Southwestern Idaho:
polygenesis during the Quaternary deduced through micromorphology. Soil Sci. Soc.
Am. J. 62, 701-709.

Bishop, J.L., Murchie, S.L., Pieters, C.M., Zent, A.P., 2002. A model for formation of dust,
soil, and rock coatings on Mars: physical and chemical processes on the Martian
surface. J. Geophys. Res.-Planet. 107, 7-1 — 7-17.

Bockheim, J.G., 2002. Landform and soil development in the McMurdo Dry Valleys,
Antarctica: a regional synthesis. Arct. Antarct. Alp. Res. 34, 308-317.

Bockheim, J.G., 1982. Properties of a chronosequence of ultraxerous soils in the Trans
Antarctic Mountains. Geoderma 28, 239-255.

Bockheim, J.G., 1997. Properties and classification of cold desert soils from Antarctica.
Soil Sci. Soc. Am. J. 61, 224-231.

Bockheim, J.G., 1990. Soil development rates in the Transantarctic Mountains.
Geoderma 47, 59-77.

Boettinger, J.L., Southard, R.J., 1990. Micromorphology and mineralogy of a calcareous
duripan formed in granitic residuum, Mojave Desert, California, USA. In: Douglas, L.
A. (Ed.), Soil Micromorphology: A Basic and Applied Science. Elsevier, Amsterdam,
pp. 409-415.

Bonneville, S., Bray, A.W., Benning, L.G., 2016. Structural Fe(II) oxidation in biotite by
an ectomycorrhizal fungi drives mechanical forcing. Environ. Sci. Technol. 50,
5589-5596.

Bonneville, S., Morgan, D.J., Schmalenberger, A., Bray, A., Brown, A., Banwart, S.A.,
Benning, L.G., 2011. Tree-mycorrhiza symbiosis accelerate mineral weathering:
evidences from nanometer-scale elemental fluxes at the hypha-mineral interface.
Geochim. Cosmochim. Acta 22, 6988-7005.

Bonneville, S., Smits, M.M., Brown, A., Harrington, J., Leake, J.R., Brydson, R.,
Benning, L.G., 2009. Plant-driven fungal weathering: early stages of mineral
alteration at the nanometer scale. Geology 37, 615-618.

Bormann, B.T., Wang, D., Bormann, F.H., Benoit, G., April, R., Snyder, M.C., 1998.
Rapid, plant-induced weathering in an aggrading experimental ecosystem.
Biogeochemistry 43, 129-155.

Boston, P.J., Spilde, M.N., Northup, D.E., Melim, L.A., Soroka, D.S., Kleina, L.G.,
Lavoie, K.H., Hose, L.D., Mallory, L.M., Dahm, C.N., Crossey, L.J., Schelble, R.T.,
2001. Cave biosignature suites: microbes, minerals, and Mars. Astrobiology 1,
25-55.

Boulet, R., Fritsch, E., Filizola, H.F., de Araujo Filho, J.C., Leprun, J.C., Barretto, F.,
Balan, E., Tessier, D., 1998. Iron bands, fragipans and duripans in the northeastern
plateaus of Brazil- properties and genesis. Can. J. Soil Sci. 78, 519-530.

Brantley, S.L., Megonigal, J.P., Scatena, F.N., Balogh-Brunstad, Z., Barnes, R.T.,

Bruns, M.A., Van Cappellen, P., Dontsova, K., Hartnett, H.E., Hartshorn, A.S.,
Heimsath, A., Herndon, E., Jin, L., Keller, C.K., Leake, J.R., McDowell, W.H.,
Meinzer, F.C., Mozdzer, T.J., Petsch, S., Pett-Ridge, J., Pregitzer, K.S., Raymond, P.
A., Riebe, C.S., Shumaker, K., Sutton-Grier, A., Walter, R., Yoo, K., 2011. Twelve
testable hypotheses on the geo- biology of weathering. Geobiology 9, 140-165.

Brock, A., Buck, B.J., 2007. Pedogenic barite, palygorskite, and sepiolite in petrocalcic
horizons at Mormon Mesa, Nevada: implications for soil water movement. GSA
Abstracts with Programs 39 (6), 248.

Broz, A., 2020. Organic matter preservation in ancient soils of Earth and Mars. Life. 10,
113.

Buck, B.J., Wolff, K., Merkler, D.J., McMillan, N.J., 2006. Salt mineralogy of Las Vegas
Wash, Nevada: morphology and subsurface evaporation. Soil Sci. Soc. Am. J. 70,
1639-1651.

Bugbee, B.G., Salisbury, F.B., 1988. Exploring the limits of crop productivity I.
Photosynthetic efficiency of wheat in high irradiance environments. Plant Physiol.
88, 869-878.

Burford, E.P., Fominda, M., Gadd, G.M., 2003. Fungal involvement in bioweathering and
biotransformation of rocks and minerals. Mineral. Mag. 67, 1127-1155.

Burghelea, C., Zaharescu, D.G., Dontsova, K., Maier, R., Huxman, T., Chorover, J., 2015.
Mineral nutrient mobilization by plants from rock: influence of rock type and
arbuscular mycorrhiza. Biogeochemistry 124, 187-203.

20

Earth-Science Reviews 237 (2023) 104247

Buss, H.L., Lara, M.C., Moore, O.W., Kurtz, A.C., Schulz, M.S., White, A.F., 2017.
Lithological influences on contemporary and long-term regolith weathering at the
Luquillo critical Zone Observatory. Geochim. Cosmochim. Acta 196, 224-251.

Buss, H.L., Luttge, A., Brantley, S.L., 2007. Etch pit formation on iron silicate surfaces
during siderophore-promoted dissolution. Chem. Geol. 240, 326-342.

Byrne, J.M., Laan, G.V.D., Figueroa, A.L., Qafoku, O., Wang, C., Pearce, C.1., Jackson, M.,
Feinberg, J., Rosso, K.M., Kappler, A., 2016. Size dependent microbial oxidation and
reduction of magnetite nano and micro-particles. Sci. Rep. 6, 30969.

Cady, S.L., Farmer, J.D., Grotzinger, J.P., Schopf, J.W., Steele, A., 2003. Morphological
biosignatures and the search for life on Mars. Astrobiology 3, 351-368.

Cady, S.L., Farmer, J.D., 1996. Fossilization processes in siliceous thermal springs: trends
in preservation along thermal gradients. In: Bock, G.R., Goode, J.A. (Eds.), Evolution
of Hydrothermal Ecosystems on Earth (and Mars?), Ciba Foundation Symposium
202. John Wiley and Sons, Chichester, UK, pp. 150-173.

California Space Grant Consortium, 2022.. About National Space Grant- The National
Space Grant College and Fellowship Program. California Space Grant. Accessed on
January 18th, 2022, casgc.ucsd.edu/?page_id=16.

Cameron, R.E., 1963. The role of soil science in space exploration. Space Sci. Rev. 2,
297-312.

Cane, J.H., Neff, J.L., 2011. Predicted fates of ground-nesting bees in soil heated by
wildfire: thermal tolerances of life stages and a survey of nesting depths. Biol.
Conserv. 144, 2631-2636.

Cane, J.H., 2008. A native ground-nesting bee (Nomia melanderi) sustainably managed
to pollinate alfalfa across an intensively agricultural landscape. Apidologie 39,
315-323.

Cane, J., H., 1991. Soils of ground-nesting bees (Hymenoptera: Apoidea): texture,
moisture, cell depth and climate. J. Kansas Entomol. Soc. 64, 406-413.

Cannon, K.M., Britt, D.T., 2019. Feeding one million people on Mars. New Space 7, 1-10.
Cannon, K.M., Britt, D.T., Smith, T.M., Fritsche, R.F., Batcheldor, D., 2019. Mars global
simulant MGS-1: a Rocknest-based open standard for basaltic Martian regolith

simulants. Icarus 317, 470-478.

Carlisle, L., 2020. Activating Neighborliness Frames: Drawing on Culturally-Relevant
Discourses of Community to Build a Stronger and More Diverse Environmental
Movement. Front. Commun. 5, 1-4.

Cary, S.C., McDonald, LR., Barrett, J.E., Cowan, D.A., 2010. On the rocks: the
microbiology of Antarctic dry valley soils. Nat. Rev. Microbiol. 8, 129-138.

Certini, G., Scalenghe, R., Amundson, R., 2009. A view of extraterrestrial soils. Eur. J.
Soil Sci. 60, 1078-1092.

Chadburn, S.E., Burke, E.J., Cox, P.M., Friedlingstein, P., Hugelius, G., Westermann, S.,
2017. An observation-based constraint on permafrost loss as a function of global
warming. Nat. Clim. Change 7, 340-344.

Chadwick, O.A., Hendricks, D.M., Nettleton, W.D., 1989. Silification of Holocene soils in
northern Monitor Valley, Nevada. Soil Sci. Soc. Am. J. 53, 158-164.

Chan, M.A., Bowen, B.B., Corsetti, F.A., Farrand, W.H., Law, E.S., Newsom, H.E., Perl, S.
M., Spear, J.R., Thompson, D.R., 2019. Exploring, Mapping, and Data Management
Integration of Habitable Environments in Astrobiology. Front. Microbiol. 10, 147.

Chen, L., Liang, J., Qin, S., Liu, L., Fang, K., Xu, Y., Ding, J., Li, F., Luo, Y., Yang, Y., 2016.
Determinants of carbon release from the active layer and permafrost deposits on the
Tibetan Plateau. Nat. Commun. 7, 13046.

Crits-Christoph, A., Diamond, S., Butterfield, C.N., Thomas, B.C., Banfield, J.F., 2018.
Novel soil bacteria possess diverse genes for secondary metabolite biosynthesis.
Nature 558, 440-444.

Claridge, G.G.C., Campbell, 1.B., 1977. The salts in Antarctic soils, their distribution and
relationship to soil processes. Soil Sci. 123, 377-384.

Coluzza, 1., Creamean, J., Rossi, M.J., Wex, H., Alpert, P.A., Bianco, V., Boose, Y.,
Dellago, C., Felgitsch, L., Frohlich-Nowoisky, J., Herrmann, H., Jungblut, S., Kanji, Z.
A., Menzl, G., Moffett, B., Moritz, C., Mutzel, A., Poschl, U., Schauperl, M., Scheel, J.,
Stopelli, E., Stratmann, F., Grothe, H., Schmale III, D.G., 2017. Perspectives on the
future of ice nucleation research: research needs and unanswered questions
identified from two international workshops. Atmosphere 8, 1-28.

Conen, F., Yakutin, M.V., 2018. Soils rich in biological ice-nucleating particles abound in
ice-nucleating macromolecules likely produced by fungi. Biogeosciences 15,
4381-4385.

Conen, F., Morris, C.E., Leifeld, J., Yakutin, M.V., Alewell, C., 2011. Biological residues
define the ice nucleation properties of soil dust. Atmos. Chem. Phys. 11, 9643-9648.

Chow, B.J., Chen, T., Zhong, Y., Wang, M., Qiao, Y., 2017. Compaction of
montmorillonite in ultra-dry state. Adv. Space Res. 60, 1443-1452.

Cuadros, J., 2017. Clay minerals interaction with microorganisms: a review. Clay Miner.
52, 235-261.

Cull, S.C., Arvidson, R.E., Catalano, J.G., Ming, D.W., Morris, R.V., Mellon, M.T.,
Lemmon, M., 2010. Concentrated perchlorate at the Mars Phoenix landing site:
evidence for thin film liquid water on Mars. Geophys. Res. Lett. 37, L22203.

Culliney, T.W., 2013. Role of Arthropods in Maintaining Soil Fertility. Agriculture 3,
629-659.

Dahlgren, R.A., Boettinger, J.L., Huntington, G.L., Amundson, R.G., 1997. Soil
development along an elevational transect in the western Sierra Nevada, California.
Geoderma 78, 207-236.

Davila, A.F., Schulze-Makuch, D., 2016. The last possible outposts for life on Mars.
Astrobiology 16, 159-168.

Davila, A.F., Duport, L.G., Melchiorri, R., Janchen, J., Valea, S., Rios, A., Fairen, A.G.,
Mohlmann, D., McKay, C.P., Ascaso, C., Wierzchos, J., 2010. Hygroscopic salts and
the potential for life on Mars. Astrobiology 10, 617-630.

Davila, A.F., Willson, D., Coates, J.D., McKay, C.P., 2013. Perchlorate on Mars: a
chemical hazard and a resource for humans. Int. J. Astrobiol. 12, 1-5.


http://refhub.elsevier.com/S0012-8252(22)00331-2/optjMBfMKPCEr
http://refhub.elsevier.com/S0012-8252(22)00331-2/optjMBfMKPCEr
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031350097055
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031350097055
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031350097055
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031350203195
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031350203195
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031350203195
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031350203195
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031350203195
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031350203195
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031350203195
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031350203195
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031350237705
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031350237705
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031350268655
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031350268655
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050945162864
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050945162864
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031350355375
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031350355375
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031350419065
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031350419065
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031350419065
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050945422324
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050945422324
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050945422324
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031351226735
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031351226735
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031351226735
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050945462364
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050945462364
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050945495504
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050945495504
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050945578274
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050945578274
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050946147964
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050946147964
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031351559845
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031351559845
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031351559845
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031351559845
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050946299714
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050946299714
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050946299714
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031352216955
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031352216955
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031352216955
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031352216955
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050946395904
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050946395904
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050946395904
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031352264395
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031352264395
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031352264395
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050946526094
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050946526094
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050946526094
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050946526094
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031352293765
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031352293765
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031352293765
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031352399625
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031352399625
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031352399625
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031352399625
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031352399625
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031352399625
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031352502875
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031352502875
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031352502875
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031352554565
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031352554565
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050947199694
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050947199694
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050947199694
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050947266364
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050947266364
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050947266364
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031353068245
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031353068245
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050947287484
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050947287484
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050947287484
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031353128065
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031353128065
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031353128065
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050947307484
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050947307484
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031353242835
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031353242835
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031353242835
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050947383454
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050947383454
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031354351474
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031354351474
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031354351474
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031354351474
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031355292245
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031355292245
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031355292245
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050947597804
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050947597804
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050948056614
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050948056614
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050948056614
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050948085834
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050948085834
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050948085834
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050932114826
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050932114826
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031356166326
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050949238654
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050949238654
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050949238654
http://refhub.elsevier.com/S0012-8252(22)00331-2/opt95rFFlwWyh
http://refhub.elsevier.com/S0012-8252(22)00331-2/opt95rFFlwWyh
http://refhub.elsevier.com/S0012-8252(22)00331-2/opt95rFFlwWyh
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050949320164
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050949320164
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050949342434
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050949342434
http://refhub.elsevier.com/S0012-8252(22)00331-2/optpgrBUPbIMK
http://refhub.elsevier.com/S0012-8252(22)00331-2/optpgrBUPbIMK
http://refhub.elsevier.com/S0012-8252(22)00331-2/optpgrBUPbIMK
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050949399683
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050949399683
http://refhub.elsevier.com/S0012-8252(22)00331-2/optkuq3DAsCRi
http://refhub.elsevier.com/S0012-8252(22)00331-2/optkuq3DAsCRi
http://refhub.elsevier.com/S0012-8252(22)00331-2/optkuq3DAsCRi
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050949423704
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050949423704
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050949423704
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050949480244
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050949480244
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050949480244
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050950137603
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050950137603
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031357011736
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031357011736
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031357011736
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031357011736
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031357011736
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031357011736
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050932149216
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050932149216
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050932149216
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050932187066
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050932187066
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050932205806
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050932205806
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050932218236
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050932218236
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031320074976
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031320074976
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031320074976
http://refhub.elsevier.com/S0012-8252(22)00331-2/optDdazhF3iqR
http://refhub.elsevier.com/S0012-8252(22)00331-2/optDdazhF3iqR
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031320422606
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031320422606
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031320422606
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050932313816
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050932313816
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031321014807
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031321014807
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031321014807
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031321068707
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031321068707

R.A. Lybrand

DeMott, P.J., Sassen, K., Poellot, M.R., Baumgardner, D., Rogers, D.C., Brooks, S.D.,
Prenni, A.J., Kreidenweis, S.M., 2003. African dust aerosols as atmospheric ice
nuclei. Geophys. Res. Lett. 30, 1-4.

Descroix, L., Mathys, N., 2003. Processes, spatio-temporal factors and measurements of
current erosion in the French Southern Alps: a review. Earth Surf. Proc. Land. 28,
993-1011.

Des Marais, D.J., 2013. Planetary climate and the search for life. In: Mackwell, S.J.,
Simon-Miller, A.A., Harder, J.W., Bullock, M.A. (Eds.), Comparative Climatology of
Terrestrial Planets. University of Arizona Press, Tucson, pp. 583-601.

Des Marais, D.J., Nuth III, J.A., Allamandola, L.J., Boss, A.P., Farmer, J.D., Hoehler, T.M.,
Jakosky, B.M., Meadows, V.S., Pohorille, A., Runnegar, B., Spormann, A.M., 2008.
The NASA Astrobiology Roadmap. Astrobiology 8, 715-730.

Dessert, C., Dupre, B., Gaillardetb, J., Francois, L.M., Alle’gre, C.J., 2003. Basalt
weathering laws and the impact of basalt weathering on the global carbon cycle.
Chem. Geol. 202, 257-273.

Dewanckele, J., Boone, M.A., De Kock, T., De Boever, W., Brabant, L., Boone, M.N.,
Fronteau, G., Dils, J., Van Hoorebeke, L., Jacobs, P., Cnudde, V., 2013. Holistic
approach of pre-existing flaws on the decay of two limestones. Sci. Total Environ.
447, 403-414.

Dillard, L.O., Russell, K.R., Ford, W.M., 2008. Macrohabitat models of occurrence for the
threatened Cheat Mountain salamander, Plethodon nettingi. Appl. Herpetol. 5,
201-224.

Dixon, J.L., Heimsath, A.M., Amundson, R., 2009. The critical role of climate and
saprolite weathering in landscape evolution. Earth Surf. Proc. Land. 34, 1507-1521.

Dohnalkova, A.C., Tfaily, M.M., Smith, A.P., Chu, R.K., Crump, A.R., Brislawn, C.J.,
Varga, T., Shi, Z., Thomashow, L.S., Harsh, J.B., Keller, C.K., 2017. Molecular and
microscopic insights into the formation of soil organic matter in a red pine
rhizosphere. Soils 1, 1-20.

Dong, Y., Su, C., Qiao, P., Sun, L.Z., 2018. Microstructural damage evolution and its
effect on fracture behavior of concrete subjected to freeze-thaw cycles. Int. J.
Damage Mech. 27, 1272-1288.

Dontsova, K., Balogh-Brunstad, Z., Chorover, J., 2020. Plants as drivers of rock
weathering. In: Dontsova, K., Balogh-Brunstad, Z., Roux, G.L. (Eds.), Biogeochemical
Cycles. John Wiley & Sons Inc, pp. 33-58.

Dorminey, B., 2021. NASA Pulls Plug on InSight Lander’s Mars Mole. Forbes Magazine,.
Accessed on February 17th, 2022. forbes.com/sites/brucedorminey/2021/01/15/
nasa-pulls-plug-on-insight-landers-mars-mole/?sh=2d2ad9240b9%e.

Dorn, R.I., Gordon, S.J., Krinsley, D., Langworthy, K., 2013. Nanoscale: mineral
weathering boundary. In: Shroder, J.(Editor in Chief), Pope, G.A. (Eds.), Treatise on
Geomorphology, vol. 4. Academic Press, San Diego, CA, pp. 44-69. Weathering and
Soils Geomorphology.

Duda, J.J., Kryzsik, A.J., Freilich, J.E., 1999. Effects of drought on desert tortoise
movement and activity. J. Wildlife Manage. 63, 1181-1192.

Duda, J.J., Krzysik, A.J., Meloche, J.M., 2002. Spatial organization of desert tortoises and
their burrows at a landscape scale. Chelonian Conserv. Bi. 4, 387-397.

Duniway, M.C., Herrick, J.E., Monger, H.C., 2007. The high water-holding capacity of
petrocalcic horizons. Soil Sci. Soc. Am. J. 71, 812-819.

Duniway, M.C., 2006. The functional role of petrocalcic horizons in desert ecosystems:
spatial and temporal dynamics of plant water availability [Ph.D. Dissertation]. New
Mexico State Univeristy, Las Cruces, New Mexico, USA.

Duri, L.G., Caporale, A.G., Rouphael, Y., Vingiani, S., Palladino, M., De Pascale, S.,
Adamo, P., 2022. The potential for Lunar and Martian Regolith simulants to sustain
plant growth: a multidisciplinary overview. Front. Astron. Space Sci. 8, 1-16.

Eck, D.V., Hirmas, D.R., Gimenez, D., 2013. Quantifying soil structure from field
excavation walls using multistripe laser triangulation scanning. Soil Sci. Soc. Am. J.
77, 1319-1328.

Eggleton, R.A., Buseck, P.R., 1980. High. Clay Clay Miner. 28, 173-178.

El-Maarry, M.R., Watters, W., McKeown, N.K., Carter, J., Bishop, J.L., Pommerol, A.,
Thomas, N., 2014. Potential desiccation cracks on Mars: a synthesis from modeling,
analogue-field studies, and global observations. Icarus 241, 248-268.

Engel, C.G., Sharp, R.P., 1958. Chemical data on desert varnish. Geol. Soc. Am. Bull. 69,
487-518.

Eiriksdottir, E.S., Gislason, S.R., Oelkers, E.H., 2015. Direct evidence of the feedback
between climate and nutrient, major, and trace element transport to the oceans.
Geochim. Cosmochim. Acta 166, 249-266.

Ewing, S.A., Macalady, J.L., Warren-Rhodes, K., McKay, C.P., Amundson, R., 2008.
Changes in the soil C cycle at the arid-hyperarid transition in the Atacama Desert.
J. Geophys. Res.-Biogeo. 113, 1-16.

Ewing, S.A., Southard, R.J., Macalady, J.L., Hartshorn, A.S., Johnson, M.J., 2007. Soil
microbial fingerprints, carbon, and nitrogen in a Mojave Desert Creosote-Bush
Ecosystem. Soil Sci. Soc. Am. J. 71, 469-475.

Ewing, S.A., Sutter, B., Owen, J., Nishiizumi, K., Sharp, W., Cliff, S.S., Perry, K.,
Dietrich, W., McKay, C.P., Amundson, R., 2006. A threshold in soil formation at
Earth’s arid-hyperarid transition. Geochim. Cosmochim. Acta 70, 5293-5322.

Farmer, J.D., Des Marais, D.J., 1999. Exploring for a record of ancient martian life.

J. Geophys. Res. 104, 977-995.

Farr, T.G., 2004. Terrestrial analogs to Mars: the NRC community decadal report. Planet.
Space Sci. 52, 3-10.

Finlay, R.D., Mahmood, S., Rosenstock, N., Bolou-Bi, E.B., Kohler, S.J., Fahad, Z.,
Rosling, A., Wallander, H., Belyazid, S., Bishop, K., Lian, B., 2020. Reviews and
syntheses: biological weathering and its consequences at different spatial levels —
from nanoscale to global scale. Biogeosciences 17, 1507-1533.

Finlay, R., Wallander, H., Smits, M., Holmstrom, S., Hees, P., Lian, B., Rosling, A., 2009.
The role of fungi in biogenic weathering in boreal forest soils. Fungal Biol. Rev. 23,
101-106.

21

Earth-Science Reviews 237 (2023) 104247

Fisk, M.R., Storrie-Lombardi, M.C., Douglas, S., Popa, R., McDonald, G., Meo-Savoie, C.
D., 2003. Evidence of biological activity in Hawaiian subsurface basalts. Geochem.
Geophy. Geosy. 4, 1-24.

Flach, K.W., Nettleton, W.D., Gile, L.H., Cady, J.G., 1969. Pedocementation: formation of
indurated soil horizons by silica, calcium carbonate, and sesquioxides. Soil Sci. 107,
442-453.

Food and Agriculture Organization of the United Nations, 2015. Status of the World’s
Soil Resources (SWSR) - Main Report. Food and Agriculture Organization of the
United Nations and Intergovernmental Technical Panel on Soils, Rome, Italy.

Fortel, L., Henry, M., Guilbaud, L., Mouret, H., Vaissiere, B.E., 2016. Use of human-made
nesting structures by wild bees in an urban environment. J. Insect Conserv. 20,
239-253.

Fox, C.A., Protz, R., 1981. Definition of fabric distributions to characterize the
rearrangement of soil particles in the Turbic Cryosols. Can. J. Soil Sci. 61, 29-34.

Frazier, C.S., Graham, R.C., 2000. Pedogenic transformation of fractured granitic
bedrock, Southern California. Soil Sci. Soc. Am. J. 64, 2057-2069.

Frings, P.J., Buss, H.L., 2019. The central role of weathering in the geosciences.
Elements. 15, 229-234.

Gadd, G.M., Bahri-Esfahani, J., Li, Q., Rhee, Y.J., Wei, Z., Fomina, M., Liang, X., 2014.
Oxalate production by fungi: significance in geomycology, biodeterioration and
bioremediation. Fungal Biol. Rev. 28, 36-55.

Frith, H.J., 1956. Temperature regulation in the nesting mounds of the mallee-fowl,
Leipoa ocellata Gould. CSIRO Wildlife Research 1, 79-95.

Gadd, G.M., 2007. Geomycology: biogeochemical transformations of rocks, minerals,
metals and radionuclides by fungi, bioweathering and bioremediation. Mycol. Res.
111, 3-49.

Gaillardet, J., Dupre, B., Louvat, P., Allegre, C.J., 1999. Global silicate weathering and
CO consumption rates deduced from the chemistry of large rivers. Chem. Geol. 159,
3-30.

Gao, Z., Hu, X., Li, X., Li, Z., 2021. Effects of freeze-thaw cycles on soil macropores and
its implications on formation of hummocks in alpine meadows in the Qinghai Lake
watershed, northeastern Qinghai-Tibet Plateau. J. Soils Sediments 21, 245-256.

Gaskill, M., 2019. Harnessing the power of microbes for mining in space. Phys. Org.,
Astronomy & Space. Accessed on December 20th, 2022. phys.org/news/2019-07-
harnessing-power-microbes-space.html.

Gazze, S.A., Saccone, L., Ragnarsdottir, V.K., Smits, M.M., Duran, A.L., Leake, J.R.,
Banwart, S.A., McCaster, T.J., 2012. Nanoscale channels on ectomycorrhizal-
colonized chlorite: evidence for plant-driven fungal dissolution. J. Geophys. Res.-
Biogeo. 117, 1-8.

Gellert, R., Rieder, R., Anderson, R.C., Bruckner, J., Clark, B.C., Dreibus, G.,
Economou, T., Klingelhofer, G., Lugmair, G.W., Ming, D.W., Squyres, S.W.,
D’Uston, C., Wanke, H., Yen, A., Zipfel, J., 2004. Chemistry of rocks and soils in
Gusev crater from the alpha particle X-ray spectrometer. Science 305, 829-832.

Gentsch, N., Mikutta, R., Shibistova, O., Wild, B., Schnecker, J., Richter, A., Urich, T.,
Gittel, A., Santriickovd, H., Barta, J., Lashchinskiy, N., Mueller, C.W., FuB, R.,
Guggenberger, G., 2015. Properties and bioavailability of particulate and mineral-
associated organic matter in Arctic permafrost soils, Lower Kolyma Region,Russia.
Eur. J. Soil Sci. 66, 722-734.

Germano, D.J., Bruce Bury, R., Esque, T.C., Fritts, T.H., Medica, P.A., 1994. Range and
habitats of the desert tortoise. In: Bury, R.B., Germano, D.J. (Eds.), Biology of North
American tortoises. National Biological Survey, Fish and Wildlife Research 13,
pp. 73-84.

Gile, L.H., Peterson, F.F., Grossman, R.B., 1966. Morphological and genetic sequences of
carbonate accumulation in desert soils. Soil Sci. 101, 347-360.

Gillespie, A.W., Sanei, H., Diochon, A, Ellert, B.H., Regier, T.Z., Chevrier, D., Dynes, J.J.,
Tarnocai, C., Gregorich, E.G., 2014. Perennially and annually frozen soil carbon
differ in their susceptibility to decomposition: analysis of Subarctic earth hummocks
by bioassay, XANES and pyrolysis. Soil Biol. Biochem. 68, 106-116.

Glavin, D.P., Freissinet, C., Miller, K.E., Eigenbrode, J.L., Brunner, A.E., Buch, A,,
Sutter, B., Archer, D.P., Atreya, S.K., Brinckerhoff, W.B., Cabane, M., Coll, P.,
Conrad, P.G., Coscia, D., Dworkin, J.P., Franz, H.B., Grotzinger, J.P., Leshin, L.A,,
Martin, M.G., McKay, C., Ming, D.W., Navarro-Gonzalez, R., Pavlov, A., Steele, A.,
Steele, A., Summons, R.E., Szopa, C., Teinturier, S., Mahaffy, P.R., 2013. Evidence
for perchlorates and the origin of chlorinated hydrocarbons detected by SAM at the
Rocknest aeolian deposit in Gale Crater. J. Geophys. Res.-Planet. 118, 1955-1973.

Goetz, W., Pike, W.T., Hviid, S.F., Madsen, M.B., Morris, R.V., Hecht, M.H., Staufer, U.,
Leer, K., Sykulska, H., Hemmig, E., Marshall, J., Morookian, J.M., Parrat, D.,
Vijendran, S., Bos, B.J., El Maarry, M.R., Keller, H.U., Kramm, R., Markiwicz, W.J.,
Drube, L., Blaney, D., Arvidson, R.E., Bell III, J.F., Reynolds, R., Smith, P.H.,
Woida, P., Woida, R., Tanner, R., 2010. Microscopy analysis of soils at the Phoenix
landing site, Mars: classification of soil particles and description of their optical and
magnetic properties. J. Geophys. Res.-Planet. 115, EOOE22.

Goetz, W., Brinckerhoff, W.B., Arevalo Jr., R., Freissinet, C., Getty, S., Glavin, D.P., et al.,
2016. MOMA: the challenge to search for organics and biosignatures on Mars. Int. J.
Astrobiol. 15, 239-250.

Goll, D.S., Vuichard, N., Maignam, F., Jornet-Puig, A., Saradans, J., Violette, A., Peng, S.,
Sun, Y., Kvakic, M., Guimberteau, M., Guenet, B., Zaehle, S., Penuelas, J.,
Janssens, 1., Ciais, P., 2017. A representation of the phosphorus cycle for Orchidee
(Revision 4520). Geosci. Model Dev. 10, 3745-3770.

Golombek, M., Warner, N.H., Grant, J.A., Hauber, E., Ansan, V., Weitz, C.M.,
Williams, N., Charalambous, C., Wilson, S.A., DeMott, A., Kopp, M., Lethcoe-
Wilson, H., Berger, L., Hausmann, R., Marteau, E., Vrettos, C., Trussell, A.,
Folkner, W., Le Maistre, S., Grott, M., Spohn, T., Piqueux, S., Millour, E., Forget, F.,
Daubar, 1., Murdoch, N., Lognonne, P., Perrin, C., Rodriguez, S., Pike, W.T.,
Parker, T., Maki, J., Abarca, H., Deen, R., Hall, J., Andres, P., Ruoff, N., Calef, F.,
Smrekar, S., Baker, M.M., Banks, M., Spiga, A., Banfield, D., Garvin, J., Newman, C.


http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031321102537
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031321102537
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031321102537
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050932471456
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050932471456
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050932471456
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031321173027
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031321173027
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031321173027
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031321239447
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031321239447
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031321239447
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031452381597
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031452381597
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031452381597
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031452414897
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031452414897
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031452414897
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031452414897
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031322449744
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031322449744
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031322449744
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031322485014
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031322485014
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031324113517
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031324113517
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031324113517
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031324113517
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050933133386
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050933133386
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050933133386
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031324195496
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031324195496
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031324195496
https://www.forbes.com/sites/brucedorminey/2021/01/15/nasa-pulls-plug-on-insight-landers-mars-mole/?sh=2d2ad9240b9e
https://www.forbes.com/sites/brucedorminey/2021/01/15/nasa-pulls-plug-on-insight-landers-mars-mole/?sh=2d2ad9240b9e
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031452421117
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031452421117
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031452421117
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031452421117
http://refhub.elsevier.com/S0012-8252(22)00331-2/optZI2YwDoAdq
http://refhub.elsevier.com/S0012-8252(22)00331-2/optZI2YwDoAdq
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031325395593
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031325395593
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050933200276
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050933200276
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031452429287
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031452429287
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031452429287
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031326295232
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031326295232
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031326295232
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050933247636
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050933247636
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050933247636
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031326353732
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031452434967
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031452434967
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031452434967
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031326478322
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031326478322
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050933319586
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050933319586
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050933319586
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031327021412
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031327021412
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031327021412
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050933469325
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050933469325
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050933469325
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050933492096
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050933492096
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050933492096
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031327467102
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031327467102
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050934042785
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050934042785
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050934127405
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050934127405
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050934127405
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050934127405
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031328125522
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031328125522
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031328125522
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031332263010
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031332263010
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031332263010
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050935561625
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050935561625
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050935561625
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031332521410
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031332521410
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031332521410
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050935584685
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050935584685
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050935584685
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031332573500
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031332573500
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050936053385
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050936053385
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050936100155
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050936100155
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050936247195
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050936247195
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050936247195
http://refhub.elsevier.com/S0012-8252(22)00331-2/optpfArxYrINB
http://refhub.elsevier.com/S0012-8252(22)00331-2/optpfArxYrINB
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050936272655
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050936272655
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050936272655
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050936294215
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050936294215
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050936294215
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031333031200
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031333031200
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031333031200
http://phys.org/news/2019-07-harnessing-power-microbes-space.html
http://phys.org/news/2019-07-harnessing-power-microbes-space.html
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031333075330
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031333075330
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031333075330
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031333075330
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050936322465
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050936322465
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050936322465
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050936322465
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031333407670
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031333407670
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031333407670
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031333407670
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031333407670
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050907343236
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050907343236
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050907343236
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050907343236
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050936344205
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050936344205
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050936408295
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050936408295
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050936408295
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050936408295
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031334050790
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031334050790
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031334050790
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031334050790
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031334050790
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031334050790
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031334050790
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031334125729
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031334125729
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031334125729
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031334125729
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031334125729
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031334125729
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031334125729
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031334165930
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031334165930
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031334165930
http://refhub.elsevier.com/S0012-8252(22)00331-2/opt3NvdHX7ODi
http://refhub.elsevier.com/S0012-8252(22)00331-2/opt3NvdHX7ODi
http://refhub.elsevier.com/S0012-8252(22)00331-2/opt3NvdHX7ODi
http://refhub.elsevier.com/S0012-8252(22)00331-2/opt3NvdHX7ODi
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050907376526
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050907376526
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050907376526
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050907376526
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050907376526
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050907376526
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050907376526

R.A. Lybrand

E., Banerdt, W.B., 2020. Geology of the InSight landing site on Mars. Nat. Commun.
11, 1-11.

Hartmann, J., Moosdorf, N., Lauerwald, R., Hinderer, M., West, J.A., 2014. Global
chemical weathering and associated P-release — The role of lithology, temperature
and soil properties. Chem. Geol. 363, 145-163.

Hausrath, E., Treiman, A.H., Vicenzi, E., Bish, D.L., Blake, D., Sarrazin, P., Hoehler, T.,
Midtkandal, L., Steele, A., Brantley, S.L., 2008. Short- and long-term olivine
weathering in Svalbard: implications for Mars. Astrobiology 8, 1079-1092.

Goryachkin, S.V., Mergelov, N.S., Targulian, V.O., 2019. Extreme Pedology: elements of
theory and methodological approaches. Eurasian Soil Sci. 52, 1-13.

Graham, R.C., Rossi, A.M., Hubbert, K.R., 2010. Rock to regolith conversion: producing
hospitable substrates for terrestrial ecosystems. GSA Today 20, 4-9.

Graham, R.C., Hirmas, D.R., Wood, Y.A., Amrhein, C., 2008. Large near-surface nitrate
pools in soils capped by desert pavement in the Mojave Desert, California. Geology
36, 259-262.

Grant, M.R., Tymon, L.S., Helms, G.L., Thomashow, L.S., Keller, C.K., Harsh, J.B., 2016.
Biofilm adaptation to iron availability in the presence of biotite and consequences
for chemical weathering. Geobiology 14, 588-598.

Grossi, C.M., Brimblecombe, P., 2007. Effect of long-term changes in air pollution and
climate on the decay and blackening of european stone buildings. Geol. Soc. Lond.,
Spec. Publ. 271 (1), 117-130.

Hall, K., Thorn, C., Sumner, P., 2012. On the persistence of ‘weathering’. Geomorphology
149-150, 1-10.

Hall, K., Thom, C.E., Matsuoka, N., Prick, A., 2002. Weathering in cold regions: some
thoughts and perspectives. Prog. Phys. Geog. 26, 577-603.

Hamilton, H., 2013. The Buzz on Native Bees. USGS. Accessed on February 16th, 2022,
usgs.gov/news/buzz-native-bees.

Harden, J.W., Taylor, E.M., Reheis, M.C., McFadden, L.D., 1991. Calcic, Gypsic, and
Siliceous soil chronosequences in Arid and semi-arid environments. In: Nettleton, W.
D. (Ed.), Occurrence, Characteristics and Genesis of Carbonate, Gypsum and Silica
Accumulations in Soils. Soil Science Society of America Special Publication, vol. 26,
pp. 1-17.

Harmon-Threatt, A., 2020. Influence of nesting characteristics on health of wild bee
communities. Annu. Rev. Entomol. 65, 39-56.

Harrabin, R., 2019. Climate change being fuelled by soil damage — report. BBC News.
Accessed on December 1st, 2022, bbc.com/news/science-environment-48043134.

Hays, L.E., Graham, H.V., Des Marais, D.J., Hausrath, E.M., Horgan, B., McCollom, T.M.,
Parenteau, M.N., Potter-McIntyre, S.L., Williams, A.J., Lynch, K.L., 2017.
Biosignature preservation and detection in Mars analog environments. Astrobiology
17, 363-400.

Heaton, J.S., Kiester, A.R., Meyers, S.M., 2006. LizLand: a geomorphic approach to lizard
habitat modeling in the Mojave Desert. J. Arid Environ. 67, 202-225.

Hecht, M.H., Kounaves, S.P., Quinn, R.C., West, S.J., Young, S.M.M., Ming, D.W.,
Catling, D.C., Clark, B.C., Boynton, W.V., Hoffman, J., DeFlores, L.P.,
Gospodinova, K., Kapit, J., Smith, P.H., 2009. Detection of perchlorate and the
soluble chemistry of Martian Soil at the Phoenix Lander Site. Science 325, 64-67.

Heldmann, J.L., Pollard, W., McKay, C.P., Marinova, M.M., Davila, A., Williams, K.E.,
Lacelle, D., Andersen, D.T., 2013. The high elevation Dry Valleys in Antarctica as
analog sites for subsurface ice on Mars. Planet. Space Sci. 85, 53-58.

Hendricks, D.M., 1985. Arizona soils / David M. Hendricks. College of Agriculture,
University of Arizona, Tucson, AZ.

Herkenhoff, K.E., Golombek, M.P., Guinness, E.A., Johnson, J.B., Kusack, A., Richter, L.,
Sullivan, R.J., Gorevan, S., 2008. In situ observations of the physical properties of
the Martian surface. In: Bell III, J.F. (Ed.), The Martian Surface: Composition,
Mineralogy, and Physical Properties. Published by Cambridge University Press.

Hiranuma, N., Hoffmann, N., Kiselev, A., Dreyer, A., Zhang, K., Kulkarni, G., Koop, T.,
Mobhler, O., 2014. Influence of surface morphology on the immersion mode ice
nucleation efficiency of hematite particles. Atmos. Chem. Phys. 14, 2315-2324.

Hirmas, D.R., Graham, R.C., 2011. Pedogenesis and soil-geomorphic relationships in an
arid mountain range, Mojave Desert, California. Soil Sci. Soc. Am. J. 75, 192-206.

Hobson, W.A., Dahlgren, R.A., 1998. Soil forming processes in vernal pools of northern
California, Chico Area. In: Witham, C.W., Bauder, E.T., Belk, D., Ferren Jr., W.R.,
Ornduff Jr., R. (Eds.), Ecology, Conservation, and Management of Vernal Pool
Ecosystems — Proceedings from a 1996 Conference. California Native Plant Society,
Sacramento, CA, 1998.

Hirmas, D.R., Giménez, D., Mome Filho, E.A., Patterson, M., Drager, K., Platt, B.F.,
Eck, D.V., 2016. Quantifying soil structure and porosity using three-dimensional
laser scanning. In: Hartemink, A., Minasny, B. (Eds.), Digital Soil Morphometrics.
Springer, Dordrecht, Netherlands, pp. 19-35.

Hochella, M.F., Mogk, D.W., Ranville, J., Allen, I.C., Luther, G.W., Marr, L.C.,

McGrail, P., Murayama, M., Qafoku, N.P., Rosso, K.M., Sahai, N., Schroeder, P.A.,
Vikesland, P., Westerhoff, P., Yang, Y., 2019. Natural, incidental, and engineered
nanomaterials and their impacts on the Earth system. Science 363, eaau8299.

Hoffland, E., Kuyper, T.W., Wallander, H., Plassard, C., Gorbushina, A.A.,
Haselwandter, K., Holmstrom, S., Landeweert, R., Lunstrom, U.S., Rosling, A.,

Sen, R., Smits, M.M., Van Hees, P.A.W., Van Breemen, N., 2004. The role of fungi in
weathering. Front. Ecol. Environ. 2, 258-264.

Hofle, S., Rethemeyer, J., Mueller, C.W., John, S., 2013. Organic matter composition and
stabilization in a polygonal tundra soil of the Lena Delta. Biogeosciences 10,
3145-3158.

Holbrook, S.W., Marcon, V., Bacon, A.R., Brantley, S.L., Carr, B.J., Flinchum, B.A.,
Richter, D.D., Riebe, C.S., 2019. Links between physical and chemical weathering
inferred from a 65-m-deep borehole through Earth’s critical zone. Sci. Rep. 9, 4495.

Holdren, G.R., Berner, R.A., 1979. Mechanism of feldspar weathering.Experimental
studies. Geochim. Cosmochim. Acta 43, 1161-1171.

22

Earth-Science Reviews 237 (2023) 104247

Horgan, B.H.N., Smith, R.J., Cloutis, E.A., Mann, P., Christensen, P.R., 2017. Acidic
weathering of basalt and basaltic glass: 1. Near-infrared spectra, thermal infrared
spectra, and implications for Mars. JGR: Planets. 122, 172-202.

Hollingsworth, 1.D., Fitzpatrick, R.W., 1993. Nature and origin of a duripan in a
Durixeralf-Duraqualf toposequence: micromorphological aspects. Dev. Soil Sci. 22,
835-844.

Hoose, C., Mohler, O., 2012. Heterogeneous ice nucleation on atmospheric aerosols: a
review of results from laboratory experiments. Atmos. Chem. Phys. 12, 9817-9854.

Ibarr, D.E., Caves, J.K., Moon, Seulgi, M., Hartmann, J., Chamberlain, P.C., Maher, K.,
Thomas, D.L., 2016. Differential weathering of basaltic and granitic catchments from
concentration-discharge relationships. Geochim. Cosmochim. Acta. 190, 265-293.

Hover, B.M., Kim, S.-H., Katz, M., Charlop-Powers, Z., Owen, J.G., Ternei, M.A.,
Maniko, J., Estrela, A.B., Molina, H., Park, S., Perlin, D.S., Brady, S.F., 2018. Culture-
independent discovery of the malacidins as calcium-dependent antibiotics with
activity against multidrug-resistant Gram-positive pathogens. Nat. Microbiol. 3,
415-422.

Jackson, M.L., Tyler, S.A., Willis, A.L., Bourbeau, G.A., Pennington, R.P., 1948.
Weathering sequence of clay-size minerals in soils and sediments. J. Phys. Colloid
Chem. 52, 1237-1260.

Jackson, A.W., Bohlke, J.K., Gu, B., Hatzinger, P.B., Sturchio, N.C., 2010. Isotopic
composition and origin of indigenous natural perchlorate and co-occurring nitrate in
the Southwestern United States. Environ. Sci. Technol. 44, 4869-4876.

Jamshidi, A., Nikudel, M.R., Khamehchiyan, M., 2013. Predicting the long-term
durability of building stones against freeze-thaw using a decay function model. Cold
Reg. Sci. Technol. 92, 29-36.

Jackson, A.W., Davila, A.F., Sears, D.W.G., Coates, J.D., McKay, C.P., Brundrett, M.,
Estrada, N., Bohlke, J.K., 2015. Widespread occurrence of (per)chlorate in the Solar
System. Earth Planet. Sc. Lett. 430, 470-476.

Jenny, H., 1941. Factors of soil formation: A system of quantitative pedology. McGraw
Hill, New York.

Jia, H., Leith, K., Krautblatter, M., 2017. Path-dependent frost-wedging experiments in
fractured, low-permeability granite. Permafrost Periglac. 28, 698-709.

Jobbagy, E.G., Jackson, R.B., 2000. The vertical distribution of soil organic carbon and
its relation to climate and vegetation. Ecol. Appl. 10, 423-436.

Jongmans, A.G., Van Breemen, N., Lundstrom, U., Van Hees, P.A.W., Finlay, R.D.,
Srinivasan, M., Unestam, T., Giesler, R., Melkerud, P.A., Olsson, M., 1997. Nature
389, 682-683.

Jouquet, P., Dauber, J., Lagerlof, J., Lavelle, P., Lepage, M., 2006. Soil invertebrates as
ecosystem engineers: Intended and accidental effects on soil and feedback loops.
Appl. Soil Ecol. 32, 153-164.

Karl, D., Kamutzki, F., Zocca, A., Goerke, O., Guenster, J., Gurlo, A., 2018. Towards the
colonization of Mars by in-situ resource utilization: slip cast ceramics from Martian
soil simulant. Plos One 13, 1-11.

Kendall, T.A., Hochella, M.F., 2003. Measurement and interpretation of molecular-level
forces of interaction between the siderophore azotobactin and mineral surfaces.
Geochim. Cosmochim. Acta 67, 3537-3546.

Kendrick, K.J., Graham, R.C., 2004. Pedogenic silica accumulation in chronosequence
soils, Southern California. Soil Sci. Soc. Am. J. 68, 1295-1303.

Khomo, L., Bern, C.R., Hartshorn, A.S., Rogers, K.H., Chadwick, O.A., 2013. Chemical
transfers along slowly eroding catenas developed on granitic cratons in southern
Africa. Geoderma 202-203, 192-202.

Khomo, L., Hartshorn, A.S., Rogers, K.H., Chadwick, O.A., 2011. Impact of rainfall and
topography on the distribution of clays and major cations in granitic catenas of
southern Africa. Catena 87, 119-128.

Kiselev, A., Bachmann, F., Pedevilla, P., Cox, S.J., Michaelides, A., Gerthsen, D.,
Leisner, T., 2016. Active sites in heterogeneous ice nucleation-the example of K-rich
feldspars. Science 355, 367-371.

Kleber, M., Bourg, I.C., Coward, E.K., Hansel, C.M., Myneni, S.C.B., Nunan, N., 2021.
Dynamic interactions at the mineral-organic matter interface. Nat. Rev. Earth
Environ. 2, 402-421.

Klein, T., Siegwolf, R.T.W., Korner, C., 2016. Below ground carbon trade among tall trees
in a temperate forest. Science 352, 342-344.

Klein, A.M., Vaissiere, B.E., Cane, J.H., Steffan-Dewenter, 1., Cunningham, S.A.,
Kremen, C., Tscharntke, T., 2007. Importance of pollinators in changing landscapes
for world crops. Proc. R. Soc. B 274, 303-313.

Knoll, A.H., Jolliff, B.L., Farrand, W.H., Bell III, J.F., Clark, B.C., Gellert, R.,

Golombek, M.P., Grotzinger, J.P., Herkenhoff, K.E., Johnson, J.R., McLennan, S.M.,
Morris, R., Squyres, S.W., Sullivan, R., Tosca, N.J., Yen, A., Learner, Z., 2008.
Veneers, rinds, and fracture fills: relatively late alteration of sedimentary rocks at
Meridiani Planum, Mars. J. Geophys. Res. 113, E06S16.

Knopf, D.A., Alpert, P.A., Wang, B., 2018. The role of organic aerosol in atmospheric ice
nucleation: a review. ACS Earth Space Chem. 2, 168-202.

Konhauser, K.O., Hamade, T., Raiswell, R., Morris, R.C., Ferris, F.G., Southam, G.,
Canfield, D.E., 2002. Could bacteria have formed the Precambrian banded iron
formations? Geology 30, 1079-1082.

Kounaves, S.P., Stroble, S.T., Anderson, R.M., Moore, Q., Catling, D.C., Douglas, S.,
McKay, C.P., Ming, D.W., Smith, P.H., Tamppari, L.K., Zent, A.P., 2010. Discovery of
natural perchlorate in the Antarctic dry valleys and its global implications. Environ.
Sci. Technol. 44, 2360-2364.

Kovda, I., Lebedeva, M., 2013. Modern and relict features in clayey cryogenic soils:
morphological and micromorphological identification. Spanish Journal of Soil
Science (SJSS) 3, 130-147.

Koven, C.D., Schuur, E.A.G., Schadel, C., Bohn, T.J., Burke, E.J., Chen, G., Chen, X.,
Ciais, P., Grosse, G., Harden, J.W., Hayes, D.J., Hugelius, G., Jafarov, E.E.,
Krinner, G., Kuhry, P., Lawrence, D.M., MacDougall, A.H., Marchenko, S.S.,
McGuire, A.D., Natali, S.M., Nicolsky, D.J., Olefeldt, D., Peng, S., Romanovsky, V.E.,


http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050907376526
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050907376526
http://refhub.elsevier.com/S0012-8252(22)00331-2/optScX3FmiI8o
http://refhub.elsevier.com/S0012-8252(22)00331-2/optScX3FmiI8o
http://refhub.elsevier.com/S0012-8252(22)00331-2/optScX3FmiI8o
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031334272009
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031334272009
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031334272009
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050936538535
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050936538535
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031334324849
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031334324849
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031334353029
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031334353029
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031334353029
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031334388769
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031334388769
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031334388769
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050936563435
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050936563435
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050936563435
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031334412759
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031334412759
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031334438329
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031334438329
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031334510209
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031334510209
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050908371358
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050908371358
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050908371358
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050908371358
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050908371358
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050937042505
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050937042505
http://refhub.elsevier.com/S0012-8252(22)00331-2/optgy7Hp2svR0
http://refhub.elsevier.com/S0012-8252(22)00331-2/optgy7Hp2svR0
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050937163715
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050937163715
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050937163715
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050937163715
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050937191935
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050937191935
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050937278715
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050937278715
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050937278715
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050937278715
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050937408665
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050937408665
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050937408665
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031335168689
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031335168689
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031336043569
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031336043569
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031336043569
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031336043569
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050937445635
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050937445635
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050937445635
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031336248209
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031336248209
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031336593090
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031336593090
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031336593090
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031336593090
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031336593090
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031337074180
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031337074180
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031337074180
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031337074180
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031337161661
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031337161661
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031337161661
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031337161661
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031337212011
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031337212011
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031337212011
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031337212011
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050937475205
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050937475205
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050937475205
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031337250221
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031337250221
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031337250221
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031337516443
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031337516443
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031337548663
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031337548663
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031337548663
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050937512665
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050937512665
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050937512665
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050937543365
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050937543365
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050910023249
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050910023249
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050910023249
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050937597205
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050937597205
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050937597205
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050937597205
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050937597205
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031337572943
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031337572943
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031337572943
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031338047733
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031338047733
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031338047733
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050938022715
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050938022715
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050938022715
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050912486559
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050912486559
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050912486559
http://refhub.elsevier.com/S0012-8252(22)00331-2/optsizoioYjda
http://refhub.elsevier.com/S0012-8252(22)00331-2/optsizoioYjda
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050938044835
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050938044835
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050938105785
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050938105785
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050938144545
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050938144545
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050938144545
http://refhub.elsevier.com/S0012-8252(22)00331-2/optfJY9tWgYYR
http://refhub.elsevier.com/S0012-8252(22)00331-2/optfJY9tWgYYR
http://refhub.elsevier.com/S0012-8252(22)00331-2/optfJY9tWgYYR
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031338105594
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031338105594
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031338105594
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031338135204
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031338135204
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031338135204
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050938219395
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050938219395
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031338183404
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031338183404
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031338183404
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050938255955
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050938255955
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050938255955
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031338207094
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031338207094
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031338207094
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050938412695
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050938412695
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050938412695
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050938441615
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050938441615
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031338231504
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031338231504
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031338231504
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031338291134
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031338291134
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031338291134
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031338291134
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031338291134
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050938519765
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050938519765
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031339352828
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031339352828
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031339352828
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050938555475
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050938555475
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050938555475
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050938555475
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031339379848
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031339379848
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031339379848
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050938590795
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050938590795
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050938590795
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050938590795

R.A. Lybrand

Schaefer, K.M., Strauss, J., Treat, C.C., Turetsky, M., 2015. A simplified, data-
constrained approach to estimate the permafrost carbon—climate feedback. Phil. T.
R. Soc. A 373, 20140423.

Krinsley, D., 1998. Models of rock varnish formation constrained by high-resolution
transmission electron microscopy. Sedimentology 45, 711-725.

Lamont, M.M., Carthy, R.R., 2007. Response of nesting sea turtles to barrier island
dynamics. Chelonian Conserv. Bi. 6, 206-212.

Lanza, N.L., Clegg, S.M., Wiens, R.C., McInroy, R.E., Newsom, H.E., Deans, M.D., 2012.
Examining natural rock varnish and weathering rinds with laser-induced breakdown
spectroscopy for application to ChemCam on Mars. Appl. Optics. 51, B74-B82.

Lawrence, D.M., Koven, C.D., Swenson, S.C., Riley, W.J., Slater, A.G., 2015. Permafrost
thaw and resulting soil moisture changes regulate projected high-latitude CO, and
CH4 emissions. Environ. Res. Lett. 10, 094011.

Leake, J.R., Read, D.J., 2017. Mycorrhizal symbioses and pedogenesis throughout Earth’s
history. In: Johnson, N.C., Gehring, C., Jansa, J. (Eds.), Mycorrhizal Mediation of
Soil Fertility, Structure, and Carbon Storage. Elsevier, Amsterdam, pp. 9-33.

Leake, J.R., Duran, A.L., Hardy, K.E., Johnson, L., Beerling, D.J., Banwart, S.A., Smits, M.
M., 2008. Biological weathering in soil: the role of symbiotic root-associated fungi
biosensing minerals and directing photosynthate-energy into grain-scale mineral
weathering. Mineral. Mag. 72, 85-89.

Leake, J., Johnson, D., Donnelly, D., Muckle, G., Boddy, L., Read, D., 2004. Networks of
power and influence: the role of mycorrhizal mycelium in controlling plant
communities and agroecosystem functioning. Can. J. Botany 82, 1016-1045.

Lee, C.K., Barbier, B.A., Bottos, E.M., McDonald, L.R., Cary, S.C., 2012. The Inter-Valley
Soil Comparative Survey: the ecology of Dry Valley edaphic microbial communities.
ISME J. 6, 1046-1057.

Lee, M.R., Brown, D.J., Smith, C.L., Hodson, M.E., Mackenzie, M., Hellmann, R., 2007.
Characterization of mineral surfaces using FIB and TEM: a case study of naturally
weathered alkali feldspars. Am. Mineral. 92, 1383-1394.

Lee, S.Y., Kim, S.J., Baik, M.H., 2008. Chemical weathering of granite under acid rainfall
environment, Korea. Environ. Geol. 55, 853-862.

Lee, M.R., Parsons, 1., 1999. Biomechanical and biochemical weathering of lichen-
encrusted granite: textural controls on organic—mineral interactions and deposition
of silica-rich layers. Chem. Geol. 161, 385-397.

Leshin, L.A., Mahaffy, P.R., Webster, C.R., Cabane, M., Coll, P., Conrad, P.G., Archer, P.
D., Atreya, S.K., Brunner, A.E., Buch, A., Eigenbrode, J.L., Flesch, G.J., Franz, H.B.,
Freissinet, C., Glavin, D.P., McAdam, A.C., Miller, K.E., Ming, D.W., Morris, R.V.,
Navarro-Gonzélez, R., Niles, P.B., Owen, T., Pepin, R.O., Sguyres, S., Steele, A.,
Stern, J.C., Summons, R.E., Sumner, D.Y., Sutter, B., Szopa, C., Teinturier, S.,
Trainer, M.G., Wray, J.J., Grotzinger, J.P., 2013. Volatile, isotope, and organic
analysis of Martian fines with the Mars Curiosity Rover. Science 341, 1238937.

Leuther, F., Schliiter, S., 2021. Impact of freeze-thaw cycles on soil structure and soil
hydraulic properties. Soil 7, 179-191.

Li, J., Liu, Y., Liu, S., Roberts, A.R., Pan, H., Xiao, T., Pan, Y., 2020. Classification of a
Complexly Mixed Magnetic Mineral Assemblage in Pacific Ocean Surface Sediment
by Electron Microscopy and Supervised Magnetic Unmixing. Front. Earth Sci. 8,
1-18.

Lin, H., 2005. Letter to the Editor on "From the Earth’s critical zone to Mars exploration:
can soil science enter its golden age?". Soil Sci. Soc. Am. J. 69, 1351-1353.

Li, Z., Liu, L., Chen, J., Henry, H., Teng, H., 2016. Cellular dissolution at hypha- and
spore-mineral interfaces revealing unrecognized mechanisms and scales of fungal
weathering. Geology 4, 319-322.

Lisco, G., Tullio, A., Giagulli, V.A., Pergola, G., Triggiani, V., 2020. Interference on
Iodine Uptake and Human Thyroid Function by Perchlorate-Contaminated Water
and Food. Nutrients 12, 1669.

Liu, B., Ma, R., Fan, H., 2021. Evaluation of the impact of freeze-thaw cycles on pore
structure characteristics of black soil using X-ray computed tomography. Soil Till.
Res. 206.

Lobry de Bruyn, L.A., Conacher, A.J., 1990. The Role of Termites and Ants in Soil
Modification: A Review. Aust. J. Soil Res. 28, 55-93.

Loépez-Uribe, M.M., Morreale, S.J., Santiago, C.K., Danforth, B.N., 2015. Nest suitability,
fine-scale population structure and male-mediated dispersal of a solitary ground
nesting bee in an urban landscape. Plos One 10, 1-20.

Lovich, J.E., Daniels, R., 2000. Environmental characteristics of desert tortoise
(Gopherus agassizii). Chelonian Conserv. Bi. 3, 714-721.

Lovich, J.E., Ennen, J.R., Agha, M., Gibbons, J.W., 2018. Where Have All the Turtles
Gone, and Why Does It Matter? BioScience 68, 771-781.

Luckenbach, R.A., 1982. Ecology and management of the desert tortoise (Gopherus
agassizii) in California. In: Bury, R.B. (Ed.), North American Tortoises: Conservation
and Ecology. U.S.D.I. Fish and Wildlife Service, Washington, D.C., pp. 1-37. Wildlife
Research Report 12.

Luckman, B.H., 2013. Processes, Transport, Deposition, and Landforms: Rockfall.
Treatise on Geomorphology 7, 174-182.

Lybrand, R.A., Qafoku, O., Bowden, M.E., Hochella, M.F., Kovarik, L., Perea, D.E.,
Qafoku, N.P., Schroeder, P.A., Wirth, M.G., Zaharescu, D.G., 2022. Fungal hyphae
develop where titanomagnetite inclusions reach the surface of basalt grains. Sci. Rep.
12, 3407.

Lybrand, R.A., Veghte, D.P., China, S., Zaharescu, D.G., Anderton, C.R., Aleman, R.,
Schroeder, P.A., Qafoku, O., 2021. Deciphering the incipient phases of ice—mineral
interactions as a precursor of physical weathering. ACS Earth Space Chem. 5,
1233-1241.

Lybrand, R.A., Fedenko, J., Tfaily, M., Rao, S., 2020. Soil properties and biochemical
composition of ground-dwelling bee nests in agricultural settings. Soil Sci. Soc. Am.
J. 84, 1139-1152.

23

Earth-Science Reviews 237 (2023) 104247

Lybrand, R.A., Austin, J.C., Fedenko, J., Gallery, R.E., Rooney, E., Schroeder, P.A.,
Zaharescu, D.G., Qafoku, O., 2019. A coupled microscopy approach to assess the
nano-landscape of weathering. Sci. Rep. 9, 5377.

Lybrand, R.A., Bockheim, J.G., Ge, W., Graham, R.C., Hlohowskyj, S.R., Michalski, G.,
Prellwitz, J.S., Rech, J.A., Wang, F., Parker, D.R., 2016. Nitrate, perchlorate, and
iodate co-occur in coastal and inland deserts on Earth. Chem. Geol. 442, 174-186.

Lybrand, R.A., Rasmussen, C., 2015. Quantifying climate and and landscape position
controls on soil development in semiarid ecosystems. Soil Sci. Soc. Am. J. 79,
104-116.

Lybrand, R.A., Michalski, G., Graham, R.C., Parker, D.R., 2013. The geochemical
associations of nitrate and naturally formed perchlorate in the Mojave Desert,
California, USA. Geochim. Cosmochim. Acta 104, 136-147.

Lybrand, R.A., Rasmussen, C., 2014. Linking soil element-mass-transfer to microscale
mineral weathering across a semiarid environmental gradient. Chem. Geol. 381,
26-39.

Ma, R., Jiang, Y., Liu, B., Fan, H., 2021. Effects of pore structure characterized by
synchrotron-based micro-computed tomography on aggregate stability of black soil
under freeze-thaw cycles. Soil Till. Res. 207, 104855.

Mahaney, W.C., Krinsley, D.H., Allen, C.C.R., 2013. Biomineralization of weathered rock
rinds: examples from the lower afroalpine zone on Mount Kenya. Geomicrobiol J. 30,
411-421.

Marcisz, K., Jassey, V., Kosakyan, A., Krashevska, V., Lahr, D., Lara, E., Lamentowicz, L.,
Lamentowicz, M., Macumber, A., Mazei, Y., Mitchell, E., Nasser, N., Patterson, T.,
Roe, H., Singer, D., Tsyganov, A., Fournier, B., 2020. Testate Amoeba Functional
Traits and Their Use in Paleoecology. Front. Ecol. Evol. 8, 1-28.

Markewitz, D., 1997. Soil without life? Nature 389, 435..

McCutcheon, J., Lutz, S., Williamson, C., Cook, J.M., Tedstone, A.J., Vanderstraeten, A.,
Wilson, S.A., Stockdale, A., Bonneville, S., Anesio, A.M., Yallop, M.L., McQuaid, J.B.,
Tranter, M., Benning, L.G., 2021. Mineral phosphorus drives glacier algal blooms on
the Greenland Ice Sheet. Nat. Commun. 12, 570.

Ming, D.W., Archer, P.D., Glavin, D.P., Eigenbrode, J.L., Franz, H.B., Sutter, B.,
Brunner, A.E., Stern, J.C., Freissinet, C., McAdam, A.C., Mahaffy, P.R., Cabane, M.,
Coll, P., Campbell, J.L., Atreya, S.K., Niles, P.B., Bell, J.F., Bish, D.L.,

Brinckerhoff, W.B., Buch, A., Conrad, P.G., Des Marais, D.J., Ehlmann, B.L.,
Fairen, A.G., Farley, K., Flesch, G.J., Francois, P., Gellert, R., Grant, J.A.,
Grotzinger, J.P., Gupta, S., Herkenhoff, K.E., Hurowitz, J.A., Leshin, L.A., Lewis, K.
W., McLennan, S.M., Miller, K.E., Moersch, J., Morris, R.V., Navarro-Gonzalez, R.,
Pavlov, A.A., Perrett, G.M., Pradler, 1., Squyres, S.W., Summons, R.E., Steele, A.,
Stolpher, E.M., Sumner, D.Y., Szopa, C., Teinturier, S., Trainer, M.G., Treiman, A.H.,
Vaniman, D.T., Vasavada, A.R., Webster, C.R., Wray, J.J., Yingst, R.A., 2014.
Volatile and organic compositions of sedimentary rocks in Yellowknife Bay, Gale
Crater, Mars. Science 343, 1245267.

Ming, D.W., Henninger, D.L., 1989. Lunar Base Agriculture: Soils for Plant Growth.
American Society of Agronomy, Crop Science Society of America, and Soil Science
Society of America, Madison, WI.

Minitti, M.E., Weitz, C.M., Lane, M.D., Bishop, J.L., 2007. Morphology, chemistry, and
spectral properties of hawaiian rock coatings and implications for Mars. J. Geophys.
Res. 112, E 05015.

Minyard, M.L., Bruns, M.A., Liermann, L.J., Buss, H.L., Brantley, S.L., 2011. Halloysite
nanotubes and bacteria at the saprolite-bedrock interface, Rio Icacos Watershed,
Puerto Rico. Soil Sci. Soc. Am. J. 75, 348-356.

Moni, C., Lerch, T.Z., De Zurruk, K.K., Strand, L.T., Forte, C., Certini, G., Rasse, D.P.,
2015. Temperature response of soil organic matter mineralisation in arctic soil
profiles. Soil Biol. Biochem. 88, 236-246.

Mueller, C.W., Hoeschen, C., Steffens, M., Buddenbaum, H., Hinkel, K., Bockheim, J.G.,
Kao-Kniffin, J., 2017. Microscale soil structures foster organic matter stabilization in
permafrost soils. Geoderma 293, 44-53.

Mueller, C.W., Rethemeyer, J., Kao-Kniffin, J., Loppmann, S., Hinkel, K.M., Bockheim, J.
G., 2015. Large amounts of labile organic carbon in permafrost soils of northern
Alaska. Glob. Chang. Biol. 21, 2804-2817.

Mueller, C.W., Steffens, M., Buddenbaum, H., 2019. Permafrost soil complexity
evaluated by laboratory imaging Vis-NIR spectroscopy. Eur. J. Soil. Sci. 72, 114-119.

Myer, A., Forschler, B.T., 2019. Evidence for the Role of Subterranean Termites
(Reticulitermes spp.) in Temperate Forest Soil Nutrient Cycling. Ecosystems 22,
602-618.

Nakao, A., Funakawa, S., Takeda, A., Tsukada, H., Kosaki, T., 2012. The distribution
coefficient for cesium in different clay fractions in soils developed from granite and
Paleozoic shales in Japan. Soil Sci. Plant Nutr. 58, 397-403.

Naser, M.Z., 2019. Extraterrestrial construction materials. Prog. Mater. Sci. 105, 100577.

Natali, S.M., Holdren, J.P., Rogers, B.M., Treharne, R., Duffy, P.B., Pomerance, R.,
MacDonald, E., 2021. Permafrost carbon feedbacks threaten global climate goals.
PNAS 118, 1-3.

National Geographic Resource Library, 2022. Weathering. National Geographic Resource
Library, Encyclopedia. Accessed on December 20th, 2022. education.nationalgeogr
aphic.org/resource/weathering.

Natural Resources Conservation Service, 2022. Soil Health: Principles to Manage Soil for
Health. Accessed on December 20th, 2022. nrcs.usda.gov/conservation-basics/natur
al-resource-concerns/soils/soil-health.

Navarro-Gonzalez, R., Vargas, E., Rosa, J., Raga, A.C., McKay, C.P., 2010. Reanalysis of
the Viking results suggests perchlorate and organics at midlatitudes on Mars.

J. Geophys. Res.-Planet. 115, E12010.

Nazari-Sharabian, M., Aghababaei, M., Karakouzian, M., Karami, M., 2020. Water on
Mars-A Literature Review. Galaxies 8, 40.

Nezat, C.A., Blum, J.D., Klaue, A., Johnson, C.E., Siccama, T.G., 2004. Influence of
landscape position and vegetation on long-term weathering rates at the Hubbard


http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050938590795
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050938590795
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050938590795
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050939028074
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050939028074
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031338549556
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031338549556
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050939069334
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050939069334
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050939069334
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050939122924
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050939122924
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050939122924
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050917172448
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050917172448
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050917172448
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050939153944
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050939153944
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050939153944
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050939153944
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050939183884
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050939183884
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050939183884
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050939349374
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050939349374
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050939349374
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050939381064
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050939381064
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050939381064
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031339133467
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031339133467
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050939404654
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050939404654
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050939404654
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031339421298
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031339421298
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031339421298
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031339421298
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031339421298
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031339421298
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031339421298
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050939434254
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050939434254
http://refhub.elsevier.com/S0012-8252(22)00331-2/optWf5U3uQcL6
http://refhub.elsevier.com/S0012-8252(22)00331-2/optWf5U3uQcL6
http://refhub.elsevier.com/S0012-8252(22)00331-2/optWf5U3uQcL6
http://refhub.elsevier.com/S0012-8252(22)00331-2/optWf5U3uQcL6
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050940040874
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050940040874
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031339449438
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031339449438
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031339449438
http://refhub.elsevier.com/S0012-8252(22)00331-2/optwkHDGprF6C
http://refhub.elsevier.com/S0012-8252(22)00331-2/optwkHDGprF6C
http://refhub.elsevier.com/S0012-8252(22)00331-2/optwkHDGprF6C
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050940165914
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050940165914
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050940165914
http://refhub.elsevier.com/S0012-8252(22)00331-2/optOpeLiGiHXE
http://refhub.elsevier.com/S0012-8252(22)00331-2/optOpeLiGiHXE
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031339500288
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031339500288
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031339500288
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031340113985
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031340113985
http://refhub.elsevier.com/S0012-8252(22)00331-2/optABP9sZC2xV
http://refhub.elsevier.com/S0012-8252(22)00331-2/optABP9sZC2xV
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031340254475
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031340254475
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031340254475
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031340254475
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031340440245
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031340440245
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031340512065
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031340512065
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031340512065
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031340512065
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031341057005
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031341057005
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031341057005
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031341057005
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050940193764
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050940193764
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050940193764
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050940259904
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050940259904
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050940259904
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050940289724
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050940289724
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050940289724
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050940391794
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050940391794
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050940391794
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050940429044
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050940429044
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050940429044
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050940467044
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050940467044
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050940467044
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050940501544
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050940501544
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050940501544
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050940572384
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050940572384
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050940572384
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031341167485
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031341167485
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031341167485
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031341167485
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050941031834
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050941077674
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050941077674
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050941077674
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050941077674
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031341311795
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031341311795
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031341311795
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031341311795
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031341311795
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031341311795
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031341311795
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031341311795
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031341311795
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031341311795
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031341311795
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031341311795
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050917244958
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050917244958
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050917244958
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031341342045
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031341342045
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031341342045
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031341528775
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031341528775
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031341528775
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031341555075
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031341555075
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031341555075
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050941157444
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050941157444
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050941157444
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031341592045
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031341592045
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031341592045
http://refhub.elsevier.com/S0012-8252(22)00331-2/optY4FTO4y7t2
http://refhub.elsevier.com/S0012-8252(22)00331-2/optY4FTO4y7t2
http://refhub.elsevier.com/S0012-8252(22)00331-2/opt1eof7IKSEy
http://refhub.elsevier.com/S0012-8252(22)00331-2/opt1eof7IKSEy
http://refhub.elsevier.com/S0012-8252(22)00331-2/opt1eof7IKSEy
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050941327144
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050941327144
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050941327144
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050941354094
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031342008795
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031342008795
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031342008795
http://education.nationalgeographic.org/resource/weathering
http://education.nationalgeographic.org/resource/weathering
http://nrcs.usda.gov/conservation-basics/natural-resource-concerns/soils/soil-health
http://nrcs.usda.gov/conservation-basics/natural-resource-concerns/soils/soil-health
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031342047155
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031342047155
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031342047155
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050941421164
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050941421164
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050941474164
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050941474164

R.A. Lybrand

Brook Experimental Forest, New Hampshire, USA. Geochim. Cosmochim. Acta 68,
3065-3078.

Nicholson, W.T., Nicholson, F.H., 2000. Physical deterioration of sedimentary rocks
subjected to experimental freeze-thaw weathering. Earth Surf. Proc. Land. 25,
1295-1307.

Nocco, M.A., Feinstein, N.W., Stock, M.N., McGill, B.M., Kucharik, C.J., 2020. Knowledge
co-production with Agricultural Trade Associations. Water 12, 3236.

Nothias, L.-F., Knight, R., Dorrestein, P.C., 2016. Antibiotic discovery is a walk in the
park. P. Natl. A. Sci. 113, 14477-14479.

Nussear, K.E., Esque, T.C., Inman, R.D., Gass, L., Thomas, K.A., Wallace, C.S.A.,
Blainey, J.B., Miller, D.M., Webb, R.H., 2009. Modeling habitat of the desert tortoise
(Gopherus agassizii) in the Mojave and parts of the Sonoran Deserts of California,
Nevada, Utah, and Arizona. U.S. Geological Survey, Reston, Virginia, USA, p. 1102.

O’Brien, C.S., Rosenstock, S.S., Hervert, Bright, J.L., Boe, S.R., John, J., 2005. Landscape-
level models of potential habitat for Sonoran pronghorn. Wildlife Soc. B. 33, 24-34.

O’Sullivan, D., Murray, B.J., Malkin, T.L., Whale, T.F., Umo, N.S., Atkinson, J.D.,
Price, H.C., Baustian, K.J., Browse, J., Webb, M.E., 2014. Ice nucleation by fertile soil
dusts: relative importance of mineral and biogenic components. Atmos. Chem. Phys.
14, 1853-1867.

Ojha, L., Wilhelm, M.B., Murchie, S.L., McEwen, A.S., Wray, J.J., Hanley, J., Masse, M.,
Chojnacki, M., 2015. Spectral evidence for hydrated salts in recurring slope lineae on
Mars. Nat. Geosci. 8, 829-832.

Ollerton, J., Winfree, R., Tarrant, S., 2011. How many flowering plants are pollinated by
animals? Oikos 120, 321-326.

Orofino, V., Blanco, A., D’Elia, M., Licchelli, D., Fonti, S., Marzo, G.A., 2010. Study of
terrestrial fossils in phyllosilicate-rich soils: Implication in the search for
biosignatures on Mars. Icarus 208, 202-206.

Osinski, G.R., Leveille, R., Berinstain, A., Lebeuf, M., 2006. Terrestrial analogues to Mars
and the moon: Canada’s role. Geosci. Can. 33, 175-188.

Owen, J.J., Amundson, R., Dietrich, W.E., Nishiizumi, K., Sutter, B., Chong, G., 2011. The
sensitivity of hillslope bedrock erosion to precipitation. Earth Surf. Proc. Land. 36,
117-135.

Packard, G.C., 1999. Water relations of Chelonian eggs and embryos: is wetter better?
Am. Zool. 39, 289-303.

Packard, G.C., Taigen, T.L., Boardman, T.J., Packard, Mary J., Tracy, R.C., 1979.
Changes in Mass of Softshell Turtle (Trionyx spiniferus) eggs incubated on substrates
differing in water potential. Herpetologica 35, 78-86.

Pawlik, ., Phillips, J.D., Samonil, P., 2016. Roots, rock, and regolith: biomechanical and
biochemical weathering by trees and its impact on hillslopes—a critical literature
review. Earth Sci. Rev. 159, 142-159.

Perdrial, J.N., Warr, L.N., Perdrial, N., Lett, M., Elsass, F., 2009. Interaction between
smectite and bacteria: implications for bentonite as backfill material in the disposal
of nuclear waste. Chem. Geol. 264, 281-294.

Perry, R.S., Adams, J.B., 1978. Desert varnish: evidence for cyclic deposition of
manganese. Nature 276, 489-491.

Pike, W.T., Staufer, U., Hecht, M.H., Goetz, W., Parrat, D., Sykulska-Lawrence, H.,
Vijendran, S., Madsen, M.B., 2011. Quantification of the dry history of the Martian
soil inferred from in situ microscopy. Geophys. Res. Lett. 38, L24201.

Ping, C.L., Jastrow, J.D., Jorgenson, M.T., Michaelson, G.J., Shur, Y.L., 2015. Permafrost
soils and carbon cycling. Soil 1, 147-171.

Ping, C.L., Michaelson, G.J., Kimble, J.M., Romanovsky, V.E., Shur, Y.L., Swanson, D.K.,
Walke, D.A., 2008. Cryogenesis and soil formation along a bioclimate gradient in
Arctic North America. J. Geophys. Res.-Biogeo. 113, 1-14.

Ping, C.L., Bockheim, J.G., Kimble, J.M., Michaelson, G.J., Walker, D.A., 1998.
Characteristics of cryogenic soils along a latitudinal transect in Arctic Alaska.

J. Geophys. Res.-Atmos. 103 (28), 917-928.

Piqueux, S., Muller, N., Grott, M., Siegler, M., Millour, E., Forget, F., Lemmon, M.,
Golombek, M., Williams, N., Grant, J., Warner, N., Ansan, V., Daugar, 1.,
Knollenberg, J., Maki, J., Spiga, A., Banfield, D., Spohn, T., Smrekar, S., Banerdt, B.,
2021. Soil thermophysical properties near the InSight lander derived from 50 sols of
radiometer measurements. J. Geophys. Res.-Planet. 126, 1-19.

Pokharel, R., Gerrits, R., Schuessler, J.A., von Blanckenburg, F., 2019. Mechanisms of
olivine dissolution by rock-inhabiting fungi explored using magnesium stable
isotopes. Chem. Geol. 525, 18-27.

Pollard, W.H., 2001. Polar analogs [abstract]: 3rd Canadian Space Exploration
Workshop.

Polyakov, V., Abakumov, E., 2021. Micromorphological characteristic of different-aged
cryosols from the east part of Lena River Delta, Siberia, Russia. Geosciences 11,
1-19.

Porder, S., 2019. How plants enhance weathering and how weathering is important to
plants. Elements 15, 241-246.

Potts, S.G., Imperatriz-Fonseca, V., Ngo, H.T., Aizen, M.A., Biesmeijer, J.C., Breeze, T.D.,
Dicks, L.V., Garibaldi, L.A., Hill, R., Settele, J., Vanbergen, A.J., 2016. Safeguarding
pollinators and their values to human well-being. Nature 540, 220-229.

Potts, S.G., Imperatriz-Fonseca, V.L., Ngo, H.T., Biesmeijer, J.C., Breeze, T.D., Dicks, L.V.,
Viana, B.F., 2016. Summary for policymakers of the assessment report of the
Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services
on pollinators, pollination and food production. IPBES, Bonn, Germany.

Potts, S.G., Willmer, P., 1997. Abiotic and biotic factors influencing nest-site selection by
Halictus rubicundus, a ground-nesting halictine bee. Ecol. Entomol. 22, 319-328.

Prater, 1., Zubrzycki, S., Buegger, F., Zoor-Fullgraff, L.C., Angst, G., Dannenmann, M.,
Mueller, C.W., 2020. From fibrous plant residues to mineral-associated organic
carbon - the fate of organic matter in Arctic permafrost soils. Biogeosciences 17,
3367-3383.

24

Earth-Science Reviews 237 (2023) 104247

Quirk, J., Leake, J.R., Johnson, D.A., Taylor, L.L., Saccone, L., Beerling, D.J., 2015.
Constraining the role of early land plants in Palaeozoic weathering and global
cooling. P. R. Soc. B 282, 1115.

Quirk, J., Andrews, M.Y., Leake, J.R., Banwart, S.A., Beerling, D.J., 2014.
Ectomycorrhizal fungi and past high CO2 atmospheres enhance mineral weathering
through increased below-ground carbon-energy fluxes. Biol. Lett. 10, 20140375.

Quirk, J., Beerling, D.J., Banwart, S.A., Kakonyi, G., Romero-Gonzalez, M.E., Leake, J.R.,
2012. Evolution of trees and mycorrhizal fungi intensifies silicate mineral
weathering. Biol. Lett. 8, 1-6.

Rampe, E.B., Blake, D.F., Bristow, T.F., Ming, D.W., Vaniman, D.T., Morris, R.V.,
Achilles, C.N., Chipera, S.J., Morrison, S.M., Tu, V.M., Yen, A.S., Castle, N.,
Downs, G.W., Downs, R.T., Grotzinger, J.P., Hazen, R.M., Treiman, A.H.,
Peretyazhko, T.S., Des Marais, D.J., Walroth, R.C., Craig, P.I, Crisp, J.A.,
Lafuente, B., Morookian, J.M., Sarrazin, P.C., Thorpe, M.T., Bridges, J.C., Edgar, L.
A., Fedo, C.M.,, Fressinet, C., Gellert, R., Mahaffy, P.R., Newsom, H.E., Johnson, J.R.,
Kah, L.C., Siebach, K.L., Schieber, J., Sun, V.Z., Vasavada, A.R., Wellington, D.,
Wiens, R.C., MSL Team, 2020. 2020. Mineralogy and geochemistry of sedimentary
rocks and eolian sediments in Gale Crater, Mars: a review after six Earth years of
exploration with Curiosity. Geochemistry 80, 125605.

Rasmussen, C., Brantley, S., Richter, D.B., Blum, A., Dixon, J., White, A.F., 2011. Strong
climate and tectonic control on plagioclase weathering in granitic terrain. Earth
Planet. Sc. Lett. 301, 521-530.

Rasmussen, C., Dahlgren, R.A., Southard, R.J., 2010. Basalt weathering and pedogenesis
across an environmental gradient in the southern Cascade Range, California, USA.
Geoderma 154, 473-485.

Rasmussen, C., Matsuyama, N., Dahlgren, R.A., Southard, R.J., Brauer, N., 2007. Soil
genesis and mineral transformation across an environmental gradient on Andesitic
Lahar. Soil Sci. Soc. Am. J. 71, 225-237.

Ravankhah, M., De Wit, R., Argyriou, A.V., Chliaoutakis, A., Revez, M.J., Birkmann, J.,
Zuvela-Aloise, M., Sarris, A., Tzigounaki, A., Giapitsoglou, K., 2019. Integrated
assessment of natural hazards, including climate change’s influences, for cultural
heritage sites: the case of the historic centre of Rethymno in Greece. Int. J. Disast.
Risk Sc. 10, 343-361.

Reddy, S.M., Saxey, D.W., Rickard, W.D.A., Fougerouse, D., Montalvo, S.D., Verberne, R.,
Riessen, A., 2020. GGR cutting-edge review atom probe tomography: development
and application to the geosciences. Geostand. Geoanal. Res. 44, 5-50.

Rempel, A.W., 2010. Frost heave. J. Glaciol. 56, 1122-1128.

Reheis, M.C., Budahn, J.R., Lamothe, P.J., Reynolds, R.L., 2009. Compositions of modern
dust and surface sediments in the Desert Southwest, United States. J. Geophys. Res.
114, F01028.

Reheis, M.C., Goodmacher, J.C., Harden, J.W., McFadden, L.D., Rockwell, T.K.,
Shroba, R.R., Sowers, J.M., Taylor, E.M., 1995. Quaternary soils and dust deposition
in southern Nevada and California. Geol. Soc. Am. Bull. 107, 1003-1022.

Renno, N.O., Bos, B.J., Catling, D., Clark, B.C., Drube, L., Fisher, D., Goetz, W., Hviid, S.
F., Keller, H.U., Kok, J.F., Kounaves, S.P., Leer, K., Lemmon, M., Madsen, M.B.,
Markiewicz, W.J., Marshall, J., McKay, C., Mehta, M., Smith, M., Zorzano, M.P.,
Smith, P.H., Stoker, C., Young, S.M.M., 2009. Possible physical and
thermodynamical evidence for liquid water at the Phoenix landing site. J. Geophys.
Res. 114, EOOE03.

Reynolds, R.L., Yount, J.C., Reheis, M., Goldstein, H., Chavez Jr., P., Fulton, R.,
Whitney, J., Fuller, C., Forester, R.M., 2007. Dust emission from wet and dry playas
in the Mojave Desert, USA. Earth Surf. Proc. Land. 32, 1811-1827.

Reynolds, R.L., Reheis, M., Yount, J., Lamothe, P., 2006. Composition of aeolian dust in
natural traps on isolated surfaces of the Central Mojave Desert- insights to mixing,
sources, and nutrient inputs. J. Arid Environ. 66, 42-61.

Richter, 1., Herbold, C.W., Lee, C.K., McDonald, L.R., Barrett, J.E., Cary, S.C., 2014.
Influence of soil properties on archaeal diversity and distribution in the McMurdo
Dry Valleys, Antarctica. FEMS Microbiol. Ecol. 89, 347-359.

Richter, D.D., Markevitz, D., 1995. How deep is soil? Bioscience 45, 600-609.

Riedle, D.J., Averill-Murray, Roy, C., Lutz, C.L., Bolen, D.K., 2008. Habitat Use by Desert
Tortoises (Gopherus agassizii) on Alluvial Fans in the Sonoran Desert, South-Central
Arizona. Copeia 2, 414-420.

Rodriguez, J.A.P., Dobrea, E.N., Kargel, J.S., Baker, V.R., Crown, D.A., Webster, K.D.,
Berman, D.C., Wilhelm, M.B., Buckner, D., 2020. The Oldest Highlands of Mars May
Be Massive Dust Fallout Deposits. Sci. Rep. 10, 10347.

Rooney, E.C., Bailey, V.L., Patel, K.F., Dragila, M., Battu, A.K., Buchko, A.C., Gallo, A.C.,
Hatten, J., Possinger, A.R., Qafoku, O., Reno, L.R., San Clements, M., Varga, T.,
Lybrand, R.A., 2022. Soil pore network response to freeze-thaw cycles in permafrost
aggregates. Geoderma 411, 115674.

Rosling, A., Lindahl, B.D., Finlay, R.D., 2004. Carbon allocation to ectomycorrhizal roots
and mycelium colonising different mineral substrates. New Phytol. 162, 795-802.

Ruedrich, J., Kirchner, D., Siegesmund, S., 2011. Physical weathering of building stones
induced by freeze-thaw action: a laboratory long-term study. Environ. Earth Sci. 63,
1573-1586.

Rusli, M.U., Booth, D.T., 2018. Sand type influences the energetics of nest escape in
Brisbane river turtle hatchlings. Aust. J. Zool. 66, 27-33.

Saccone, L., Gazze, S.A., Duran, A.L., Leake, J.R., Banwart, S.A., Ragnarsdottir, K.,
Smits, M.M., McMaster, T.J., 2012. High-resolution characterization of
ectomycorrhizal fungal-mineral interactions in axenic microcosm experiments.
Biogeochemistry 111, 411-425.

Sak, P.B., Navarre-Sitchler, A.K., Miller, C.E., Daniel, C.C., Gaillardet, J., Buss, H.L.,
Lebedeva, M.I., Brantley, S.L., 2010. Controls on rind thickness on basaltic andesite
clasts weathering in Guadeloupe. Chem. Geol. 276, 129-243.

Sak, P., Fisher, D., Gardner, T., Murphy, K., Brantley, S., 2004. Rates of weathering rind
formation on costa rican basalt. Geochim. Cosmochim. Acta 68, 1453-1472.


http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050941474164
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050941474164
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031342082115
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031342082115
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031342082115
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031342205555
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031342205555
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050941499934
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050941499934
http://refhub.elsevier.com/S0012-8252(22)00331-2/opt7q9jTIQnYf
http://refhub.elsevier.com/S0012-8252(22)00331-2/opt7q9jTIQnYf
http://refhub.elsevier.com/S0012-8252(22)00331-2/opt7q9jTIQnYf
http://refhub.elsevier.com/S0012-8252(22)00331-2/opt7q9jTIQnYf
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050919220488
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050919220488
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050941534064
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050941534064
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050941534064
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050941534064
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050941557733
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050941557733
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050941557733
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050941578194
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050941578194
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050942012724
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050942012724
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050942012724
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031342261865
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031342261865
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050923340680
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050923340680
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050923340680
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031342396425
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031342396425
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050923318140
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050923318140
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050923318140
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050942144313
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050942144313
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050942144313
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031342476775
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031342476775
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031342476775
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050942213683
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050942213683
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031343323595
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031343323595
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031343323595
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031344135515
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031344135515
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031344180665
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031344180665
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031344180665
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031344205155
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031344205155
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031344205155
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031344484395
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031344484395
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031344484395
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031344484395
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031344484395
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050942543283
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050942543283
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050942543283
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050926148466
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050926148466
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031345391355
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031345391355
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031345391355
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050943139794
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050943139794
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050943175074
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050943175074
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050943175074
http://refhub.elsevier.com/S0012-8252(22)00331-2/opt83AdT5ONyV
http://refhub.elsevier.com/S0012-8252(22)00331-2/opt83AdT5ONyV
http://refhub.elsevier.com/S0012-8252(22)00331-2/opt83AdT5ONyV
http://refhub.elsevier.com/S0012-8252(22)00331-2/opt83AdT5ONyV
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031345565885
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031345565885
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050943247294
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050943247294
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050943247294
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050943247294
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031346507125
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031346507125
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031346507125
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050943323694
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050943323694
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050943323694
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf6149
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf6149
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf6149
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031348199065
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031348199065
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031348199065
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031348199065
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031348199065
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031348199065
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031348199065
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031348199065
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031348199065
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031348199065
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031348289525
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031348289525
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031348289525
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050943511604
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050943511604
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050943511604
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050944040425
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050944040425
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050944040425
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050944252515
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050944252515
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050944252515
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050944252515
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050944252515
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050944340345
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050944340345
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050944340345
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050944379285
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031348377305
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031348377305
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031348377305
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050928363427
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050928363427
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050928363427
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031349013195
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031349013195
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031349013195
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031349013195
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031349013195
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031349013195
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031349040035
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031349040035
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031349040035
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050944581655
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050944581655
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050944581655
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031349575585
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031349575585
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031349575585
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031350133075
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050929149926
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050929149926
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050929149926
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050945080585
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050945080585
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050945080585
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031350304115
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031350304115
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031350304115
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031350304115
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050945204044
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050945204044
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050945228724
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050945228724
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050945228724
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031350560505
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031350560505
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031350599405
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031350599405
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031350599405
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031350599405
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031351248685
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031351248685
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031351248685
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031351260825
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031351260825

R.A. Lybrand

Salari, K.R., Delavar, M.A., Esfandiari, M., Pazira, E., 2019. Morphological, physical, and
clay mineralogy of calcareous and gypsiferous soils in North of Lorestan, Iran. Can. J.
Soil Sci. 99, 485-494.

Sarcinelli, T.S., Schaefer, C.E.G.R., Filho, E.LF., Mafia, R.G., Neri, A.V., 2013. Soil
modification by termites in a sandy-soil vegetation in the Brazilian Atlantic rain
forest. J. Trop. Ecol. 29, 439-448.

Sardinas, H.S., Kremen, C., 2014. Evaluating nesting microhabitat for ground-nesting
bees using emergence traps. Basic Appl. Ecol. 15, 161-168.

Sarrazin, P., Blake, D., Gailhanou, M., Marchis, F., Chalumeau, C., Webb, S., Walter, P.,
Schyns, E., Thompson, K., Bristow, T., 2018. MapX: 2D XRF for planetary exploration
- image formation and optic characterization. J. Instrum. 13, C04023.

Schaefer, K., Lantuit, H., Romanovsky, V.E., Schuur, E.G., Witt, R., 2014. The impact of
the permafrost carbon feedback on global climate. Environ. Res. Lett. 9, 1-9.

Schindler, M., Michel, S., Batcheldor, D., Hochella Jr., M.F., 2019. A nanoscale study of
the formation of Fe-(hydr)oxides in a volcanic regolith: implications for the
understanding of soil forming processes on Earth and Mars. Geochim. Cosmochim.
Acta 264, 43-66.

Shelef, E., Rowland, J.C., Wilson, C.J., Hilley, G.E., Mishra, U., Altmann, G.L., Ping, C.,
2017. Large uncertainty in permafrost carbon stocks due to hillslope soil deposits.
Geophys. Res. Lett. 44, 6134-6144.

Schmitt, A., Glaser, B., Borken, W., Matzner, E., 2008. Repeated freeze-thaw cycles
changed organic matter quality in a temperate forest soil. J. Plant Nutr. Soil Sc. 171,
707-718.

Schneider von Deimling, T.S., Lee, H., Ingeman-Nielsen, T., Westermann, S.,
Romanovsky, V., Lamoureux, S., Walker, D.A., Chadburn, S., Trochim, E., Cai, L.,
Nitzbon, J., Jacobi, S., Langer, M., 2021. Consequences of permafrost degradation
for Arctic infrastructure — bridging the model gap between regional and engineering
scales. Cryosphere 15, 2451-2471.

Schnell, R.C., Vali, G., 1972. Atmospheric ice nuclei from decomposing vegetation.
Nature 236, 163-165.

Schuur, E.A.G., McGuire, A.D., Schadel, C., Grosse, G., Harden, J.W., Hayes, D.J.,
Hugelius, G., Koven, C.D., Kuhry, P., Lawrence, D.M., Natali, S.M., Olefeldt, D.,
Romanovsky, V.E., Schaefer, K., Turetsky, M.R., Treat, C.C., Vonk, J.E., 2015.
Climate change and the permafrost carbon feedback. Nature 520, 171-179.

Schwartzman, D.W., 2013. The geobiology of weathering: a 13th hypothesis. http://arx
iv.org/ftp/arxiv/papers/1509/1509.04234.pdf.

Schroeder, P.A., 2018. Clays in the Critical Zone. Cambridge University Press,
Cambridge, UK.

Schuur, E.G., Bockheim, J., Canadell, J.G., Euskirchen, E., Field, C.B., Goryachkin, S.V.,
Hagemann, S., Kuhry, P., Lafleur, P.M., Lee, H., Mazhitova, G., Nelson, F.E.,
Rinke, A., Romanovsky, V.E., Shiklomanov, N., Tarnocal, C., Venevsky, S., Vogel, J.
G., Zimov, S.A., 2008. Vulnerability of permafrost carbon to climate change:
implications for the global carbon cycle. Bioscience 58, 701-714.

Screen, J.A., 2017. Simulated atmospheric response to regional and pan-Arctic sea ice
loss. J. Climate 30, 3945-3962.

See, C.R., Keller, A.B., Hobbie, S.E., Kennedy, P.G., Weber, P.K., Pett-Ridge, J., 2022.
Hyphae move matter and microbes to mineral microsites: integrating the
hyphosphere into conceptual models of soil organic matter stabilization. Glob.
Change Biol. 00, 1-14.

Seibert, N.M., Kargel, J.S., 2001. Small-scale martian polygonal terrain: implications for
liquid surface water. Geophys. Res. Lett. 28, 899-902.

Seymour, R.S., Ackerman, R.A., 1980. Adaptations to underground nesting in birds and
reptiles. Am. Zool. 20, 437-447.

Siegesmund, S., Ruedrich, J., Koch, A., 2008. Marble bowing: comparative studies of
three different public building facades. Environ. Geol. 56, 473-494.

Simard, S.W., Perry, D.A., Jones, M.D., Myrold, D.D., Durall, D.M., Molina, R., 1997. Net
transfer of carbon between ectomycorrhizal tree species in the field. Nature 388
(579), 582.

Six, J., Bossuyt, H., Degryze, S., Denef, K., 2004. A history of research on the link
between (micro)aggregates, soil biota, and soil organic matter dynamics. Soil Till.
Res. 79, 7-31.

Slessarev, E.W., Lin, Y., Bingham, N.L., Johnson, J.E., Dai, Y., Schimel, J.P., Chadwick, O.
A., 2016. Water balance creates a threshold in soil pH at the global scale. Nature
540, 567-569.

Snook, K.J., Mendell, W.W., 2004. The need for analogue missions in scientific human
and robotic planetary exploration. In: Abstracts for Lunar and Planetary Science
Conference, Abstract #2130.

Smith, J.J., Ah Tow, L., Stafford, W., Cary, C., Cowan, D.A., 2006. Bacterial diversity in
three different antarctic cold desert mineral soils. Microb. Ecol. 51, 413-421.

Smith, A.S., Fox, C.A., Hargraves, A.E., 1991. Development of soil structure in some
turbic cryosols in the Canadian low Arctic. Can. J. Soil Sci. 71, 11-29.

Smits, M.M., Herrmann, A.M., Duane, M., Duckworth, O.W., Bonneville, S., Benning, L.,
Lundstrom, U., 2009. The fungal-mineral interface: challenges and considerations of
micro-analytical developments. Fungal Biol. Rev. 23, 122-131.

Soil Survey Staff, 1999. Soil Taxonomy: A Basic System of Soil Classification for Making
and Interpreting Soil Surveys. In: Natural Resources Conservation Service. U.S.
Department of Agriculture Handbook, 2nd edition, p. 436.

Spohn, T., Hudson, T.L., Witte, L., Wippermann, T., Wisniewski, L., Kedziora, B.,
Vrettos, C., Lorenz, R.D., Golombek, M., Lichtenheldt, R., Grott, M., Knollenberg, J.,
Krause, C., Fantinati, C., Nagihara, S., Grygorczuk, J., 2022. The InSight-HP3Mole on
Mars: lessons learned from attempts to penetrate to depth in the Martian Soil. Adv.
Space Res. 69, 3140-3163.

Squyres, S.W., Knoll, A.H., 2005. Sedimentary rocks at Meridiani Planum: origin,
diagenesis, and implications for life on Mars. Earth Planet. Sc. Lett. 240, 1-10.

25

Earth-Science Reviews 237 (2023) 104247

Srba, M., Heneberg, P., 2012. Nesting habitat segregation between closely related
terricolous sphecid species (Hymenoptera:Spheciformes): key role of soil physical
characteristics. J. Insect Conserv. 16, 557-570.

Suchet, P.A., Probst, J., Ludwig, W., 2003. Worldwide distribution of continental rock
lithology: implications for the atmospheric/soil CO2 uptake by continental
weathering and alkalinity river transport to the oceans. Glob. Biogeochem. Cy. 17,
1038.

Sun, Y., Goll, D.S., Chang, J., Ciais, P., Guenet, B., Helfenstein, J., Huang, Y.,
Lauerwald, R., Maignan, F., Naipal, V., Wang, Y., Yang, H., Zhang, H., 2021. Geosci.
Model Dev. 14, 1987-2010.

Szymanski, W., Skiba, M., Wojtun, B., Drewnik, M., 2015. Soil properties,
micromorphology, and mineralogy of cryosols from sorted and unsorted patterned
grounds in the Hornsund area, SW Spitsbergen. Geoderma 253, 1-11.

Tamppari, L.K., Anderson, R.M., Archer Jr., P.D., Douglas, S., Kounaves, S.P., McKay, C.
P., Ming, D.W., Moore, Q., Quinn, J.E., Smith, P.H., Stroble, S., Zent, A.P., 2012. In:
Effects of extreme cold and aridity on soils and habitability: McMurdo Dry Valleys as
an analogue for the Mars Phoenix landing site, 24, pp. 211-228.

Tardy, Y., Bouquier, G., Paquet, H., Millot, G., 1973. Formation of clay from granite and
its distribution in relation to climate and topography. Geoderma 10, 271-284.
Tarnocai, C., Bockheim, J.G., 2011. Cryosolic soils of Canada: genesis, distribution, and

classification. Can. J. Soil Sci. 91, 749-762.

Tarnocai, C., Canadell, J.G., Schuur, E.G., Kuhry, P., Mazhitova, G., Zimov, S., 2009. Soil
organic carbon pools in the northern circumpolar permafrost region. Glob.
Biogeochem. Cy. 23, 1-11.

Tavares, F., 2019. NASA is testing a drill to search for life on Mars- on its own. NASA
Ames Newsroom. Accessed on February 15h, 2022. nasa.gov/feature/ames/arads-dr
ill.

Taylor, L.L., Leake, J.R., Quirk, J., Hardy, K., Banwart, S.A., Beerling, D.J., 2009.
Biological weathering and the long-term carbon cycle: integrating mycorrhizal
evolution and function into the current paradigm. Geobiology 7, 171-191.

The Editors of Encyclopedia Britannica, 2021. Hydrosphere. Encyclopedia Britannica.
Accessed on December 20th, 2022. britannica.com/science/hydrosphere.

Thiagarajan, N., Lee, C.A., 2004. Trace-element evidence for the origin of desert varnish
by direct aqueous atmospheric deposition. Earth Planet. Sci. Lett. 224, 131-141.

Thomachot, C., Matsuoka, N., 2007. Dilation of building materials submitted to frost
action. Geol. Soc. Lond., Spec. Publ. 271, 167-177.

Thorley, R.M.S., Taylor, L.L., Banwart, S.A., Leake, J.R., Beerling, D.J., 2015. The role of
forest trees and their mycorrhizal fungi in carbonate rock weathering and its
significance for global carbon cycling. Plant, Cell Environ. 38, 1947-1961.

Tobo, Y., DeMott, P.J., Hill, T.C., Prenni, A.J., Swoboda-Colberg, N.G., Franc, G.D.,
Kreidenweis, S.M., 2014. Organic matter matters for ice nuclei of agricultural soil
origin. Atmos. Chem. Phys. 14, 8521-8531.

Torrent, J., Nettleton, W.D., Borst, G., 1980. Genesis of a Typic Durixeralf of Southern
California. Soil Sci. Soc. Am. J. 44, 575-582.

Totsche, K.U., Rennert, T., Gerzabek, M.H., Kogel-Knabner, I., Smalla, K., Spiteller, M.,
Vogel, H.J., 2010. Biogeochemical interfaces in soil: the interdisciplinary challenge
for soil science. J.Plant Nutr. Soil Sc. 173, 88-99.

Turetsky, M.R., Abbott, B.W., Jones, M.C., Anthony, K.W., Olefeldt, D., Schuur, E.G.,
Grosse, G., Kuhry, P., Hugelius, G., Koven, C., Lawrence, D.M., Gibson, C., Sannel, A.
B.K., McGuire, D.A., 2020. Carbon release through abrupt permafrost thaw. Nat.
Geosci. 13, 138-143.

US Fish and Wildlife Service, 2011. Revised recovery plan for the Mojave population of
the desert tortoise (Gopherus agassizii). U.S. Fish and Wildlife Service, Pacific
Southwest Region, Sacramento, California.

Vago, J.L., Westall, F., Coates, A.J., Jaumann, R., Korablev, O., Ciarletti, V.,
Mitrofanov, 1., Josset, J., De Sanctis, M.C., Bibring, J., Rull, F., Goesmann, F.,
Steininger, H., Goetz, W., Brinckerhoff, W., Szopa, C., Raulin, F., Westall, F.,
Edwards, H.G.M., Whyte, L.G., Fairen, A.G., Bibring, J., Bridges, J., Hauber, E.,
Ori, G.G., Werner, S., Loizeau, D., Kuzmin, R.O., Williams, R.M.E., Flahaut, J.,
Forget, F., Vago, J.L., Rodionov, D., Korablev, O., Syedhem, H., Sefton-Nash, E.,
Kminek, G., Lorenzoni, L., Joudrier, L., Mikhailov, V., Zashchirinskiy, A.,
Alexashkin, S., Calantropio, F., Merlo, A., Poulakis, P., Witassee, O., Bayle, O.,
Bayon, S., Meierhenrich, U., Carter, J., Garcia-Ruiz, J.M., Baglioni, P.,

Haldemann, A., Ball, A.J., Debus, A., Lindner, R., Haessig, F., Monteiro, D.,
Trautner, R., Voland, C., Rebeyre, P., Goulty, D., Didot, F., Durrant, S., Zekri, E.,
Koschny, D., Toni, A., Visentin, G., Zwick, M., Winnendael, M.Azkarate, Carreau, C.,
2017. Habitability on Early Mars and the Search for Biosignatures with the ExoMars
Rover. Astrobiology 17, 471-510.

Van Breemen, N., Buurman, P., 2002. Soil Formation. Kluwer Academic Publishers,
Dordrecht.

Van Epps, H.L., 2006. René Dubos: unearthing antibiotics. J. Exp. Med. 203, 259.

Van Es, H., 2017. A new definition of soil. CSA News 62, 10.

Van Vliet-Lanoe, B., 1985. Frost effects in soils. In: Boardman, J. (Ed.), Soils and
Quaternary Landscape Evolution. Wiley & Sons, New York, NY, pp. 117-158.

Velde, B., 1984. Clay Minerals. Developments in Sedimentology, 40. In: Elsevier,
Amsterdam, p. 428.

Veresoglou, S.D., Halley, J.M., Rilling, M.C., 2015. Extinction risk of soil biota. Nat.
Commun. 6, 8862.

Villanueva, G.L., Mumma, M.J., Novak, R.E., Radeva, Y.L., Kaufl, H.U., Smette, A.,
Tokunaga, A., Khayat, A., Encrenaz, T., Hartogh, P., 2013. A sensitive search for
organics (CH4, CH30H, H2CO, C2H6, C2H2, C2H4), hydroperoxyl (HO2), nitrogen
compounds (N20, NH3, HCN) and chlorine species (HCl, CH3Cl) on Mars using
ground-based high-resolution infrared spectroscopy. Icarus 223 (1), 11-27.

Von Blanckenburg, F., Bouchez, J., Ibarra, D.E., Maher, K., 2015. Stable runoff and
weathering fluxes into the oceans over Quaternary climate cycles. Nat. Geosci. 8,
538-542.


http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031351462505
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031351462505
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031351462505
http://refhub.elsevier.com/S0012-8252(22)00331-2/opt71BKDI3zkD
http://refhub.elsevier.com/S0012-8252(22)00331-2/opt71BKDI3zkD
http://refhub.elsevier.com/S0012-8252(22)00331-2/opt71BKDI3zkD
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050946103684
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050946103684
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050946232184
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050946232184
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050946232184
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031352154095
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031352154095
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050946362204
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050946362204
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050946362204
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050946362204
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031352242315
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031352242315
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031352242315
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050946416524
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050946416524
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050946416524
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031321142237
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031321142237
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031321142237
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031321142237
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031321142237
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050946473414
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050946473414
http://refhub.elsevier.com/S0012-8252(22)00331-2/optaeB8o23DFC
http://refhub.elsevier.com/S0012-8252(22)00331-2/optaeB8o23DFC
http://refhub.elsevier.com/S0012-8252(22)00331-2/optaeB8o23DFC
http://refhub.elsevier.com/S0012-8252(22)00331-2/optaeB8o23DFC
http://arxiv.org/ftp/arxiv/papers/1509/1509.04234.pdf
http://arxiv.org/ftp/arxiv/papers/1509/1509.04234.pdf
http://refhub.elsevier.com/S0012-8252(22)00331-2/opt9bR9FhJY4t
http://refhub.elsevier.com/S0012-8252(22)00331-2/opt9bR9FhJY4t
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031352368215
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031352368215
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031352368215
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031352368215
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031352368215
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050947155704
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050947155704
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031352459435
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031352459435
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031352459435
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031352459435
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050947176354
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050947176354
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031353010965
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031353010965
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050947241404
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050947241404
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031353035845
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031353035845
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031353035845
http://refhub.elsevier.com/S0012-8252(22)00331-2/optGEhq2Ds431
http://refhub.elsevier.com/S0012-8252(22)00331-2/optGEhq2Ds431
http://refhub.elsevier.com/S0012-8252(22)00331-2/optGEhq2Ds431
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050931250816
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050931250816
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050931250816
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050931416146
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050931416146
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050931416146
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031353190425
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031353190425
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031353216975
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031353216975
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031353533014
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031353533014
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031353533014
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031354266584
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031354266584
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031354266584
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050947474814
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050947474814
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050947474814
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050947474814
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050947474814
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050947532824
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050947532824
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050948031914
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050948031914
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050948031914
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031355392885
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031355392885
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031355392885
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031355392885
http://refhub.elsevier.com/S0012-8252(22)00331-2/opti1ythSfJkO
http://refhub.elsevier.com/S0012-8252(22)00331-2/opti1ythSfJkO
http://refhub.elsevier.com/S0012-8252(22)00331-2/opti1ythSfJkO
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031355467385
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031355467385
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031355467385
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031356002266
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031356002266
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031356002266
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031356002266
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031356114136
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031356114136
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031356222466
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031356222466
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031356253836
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031356253836
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031356253836
https://www.nasa.gov/feature/ames/arads-drill
https://www.nasa.gov/feature/ames/arads-drill
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050949367934
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050949367934
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050949367934
https://www.britannica.com/science/hydrosphere
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031356501686
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031356501686
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050949446964
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050949446964
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050950114943
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050950114943
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050950114943
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031356525176
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031356525176
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031356525176
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050950163513
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050950163513
http://refhub.elsevier.com/S0012-8252(22)00331-2/opt4d5JJF9Wpu
http://refhub.elsevier.com/S0012-8252(22)00331-2/opt4d5JJF9Wpu
http://refhub.elsevier.com/S0012-8252(22)00331-2/opt4d5JJF9Wpu
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050900134768
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050900134768
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050900134768
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050900134768
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031317442311
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031317442311
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031317442311
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf6529
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf6529
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf6529
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf6529
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf6529
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf6529
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf6529
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf6529
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf6529
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf6529
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf6529
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf6529
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf6529
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf6529
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031319240131
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031319240131
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050932232666
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031320124196
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031320467566
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031320467566
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031320497537
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031320497537
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031321037077
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031321037077
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050932336876
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050932336876
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050932336876
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050932336876
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050932336876
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050932352736
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050932352736
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050932352736

R.A. Lybrand

Wallander, H., Hagerberg, D., Aberg, G., 2006. Uptake of 87Sr from microcline and
biotite by ectomycorrhizal fungi in a Norway spruce forest. Soil Biol. Biochem. 38,
2487-2490.

Wallander, H., Goransson, H., Rosengren, U., 2004. Production, standing biomass and
natural abundance of 15N and 13C in ectomycorrhizal mycelia collected at different
soil depths in two forest types. Oecologia 139, 89-97.

Wallander, H., Nilsson, L.O., Hagerberd, D., Béth, E., 2001. Estimation of the biomass
and seasonal growth of external mycelium of ectomycorrhizal fungi in the field. New
Phytol. 151, 753-760.

Wamelink, W.G.W., Frissel, J.Y., Krijnen, W.H.J., Verwoert, R.M., Goedhart, P.W., 2014.
Can plants grow on Mars and the Moon: a growth experiment on Mars and Moon.
Plos One 9, 1-9.

Wang, S., Ruan, H., 2011. Effects of soil mesofauna and microclimate on nitrogen
dynamics in leaf litter decomposition along an elevation gradient. Afr. J. Biotechnol.
10, 6732-6742.

Wang, J., Wu, Q., Yuan, Z., Kang, H., 2020. Soil respiration of alpine meadow is
controlled by freeze-thaw processes of active layer in the permafrost region of the
Qinghai-Tibet Plateau. Cryosphere 14, 2835-2848.

Wang, S., Chen, Y., Ni, J., Zhang, M., Zhang, H., 2019. Influence of freeze-Thaw cycles on
engineering properties of tonalite: examples from China. Adv. Civ. Eng. 2019, 1-12.

Watanabe, K., Kugisaki, Y., 2017. Effect of macropores on soil freezing and thawing with
infiltration. Hydrol. Process. 31, 270-278.

Weiss, T., Rasolofosaon, P.N.J., Siegesmund, S., 2001. Thermal microcracking in Carrara
marble. Z. Dtsch. Geol. Gesell. 152, 621-636.

Wells, S.G., Dohrenwend, J.C., McFadden, L.D., Turrin, B.D., Mahrer, K.D., 1985. Late
Cenozoic landscape evolution on lava flow surfaces of the Cima volcanic field,
Mojave Desert,California. Geol. Soc. Am. Bull. 96, 1518-1529.

Westall, F., Foucher, F., Bost, N., Bertrand, M., Loizeau, D., Vago, J.L., Kminek, G.,
Gaboyer, F., Cambell, K.A., Breheret, J., Gautret, P., Cockell, C.S., 2015.
Biosignatures on Mars: what, where, and how? Implications for the Search for
Martian Life. Astrobiology 15, 998-1029.

White, A.F., Blum, A.E., 1995. Effects of climate on chemical, weathering in watersheds.
Geochim. Cosmochim. Acta 59, 1729-1747.

White, A.F., Brantley, S.L., 2003. The effect of time on the weathering of silicate
minerals: why do weathering rates differ in the laboratory and field? Chem. Geol.
202, 479-506.

Wilding, L.P., Lin, H., 2006. Advancing the frontiers of soil science towards a geoscience.
Geoderma 131, 257-274.

Wilhelm, M.B., Davila, A.F., Eigenbrode, J.L., Parenteau, M.N., Jahnke, L.L., Liu, X.,
Summons, R.E., Wray, J.J., Stamos, B.N., O’Reilly, S.S., Williams, A., 2017.
Xeropreservation of functionalized lipid biomarkers in hyperarid soils in the
Atacama Desert. Org. Geochem. 103, 97-104.

Wills, B.D., Landis, D.A., 2018. The role of ants in north temperate grasslands: a review.
Oecologia 186, 323-338.

Wilson, R.W., Stager, R.D., 1992. Desert tortoise population densities and distribution,
Piute Valley, Nevada. Rangelands 14, 239-242.

26

Earth-Science Reviews 237 (2023) 104247

Winnick, M.J., Maher, K., 2018. Relationships between CO2, thermodynamic limits on
silicate weathering, and the strength of the silicate weathering feedback. Earth
Planet. Sc. Lett. 485, 111-120.

Witze, A., 2019. ‘Marsquakes’ reveal red planet’s hidden geology. Nature 576, 348.

Wood, D.W., Bjorndal, K.A., 2000. Relation of temperature, moisture, salinity, and slope
to nest site selection in logger- head sea turtles. Copeia 2000, 119-128.

Woodbury, A.M., Hardy, R., 1940. The dens and behavior of the desert tortoise. Science
92, 529.

Woodbury, M., Hardy, R., 1948. Studies of the desert tortoise, Gopherus agassizii. Ecol.
Monogr. 19, 145-200.

Xu, H., Li, H., Tan, Y., Wang, L., Hou, Y., 2018. A Micro-Scale Investigation on the
Behaviors of Asphalt Mixtures under Freeze-Thaw Cycles Using Entropy Theory and
a Computerized Tomography Scanning Technique. Entropy 20, 1-13.

Yesavage, T., Thompson, A., Hausrath, E.M., Brantley, S.L., 2015. Basalt weathering in
an Arctic Mars-analog site. Icarus 254, 219-232.

Yokohata, T., Saito, K., Takata, K., Nitta, T., Satoh, Y., Hajima, T., Sueyoshi, T.,
Iwahana, G., 2020. Model improvement and future projection of permafrost
processes in a global land surface model. Progr. Earth Planet. Sci. 7, 1-12.

Zaharescu, D.G., Burghelea, C.1., Dontsova, K., Reinhard, C.T., Chorover, J., Lybrand, R.,
2020. Biological weathering in the terrestrial system. an evolutionary perspective.
ISBN 978-1-119-41330-1. In: Dontsova, K., Balogh-Brunstad, Z., Le Roux, G. (Eds.),
Biogeochemical Cycles: Ecological Drivers and Environmental Impact. Wiley.

Zaharescu, D.G., Burghelea, C.I., Dontsova, K., Presler, J.K., Hunt, E.A., Domanik, K.J.,
Amistadi, M.K., Sandhaus, S., Munoz, E.N., Gaddis, E.E., Galey, M., Vaquera-
Ibarra, M.O., Palacios-Menendez, M.A., Castrejon-Martinez, R., Roldan-Nicolau, E.
C., Li, K., Maier, R.M., Reinhard, C.T., Chorover, J., 2019. Ecosystem-bedrock
interaction changes nutrient compartmentalization during early oxidative
weathering. Sci. Rep. 9, 15006.

Zaharescu, D.G., Burghelea, C.I., Dontsova, K., Presler, J.K., Maier, R.M., Huxman, T.,
Domanik, K.J., Hunt, E.A., Amistadi, M.K., Gaddis, E.E., Palacio-Menendez, M.A.,
Vaquera-Ibarra, M.O., Chorover, J., 2017. Ecosystem composition controls the fate
of rare Earth elements during. Sci. Rep. 7, 43208.

Zida, Z., Ouedraogo, E., Mandoc, A., Stroosnijder, L., 2011. Termite and earthworm
abundance and taxonomic richness under long-term conservation soil management
in Saria, Burkina Faso, West Africa. Appl. Soil Ecol. 51, 122-129.

Zimmermann, F., Weinbruch, S., Schutz, L., Hofmann, H., Ebert, M., Kandler, K.,
Worringen, A., 2008. Ice nucleation properties of the most abundant mineral dust
phases. J. Geophys. Res. 1-11.

Zeinali, S.M., Abdelaziz, S.L., 2020. Identifying thermo-mechanical induced
microstructural changes. E3S Web of Conferences 205, 09005.

Zhu, C., Veblen, D.R., Blum, A.E., Chipera, S.J., 2006. Naturally weathered feldspar
surfaces in the Navajo Sandstone aquifer, Black Mesa, Arizona: electron microscopic
characterization. Geochim. Cosmochim. Acta 70, 4600-4616.

Zylstra, E.R., Steidl, R.J., 2009. Habitat use by Sonoran Desert Tortoises. J. Wildlife
Manage. 73, 747-754.


http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050932510746
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050932510746
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050932510746
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031321294667
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031321294667
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031321294667
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031325453963
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031325453963
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031325453963
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031325511283
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031325511283
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031325511283
http://refhub.elsevier.com/S0012-8252(22)00331-2/optkKAQk6awPR
http://refhub.elsevier.com/S0012-8252(22)00331-2/optkKAQk6awPR
http://refhub.elsevier.com/S0012-8252(22)00331-2/optkKAQk6awPR
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050932544636
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050932544636
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050932544636
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031323108042
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031323108042
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050932579476
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050932579476
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031324136147
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031324136147
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031324503704
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031324503704
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031324503704
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031325192943
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031325192943
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031325192943
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031325192943
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050933156176
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050933156176
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050933182076
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050933182076
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050933182076
http://refhub.elsevier.com/S0012-8252(22)00331-2/optnTWOW12p6Y
http://refhub.elsevier.com/S0012-8252(22)00331-2/optnTWOW12p6Y
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031325556993
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031325556993
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031325556993
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031325556993
http://refhub.elsevier.com/S0012-8252(22)00331-2/optqgYjZWvNzt
http://refhub.elsevier.com/S0012-8252(22)00331-2/optqgYjZWvNzt
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031326053313
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031326053313
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050933226286
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050933226286
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050933226286
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050933273536
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031326390452
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031326390452
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050933292146
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050933292146
http://refhub.elsevier.com/S0012-8252(22)00331-2/optODrYJSgYQh
http://refhub.elsevier.com/S0012-8252(22)00331-2/optODrYJSgYQh
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031326589162
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031326589162
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031326589162
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050933362346
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050933362346
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031327191222
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031327191222
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031327191222
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031327428832
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031327428832
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031327428832
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031327428832
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050933529555
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050933529555
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050933529555
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050933529555
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050933529555
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050933529555
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031327599862
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031327599862
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031327599862
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031327599862
http://refhub.elsevier.com/S0012-8252(22)00331-2/optCoW5YSOfFq
http://refhub.elsevier.com/S0012-8252(22)00331-2/optCoW5YSOfFq
http://refhub.elsevier.com/S0012-8252(22)00331-2/optCoW5YSOfFq
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031328034832
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031328034832
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212031328034832
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050934176305
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050934176305
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050935162865
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050935162865
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050935162865
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050935372695
http://refhub.elsevier.com/S0012-8252(22)00331-2/rf202212050935372695

	Connecting soils to life in conservation planning, nutrient cycling, and planetary science
	1 Introduction
	1.1 The challenge

	2 Conservation planning and ecology
	2.1 Overview
	2.2 Ground-nesting bees
	2.3 Desert tortoises
	2.4 Additional examples connecting soil science to conservation planning efforts
	2.4.1 Sonoran pronghorn (Antilocapra americana sonoriensis)
	2.4.2 Cheat Mountain salamander (Plethodon nettingi)
	2.4.3 Turtles, birds, and crocodiles
	2.4.4 Lizards (Aspidoscelis tigris, Callisaurus draconoides, and Uta stansburiana)

	2.5 Collaborative opportunities

	3 Nutrient cycling and mineral weathering
	3.1 Mineral weathering: an overview
	3.2 Nanolandscapes of weathering: intersection of microbes and minerals
	3.2.1 Fungal-driven weathering

	3.3 Nanolandscapes of weathering: intersection of ice, minerals, and organics
	3.3.1 Soil-landscape to microscale perspectives on organo-mineral associations in Arctic soils

	3.4 Collaborative opportunities

	4 Linking soil to the space and planetary sciences
	4.1 Overview: Is there soil on Mars or on other planetary bodies?
	4.2 The search for life…and false positives
	4.3 Soils of terrestrial analogs
	4.3.1 Connections to Mars exploration and human settlement

	4.4 Collaborative opportunities

	Declaration of Competing Interest
	Data availability
	Acknowledgments
	References


