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“I called it the critical zone because it's
critical for life...Also, it’s critical to know
more about it because of the potential for
damaging it” (Gail Ashley, 1998)
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< “We should be looking at the Earth’s surface as
one thing and bringing all those subdisciplines
together” (Susan Brantley, 2000)
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TABLE 2.1 Categories of Instrumentation and Measurements Made at the
United States CZ0s.

1. Land-atmosphere

LiDAR datasets

Eddy flux for momentum, heat, water vapor, CO;

Wind speed and direction sensors

Solar radiation and temperature sensors

Precipitation and through-fall samplers

Woet and dry depaosition samplers

2. Vegelation and associaled microbiola
a. Above- and below-ground vegetative and microbial compasition
b. Relations between ET and species compasition and structure
c. Soilfplant respiration, net ecosystem exchange

3. Soil (vadose zone)
a. Solid phase (campaign sampling for spatial characterization)

. Elemental composition and mineralogy

Texture and physical characlerization

Organic-matter content

Stable and radiogenic isolope composilion

Fluid phase (sensors and samplers for time series)

Soil moisture (sensors)

Soil temperature (sensors)

Soil-solution chemistry (samplers)

Soil-gas chemistry (samplers/sensors)

Rates of infiltration and groundwater flow

aprc:llte and bedrock (saturated zone)

Solid phase (campaign sampling for spatial characterization)

Petrology and mineralogy

Elemental-compaosition and organic-matter content

Texture and other physical and architectural traits

Fluid phase isensors and samplers for lime series)

Patentiometric head and temperature (sensors)

Groundwater chemistry (samplers/sensors)

Gas chemistry (samplers/sensors)

5. Surface water
a. Discrete and instantaneous discharge (flumes, weirs, with water quality sensors)
b. Channel marphalogy
c. Stream-water chemistry, dissalved and suspended (samplers/sensors)
d. Sediment and hiota {samplers/sensors)
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FIGURE 1.2 Locations of Critical fone sites located around the

world.
The number in the marker corresponds to the Critical Zone site listed 4.
in the table. Mag compied from Banwan =t al (2013) and NRC (Z001).
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evapo- precipitation

transpiration
Residence
time
minutes
days .
Processos locais
e e globais, na
decades ampla escala do
centuries tem PO

millennia




CRITICAL ZONE

weathering

\ front advance

|

ninlifr

MATERIAL
soil (material
with horizons)
and/or regolith
(disaggregated,
transportable
material)

saprolite
(thoroughly
weathered rock
that has not
been trans-
ported)

fractured and
weathered rock

fresh rock

PROCESS

mechanical,
chemical, biological,
and transport

regolith production

chemical

mechanical and
chemical

mechanical

weathered rock
production

Como os processos
quimicos e mecanicos
interagem para produzir
a ZC e suas variagoes?



Chemical weathering energies Mechanical weathering energies
< Thermal Chemical = ~Thermal Kinetic =

% Terrestrial inputs




Intemperismo

Modifica a crosta
Terrestre em
resposta as
condicoes
atmosfericas,

hidrologicas e
bidticas

* Formacao dos solos
* Qualidade das aguas
* Condicionamento de ecosistemas

* Regulador climatico e ambiental

* Formador de recursos minerais



Solos
e
/ona Critica




Keny (1941) — Definicao de solos

“Sistemas que trocam massa e
energia com o entorno”

Solos/ecosistemas

= f (estado inicial do sistema, ambiente local, tempo)

Modelo conceitual da ZC

Energy and matter
influx: Radiation,

Energy storage and

organization:
Secondary minera

water, and carbon

= f (clima, organismos, topografia, material parental, tempo...)




Modelo conceitual do desenvolvimento de solos

Keny (1941) —
| Definicao de solos

ROCHA MAE
“Sistemas que trocam
massa e energia com

ROCHA EM PR FOR INICIAL _S0LO consTiTuipo | © €ntorno”
PROCESSO DE "%ﬁl "'ﬁ:.nm
DESINTEGRA oa&ulco oosm SOLO




Estudando solos

O que aconteceu?

Que propriedades fisicas, Como aconteceu?

quimicas/mineraldgicas e
biologicas do perfil de solo sao
devido a formacao de solo?

Como o solo se formou?
Quais processos formaram o solo?

Com respeito a que o solo difere
do material parental?



Topography

Climate

Lithology

Biology

Disturbance

Solos/ecosistemas = f (estado inicial do sistema, ambiente local, tempo) Fatores

= f (clima, organismos, topografia, material parental, tempo...)  Processos



Tabela 7.2: Minerais comuns das rochas silicaticas encontradas na superficie dos
continentes e sua composicao quimica, expressa por suas formulas estruturais.

quartzo Sio,

feldspato alcalino KAl Si,0,

plagioclasio (Na, Ca) Al Si,0O,

biotita K (Fe, Mg), (Al, Fe) Si, O, (OH,F),
muscovita K Al Si, O,, (OH,F),

piroxénio (Ca, Mg, Fe) (Al, Mg, Fe) (Si, Al), O,
anfibdlio (Ca, Na, K), (Al, Mg, Fe), (Si, Al), O,, (OH, F),
olivina (Fe, Mg, Mn), Si O,

magnetita Fe,O,

calcita CaCo,

Tabela 7.3: Minerais comumente formados pelas reacoes de intemperismo quimico e sua composiCao
quimica, expressa por suas férmulas estruturais.

argilominerais  2:1 filossilicatos complexos tipo (Ca, K) Si, O, (Al, Fe), (OH),
argilominerais 11 filossilicato mais simples Si,Al,O,(OH),

goethita oxi-hidroxido de ferro férrico FeOOH

hematita oxido de ferro férrico Fe,O,

gibbsita hidréxido de aluminio Al(OH),



ARID Smectite
gypsum, halite

Smectite .
carbonate Smectite
gypsum, halite
Cl | m a e . . Kaolinite
Oxidagdo  Fe hydroxides Smectite

carbonate, gypsum  Hidratacao

topografia

Gibbsite
Fe hydroxides Smectite Dissolugao

carbonate

HUMID

Gibbsite

Fe hydroxides Hidrdlise parcial

Kaolinite

Gibbsite Hidrolise total
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Increasing weathering intensity

Geochemistry

N\

NN

Evolu¢ao no tempo

O intemperismo € um processo
gue progride essencialmente de
cima para baixo

Na K
Regolith thickness
Water holding capacity
) |
Permeability
| S— Estabilidade Velocidade : B
Porosity dos minerais de intemperismo il o pracge Mo L

[ I .

Maas estavel Menor (ultimo a cristalizar)
Cation exchange capacity Oxido de ferro (hematita) Cuisiizs
Hidréxidos de aluminio (gibbsita)
Quartzo ) Muscovita Sy,
Fertility Argilominerais 0(«‘&\ " ’9%
: < Feldspato potassico -7

-_— — Muscovita . ec;'bo P P "’\%

K-feldspato {ortoclasio) é{b Biotit 4‘36
Biological activity 10:5082.1 Biotita c}.\c} iotita 95';)
< e o2

Albita {@6 Plagioclasio sodico (Albita) Anfibslio G&oo
Anfibélio & o,
Piroxénio Clinopiroxénio %,
Anortita Plagioclasio célcico (Anortita)
Olivina Ortopiroxénio
Calcita i
Halita v Olivina

Menos estavel

Maior

(primeiro a cristalizar)




52cm

Typical profile

(a)

152cm

Typical profile

183 cm

Typical profile

140cm

152¢cm

! Typical p le

89cm
Typical profile

152¢cm
Typical profile

Estagio inicial do desenvolvimento
de solos € dominado pela adicao
de matéria organica.

CO2 da fotossintese é fixado a
carbohidratos e NO3 e NH4 sao
fixados com aminoacidos = solo
expande
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52cm

Typical profile

(a)

152cm

Typical profile

183 cm

Typical profile

140cm

152¢cm

L Typical p ile

152¢cm
Typical profile

89cm

i __Typ_ical Fﬁﬁle _

Espessura do solo progride
principalmente devido a
mecanismos que fisicamente
guebram a estrutura sedimentar

g |




52cm

Typical profile

(a)

152cm

Typical profile

183 cm

Typical profile

140cm

152¢cm

L Typical p ile

89cm

152¢cm

Typical profile

i __Typ_ical Fﬁﬁle _

Acumulo de argilominerais no
horizonte B, produtos do
intemperismo dos minerais
primarios.

Espessura do solo aumenta com o
tempo.

g |




Typical profile

(a)

52cm

152cm

Typical profile

183 cm

Typical profile

140cm

152¢cm

! Typical p le

89cm
Typical profile

152¢cm
Typical profile

Acumulo de argilominerais e
aumento da espessura do solo
aumentam com o tempo.

Argilas preenchem os poros =2
densidade aumenta =2 volume
diminui

|-
=




Solos ™~ reator biogeoguimico

Entrada material

Intemperismo Sélido, liquido,
gas

Aguas sup, sub,
atm

Entrada
Intemperismo energeética
Calor, carbono

Aguas sup, sub,
atm




Material mine
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Processos pedogenéticos

Processos Processos multiplos Descri¢io resumida do processo Exemplo de

pedogenéticos ocorréncia

especificos

Femalitizacdo Remocdo, transformacdo | Remocdo de silica e concentracdo de Latossolos, Nitossolos,
e translocacao oxidos de Fe e Al carater acrico

Silicificacdo Transformacdo e Migracao e acimulo de silica Latossolos e

translocacdo cimentando estruturas ou a matriz do Argissolos Amarelos
solo COEs0S
Plintitizacdo e Transformacdo e Reducdo e translocacdo de Fe e Plintossolos

laterizacao translocacdo oxidacdo e precipitacdo originando

mosqueados, plintita ou petroplintita
Lessivagem ou Translocacdo Migracdo vertical de argila no solo Argissolos, Luvissolos,
argiluviacio horizontes E, lamelas

Podzolizacdo

Transformacdo e

Migracio de complexos de Fe, Ale

Espodossolos, Ortstein

horizonte superficial ou na superﬂcie do
s0l0

translocacdo matéria organica no solo com acumulo
em horizonte iluvial, com ou sem silica
Gleizacdo Remocdo, transformacdo | Reducdo de Fe em condices Gleissolos,
e translocacdo anaerbbias e translocacio formando Planossolos
horizontes acinzentados com ou sem
mosqueados
Calcificacdo ou Translocacdo Acumulacdo de CaCO; com nddulos ou | Luvissolos,
carbonatacdo horizonte endurecido Chernossolos
Réndzicos
Femdlise Remocdo, transformacdo | Destruicdo de argila com formacdo de Planossolos,
e translocac&o horizonte B textural Argissolos
Salinizacdo Translocacdo Acumulacio de sais por evaporacdo no | Gleissolos salicos

Sulfurizagdo ou
tiomorfismo

Transformagdo e
translocacio

Acidificacdo do solo causada pela
oxidacdo de compostos de enxofre

Gleissolos Tiomorficos

Adaptado de Kampf & Curi (2012).




Histosols
(organic)

Gelisols
(permafrost)

Allisols

Ultisols
(strongly
acid clays)

W
Wet. tropical forest, extreme weathering, Oxisols
low activity clays, Fe, Al oxides (oxides)
» %‘

Mollisols
(soft, dark)

Vertisols
Inceptisols (swelling
(beginning B) clays)

Andisols
(volcanic
ejecta)

Degree of weathering and soil development

Slight Intermediate Strong



Wet |

Oxisols

Spodosols

Moist

Mollisols

Aridisols Vertisols

-8 -4 0 4 8 I 4 16 20

Mean annual soil temperature (YC) at 50 cm depth

24
Hot



Solos
brasileiros

Composi¢cao mineraldgica ~quartzo, caulinita, oxi-
hidréxidos de Fe e Al

Grandes espessuras
Horizontes amarelo/laranja/vermelho/castanho

Solos tropicais sao mais empobrecidos em relagdo aos
climas temperados (ricos em argilominerais capazes de
reter nutrientes)

Latossolos, vertosolos e outros



O papel da agua nos processos biogeoguimicos nos solos

Water as rcactant

Water as transporter

* Hydrologic events * Absence of events
* Fast dynamics * Slow dynamics
* Non equilibrium * Equilibrium



A costura da ZC



Como as a¢des antropicas
afetam os processos da ZC?

Evaporation fram
surface wafer

and transpiratioen
from vegetation

Combined surface

and graund watar
fhow bo the ocean

Fresh groundwater

Saline groundwater

from acean



Somos inclusive uma forca “geologica” _

Segundos > Milhdes de anos .
Quado rapido e como responde

a forcas meteorologicas,
antropogénicas, climaticas ou
tectonicas, e como as escalas

de tempo se ajustam?

Sequestro de CO2

atmosférico pelo

intemperismo da
silica

Atividade
microbiana

Brantley and Lebedeva, 2011. Annual Review Earth Planetary Science



Dissipation:
surface- and
groundwater

N

Dissipation:
atmosphere
impacting climate

O clima afeta os processos
biogeoquimicos do solo, que por
sua vez afetam a composicao da
atmosfera, aguas superficiais e
subterraneas

Mudancas na atmosfera afetam o
clima



' Data-driven

Knowledge-
driven

Estrutura de coleta de dados

Data

Data mining

Questions,
hypotheses

¥

Models, Rules

N

| hypotheses

New insightsr )

Critical Evaluation

CO, Erosion
consumption and
exhumation

Modeling the CZ

Interpreting the
record

FIGURE 2.1 Physical, chemical, and biological processes in the Critical Zone (CZ) are subjected
to climate, tectonic, and anthropogenic forcing that lead to responses in the atmosphere, biosphere,
hydrosphere. lithosphere, and pedosphere. The challenge of CZ science is to interpret CZ processes
over both short and long timescales: for example, CZ scientists attempt to understand sediment and
soil records for comparison to changes in the CZ associated with ongoing climate and land-use
change. (From Branttey et al. (2007).)



Embora os diversos
observatorios de ZC
estudem questoes
especificas mais

importantes para cada
ambiente especifico
(montanhas, ambiente

Algumas grandes perguntas da ZC podem
requerer justamente essas particularidades,
estudadas de forma integrada

Como 0s processos que sustentam os
ecossistemas mudam na escala de tempo
humana e geoldgica?

arido, florestas, etc)



Sera possivel usar todas
essas observacdes para
desenvolver modelos e
explorar como a ZC vai
responder as forcas
antropogénicas,
climaticas e tectbnicas?

Desafio: os diferentes
processos ocorrem em
diferentes escalas
espaciais e temporais

p
Subsurface world
Physicfl reality

o

—

< !

>
Subsurface world

Virtual reality

i
=

Distance

Conceniraiion

L

S

K

(Conceptual world )
Identify the key processes
Inputs

Outputs
Transformations Transport
Abiotic raactions Diffusion
Microbial reactions Advechion

— >y

-

Computer world \1

Run calculations in model

Input files, databases, elc.

Transport solvers

Biogeochemical
solvers

Outputs
':: gncantralion ma s cOnoe nirEion

\Justones reacton rates, Hluxes )

‘Mathematical world
Decide on the equations and
parameters

Boundary conditions

Transport
Darcy s Law
Fick's Law
Transformations
k__rlil;vrf laws, isotherms, elc
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Crossing Disciplines- .
and Scales to Uriderstanc Qi i
the Critical Zone - 5-_ . > "prs-ra

—o% Quaternary volcaniclastic
debris in Basse Terre
Island, Guadeloupe.
PHOTO BY P. SAK
(DickinsON COLLEGE)

The challenge to cross disciplines and scales in understanding the
CZ is a growing focus for scientists from geology, soil science,
hydrology, environmental engineering, chemistry, and ecology.

By waK of introduction to the CZ, we discuss in this paper the
geochemical story written in the regolith, defined here as the
weathered rock material overlying pristine bedrock, as
documented by chemical gradients at the pedon scale.

We then describe the flux of materials through the CZ, and we
conclude with a discussion of issues that transect disciplines and
scales of time and space, as we think about CZ sustainability.



Soil Biogeochemical Processes

within the Critical Zone

Jon Chorover,' Ruben Kretzschmar,? Ferran Garcia-Pichel,* and Donald L. Sparks*

In this paper, we emphasize the importance of soil biogeochemical
/nterj%ces to internal CZ function and focus on their effect on
environmental pollutants.

Reactions that occur at the boundary between multicomponent
solid, liquid, and gas phases in weathering systems are indeed
critical to the capacity of the Earth’s surface to sustain water and
soil quality.

Removal of pollutants, sustainable provision of clean water, and
support of productive ecosystems are all inextricably linked to
the diversity and reactivity of natural interfaces formed by
ié\zteraction of biota and water with lithogenic materials in the



The Need for Sustainable Soil

Remediation

Soil is central to food production, the regulation of greenhouse gases,
recreational areas such as parks and sports fields and the creation of
an environment pleasing to the eye. But soil is fragile and easily
damaged by uninformed management or accidents.

One type of damage is contamination by chemicals that provide the
lifestyles to which the developed world has become accustomed.

Traditional soil “clean-up” has entailed either simple disposal or
isolation of contaminated soil. Clearly this is not sustainable.

Modern remedial techniques apply mineralogical and geochemical
knowledge to clean up contaminated soil and make it good for reuse,
rather than simply discarding this precious and finite resource.



Organic Amendments for

Remediation: Putting Waste
to Good Use

David L. Jones and John R. Healey*

Using organic wastes as a sustainable remediation option not only helps
divert another waste stream from landfill but also provides a simple
remediation technology that has the potential for widespread
adoption.

We review the main types of organic waste currently available, the
range of contaminants they can treat and their practicality.

As the long-term success of any remediation strategy depends on more
than just technical factors, we also assess the environmental,

economic, social and cultural sustainability of organic wastes in land
restoration.

Last, we look to the future and speculate on what lies ahead, in
particular, the translation of research into industry practice.



