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3.1  Introduction

Geochemistry is the study of principles of chemistry which 
explains the properties and chemical operations of major 
geological systems within and on the surface of the earth, 
both in the past and the present (Mather 2013).

The geochemical release is the process of chemical 
weathering of minerals from their parent materials. 
These minerals originate from naturally occurring solids, 
such as sediments, and rocks, which interact with the 
environment through their surfaces. Depending on dif-
ferent environmental conditions that affect these sur-
faces, they could release mineral and gases to the 
environment.

Weathering is a major process in releasing of minerals 
from natural solids. It is the alternation or breakdown of 
rocks and other naturally occurring solids in its original 
form at the earth surface into simpler forms, such as sedi-
ments, clay, gases, soils, and substances that dissolve in 
water (Saunders and Fookes 1970).

Weathering at the earth surface happens in two different 
pathways namely, physical weathering and chemical 
weathering as shown in Figure 3.1. Physical weathering is 
disintegration of rocks by mechanical processes such as 
rock fracturing, freezing, and thawing, or breakdown in 
transportation by rivers and glaciers (Saunders and 
Fookes 1970). Chemical weathering occurs through chem-
ical reactions between minerals and external agents such 
as air and water (Chung et al. 2020).

Geochemical release is the end product of chemical 
weathering of many geological systems. It can be separated 
into two different types, namely mineral release and gas 
release.

3.1.1 Mineral Release

As mentioned earlier, release of minerals from rocks hap-
pens due to both chemical and physical weathering. The 
weathering of rocks occurs due to various factors, such as 
(Patel 2017):

 ● Properties of the parent rock: the minerology and the 
structure affect the susceptibility of the weathering 
process.

 ● Climate: high temperatures and rainfalls increase the 
rate of weathering

 ● Soil: moisture, pH, organisms, and host vegetation in soil 
form an environment that promotes the weathering 
of rocks.

 ● Length of exposure: longer the exposure, higher the rate 
of weathering.

 ● Topography: lower the topographic elevations, more 
 susceptible to the weathering.
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Figure 3.1 Picture of both physical and chemical weathering. 

Source: U.S. Department of the Interior / Public Domain.
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3  Geochemical Release and Environmental Interfaces56

Minerals that weathered chemically from naturally 
occurring solids are due to many chemical reactions with 
air and water. These processes may include dissolution of 
minerals or sometimes combination with other atmos-
pheric components in order to form new minerals, such as 
clay and oxides. Chemical weathering (Figure 3.2) occurs 
due to three main reactions, such as (Viers et al. 2007):

3.1.1.1 Dissolution
Carbonic acid forms from carbon dioxide (CO2) that 
released from decaying organic matter and the atmosphere, 
dissolved in rainwater:

 CO H O H CO H HCO2 2 2 3 3  

This carbonic acid reacts with limestones, dissolving car-
bonates yielding an aqueous solution of bicarbonate and 
calcium ions:

 
CaCO H CO Ca HCO
Limestone carbonic acid calcium ions3 2 3

2
32

bicarbonate ions 

Most of the underground cavern systems are created by 
the dissolution of limestones.

3.1.1.2 Oxidation and Hydration
Oxidation produces iron oxide minerals (hematite and 
limonite) in well- aerated soils, usually in the presence 
of water.

High iron content substances, such as magnetite, pyrite, 
pyroxene, amphibole, and olivine, are more prone to the 
oxidation.

These minerals combine with oxygen and water to form 
hydrated iron oxides as follows:

 4 3 6 2 32 2 2 3 2Fe O H O Fe O H O
Iron-rich minerals Oxygen Water L

.
iimonite  

3.1.1.3 Hydrolysis
This reaction is responsible for the formation of clays, the 
most important mineral in soils. A typical hydrolytic reac-
tion occurs when orthoclase feldspar reacts with slightly 
acidic water to form clay minerals, potassium ions, and 
silica in solution:

2 2 93 8 2 2 2 5KAlSi O H H O Al Si O OH
Orthoclase feldspar acid water 4

4 42 4
clay mineral

potassium ion soluble silica
K H SiO  

The ions released from silicate minerals in the weather-
ing process are sodium, potassium, calcium, iron, and 
magnesium ions. They are carried away by rain and river 
waters and become important soil nutrients. (Viers 
et al. 2007)

Physical weathering is a mechanical process that frag-
ments minerals and rocks, and this may happen due to cer-
tain reasons. Natural zone of weakness is one of the main 
reasons. Some of the most common processes are bedding 
planes in sedimentary rocks, joints in massive igneous 
rocks, and exfoliation in metamorphic rocks. Through 
uplift and erosion, rocks rise slowly to the earth’s surface, 
where they are free from the weight of overlying rock; thus, 
their fractures will open slightly. This allows chemical and 
physical weathering to widen the cracks. Living organisms 
in the rocks may also promote weathering as shown in 
Figure 3.3. For instance, tree root may occupy and amplify 
cracks in rocks (Macheyeki et al. 2020).

Hot and cold cycles can also occupy in weathering of 
minerals by thermal expansion and contraction depending 
on the region. Mineral crystallization of aqueous solutions 
also contributes to the fractures to expand.

The weathered minerals are then transported through 
erosion. Erosion is a natural process that transports weath-
ered or unweathered materials. It loosens, removes, and 

Figure 3.3 Root weathering. Source: National Park Service / Jim 

Peaco / Public Domain.

Figure 3.2 Chemical weathering. Source: Bonnie Moreland / 

Flickr / Public domain. Accessed from: https://www.

geographyrealm.com/physical-chemical-of-weathering-of-rocks/
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3.1  Introddction 57

transports materials like, sand, sediment, soil, mud, and 
other weathered minerals. Erosion uses mediums, such as 
wind (Figure 3.4), underground water as well as running 
water, waves, glaciers, and gravity (Moses et al. 2014).

3.1.2 Gas Release

When it comes to geochemical release of substances, it is 
very crucial to gain a knowledge about the gases that are 
released from geological systems, mainly from earth sur-
faces and also from the deep earth crust. It is a well- known 
fact that some minerals, such as quartz and pumice rocks, 
have cavities that contain gases like, CO2, hydrogen, and 
nitrogen. Gases that release from natural disasters, mainly 
from volcanic eruptions, earthquakes, and anthropogenic 

breakage of rocks, also contribute to gas release. Emission 
of noble gases from geological resources also contributes 
widely to the geochemical releases.

There are three main hypotheses to explain the states in 
which the gases exist in rocks. The simplest of all is that the 
gases in cavities and pores have been entrapped in the 
rocks during the process of solidification of magma. It is 
supported with microscopic studies of minerals like quartz 
and topaz that observe numerous small gas bubbles 
(Chamberlin 1909).

The gases that present in many minerals are usually CO2 
and hydrogen found in hints enclosed in the cavities of 
the rock. Many gases are released to the environment with 
the heat reactions of nongaseous substances of rocks. 
Hydrogen liberates with temperatures higher than 

Wind direction

Lighter particles

Figure 3.4 Erosion by wind. Source: Vastram/Adobe Stock, EdNurg/Adobe stock, maxos_dim / 55 images/Pixabay. Accessed from: 

https://www.geo.fu-berlin.de/en/v/geolearning/mountain_building/weathering/Erosion/index.html
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3  Geochemical Release and Environmental Interfaces58

500 °C. CO2 is produced when carbonates are heated suffi-
ciently in the presences of iron. CO is formed from the CO2 
when heated. Methane is also produced by decomposition 
of organic matter and the reaction between CO2 and water. 
Likewise, many gases can be obtained with thermal reac-
tion of nongaseous substances of rocks (Chamberlin 1909).

Shale gas (Figure 3.5) is another type of natural gas, 
which is trapped in the fine- grained sedimentary rocks 
which act as a reservoir as well as source. Shale is a combi-
nation of mud (clay and slit), clay, carbonates (dolomite 
and calcite), silica, and organic materials. The gas is nor-
mally stored in three distinctive ways: (i) free gas, gas 
within the rock cavity; (ii) adsorbed gas, gas that is absorbed 
onto the organic materials; and finally, (iii) dissolved gas, 
gas that is dissolved in the organic materials. These gases 
are obtained through horizontal drilling and hydraulic 
fracturing (Zendehboudi and Bahadori 2017).

When considering geochemical releasing of gases, vol-
canic gases get an immense place. Relatively, volcanic 
gases are substances that releases from volcanos or volcani-
cally active areas. Volatile substances are chemical ele-
ments that dissolved in magma that forms gases when 
placed toward low pressure and temperature.

Volcanic gases (Figure 3.6) mainly constitute about 90% 
of water vapors and 10–40% of CO2. It also contains sulfur 
compounds such as sulfur dioxide and hydrogen sulfide 
(Aiuppa et al. 2005). It also consists of chemical elements 
like F, Cl, and B and is also a composition of H2, CO, CH4, 
S2, N2, NH3, and O2. Metals such as Pb, Zn, Cd, Hg, Cu, Bi, 
Na, and K also present at trace levels (Aiuppa et al. 2007).

The three main reservoirs that contribute to the forma-
tion of volcanic gases are as follows (Lin et al. 2010):

 ● The mantle
 ● The crust
 ● The atmosphere

Many volcanos in the continental regions are highly 
explosive, and the gases that release are more versatile and 
variable due to their composition. These volcanos contain 
higher amount of water and thick magma, which expand 
1000 times more during an eruption. The water comes 
from two main sources. Many volcanos carry hydrated 
minerals beneath the earth crust which releases water 
under high pressure. Another source of water is meteoric 
water that derived from precipitation (snow and rain). 
Since this water contains other dissolved substances such 
as O2, the volcanic gas composition is localized to its region.

Another fact worth knowing is that there are many 
places that release volcanic gases without a magma degas-
sing (Figure 3.7). These types of gases are diffused through 

Figure 3.6 Volcanic gases in Hawaii are 

rich in carbon dioxide and sulfur dioxide. 

Flank of Kilauea between Pu’u O’o and coast. 

Source: Tada Images/Adobe Stock. Accessed 

from: https://www.sandatlas.org/

volcanic-gases/

Figure 3.5 A gas shale bedrock with the layered structure. 

Source: Zhang et al. 2020/John Wiley & Sons, Inc.
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3.2  Environmental Interfaces 59

the ground or may be released through cracks of the earth 
surface. This is mainly due to the ground water heated by 
nearby volcanos. These gas vapors mainly constitute water 
vapor but may contain nonreactive species like CO2 and 
He3. Volcanic gases: Overview (sandatlas.org).

Another geochemical gas release to be noticed is the gases 
that are released due to breakages of rocks (Figure 3.8). 
Slight amount of helium and argon gases released from 
rocks and earth crust under stress, which can be used to 
forecast  natural disasters such as earthquakes before they 
happen. Rocks contain slight amounts of geogenic gases 
like radon, helium and argon that form over many years 

when  radioactive compounds decays. The composition of 
these gases can be considered as a function of mineralogical 
composition, rock matrix, and the depositional, thermal, 
erosional, and tectonic history of the formation. Hence, the 
release of these noble gases gives a precursory signal before 
the deformation or degradation of rocks (Byerlee 1978).

3.2  Environmental Interfaces

Environmental interfaces are broadly defined as any  surface 
in equilibrium with its surrounding environment. There are 
various types of environmental interfaces, including 
 geochemical, atmospheric aerosols, nanomaterials, and 
indoor surfaces. Thus, investigating the connection between 
geochemical release and these varied and complex environ-
mental interfaces is necessary to understand both beneficial 
and adverse effects on living organisms.

3.2.1 Atmospheric Aerosol Interface

Atmospheric aerosols are tiny particles of solids and liq-
uids. An atmospheric aerosol interface is an equilibrium of 
these particles with the surrounding environment. Aerosol 
particles play an important role in the atmosphere. By 
absorbing and scattering solar radiation, aerosols reduce 
the amount of energy reaching the earth’s surface, while at 
the same time they enhance the greenhouse effect by 
absorbing and emitting long- wave radiation (Pöschl 2005).

The aerosol particles are meticulously related with 
chemical reactions of gas and liquid phases at the gas– 
aerosol particle interface. The gas–aerosol interface is a 
localized region where both inorganic and organic species 
are enriched with. The reactions take place according to 
chemical and physical properties of the species. For 
instance, hydrophobic organic species are favorably absorb-
ing on to the gas–particle interface through the particle 
phase. There are three main reactions that the gas–aerosol 
interface experiences, such as gas phase diffusion, interfa-
cial transport, and particle phase diffusion, to achieve the 
gas–particle equilibrium (Qian et al. 2019).

Aerosols are sites that certain chemical reactions occur in. 
One of the most abundant reactions is the destruction of 
the stratospheric ozone. During winter, aerosols form polar 
stratospheric clouds. These clouds act as a site for the chemi-
cal reactions to happen. Volcanic aerosols preferentially 
contribute for destroying the stratospheric ozone.

There are three types of aerosols that mainly effect the 
climate. Among them, volcanic aerosols impact enor-
mously on the climate. After a massive volcanic eruption, a 
large, wide layer of volcanic gases form in the stratosphere. 
The gases are highly enriched with sulfur dioxide ions. 

Figure 3.7 Steam and volcanic gases escape from a crack in 

the roadway in the Leilani Estates neighborhood in the 

aftermath of eruptions from the Kilauea volcano on Hawaii’s Big 

Island on 9 May 2018 in Pahoa, Hawaii. Source: U.S. Geological 

Survey/NASA Earth Observatory.

Figure 3.8 A magnified image of tiny gas- filled pores in the 

rock, with a stress- induced crack. Source: Gas released from rocks 

can predict impending breakage – GeoSpace – AGU Blogosphere. 
Accessed from: https://blogs.agu.org/geospace/2016/12/30/
gas-released-from-rocks-can-predict-impending-breakage/
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Sulfur dioxide is a major substance that contributes to the 
depletion of ozone. Sulfur dioxide gases formed are con-
verted to sulfuric acid, which condenses to produce aerosol 
particles that remain in the atmosphere for a vast period of 
time (Figure 3.9). Volcanic gases also contain hydrochloric 
(HCl) acid which condenses with water vapor and rained 
out of volcanic cloud formation. Volcanic aerosols increase 
the echelons of chlorine (Cl2) gas that reacts with N2 in the 
atmosphere, which is a key donor toward the ozone annihi-
lations (Kirk- Davidoff 2018).

Desert dust is an another method that effect the climate. 
Desert dust is a composition of many minerals which are 
suspended in the atmosphere (Figure 3.10). The particles 
are relatively large for atmospheric aerosols and would not 
retain in the atmosphere for a long time, if they were not 
launched by intense storms to higher altitudes. Since the 
dust is made up of minerals, the particles absorb sunlight 
and disperse it. By the absorbing sunlight, the dust parti-
cles tend to heat the atmosphere, which in turn inhibits 
the  formation of storm clouds. By suppressing the storm 
clouds and their rain, it is believed that the veil of dust 
will  continue the expansion of the desert (Mahowald 
et al. 2014).

The third type of aerosol comes from human activities. 
While, much of the man- made aerosols come in the form 
of smoke from the forest fire by burning coal and oil. The 
concentration of artificial sulfate aerosols in the atmos-
phere has increased since the beginning of the industrial 
revolution. At current production level, man- made sul-
fate particles are believed to be outnumbered the 

naturally produced particles. Sulfate aerosols do not 
absorb sunlight but reflect it, which decrease the amount 
of sunlight reaching the earth.

3.2.2 Nanomaterial Interfaces

Nanoparticles (NPs) are of 1–100 nm in size and composed 
of organic matter, carbon, metal, metal oxide, or aerosol 
particles. In this size range, increase in surface area, change 
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Figure 3.9 Illustration of production and effect of volcanic aerosols, including SO2. Source: Windows to the universe staff (Lisa 
Gardiner) volcanoes influence climate – windows to the universe (windows2universe.org).

Scatter

Dust aerosols Heating atmosphere

Direct effectAbsorption

Figure 3.10 A schematic depiction of the direct radiative effect 

of dust aerosols. Source: Huang et al. (2014) / John Wiley & Sons.
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3.2  Environmental Interfaces 61

of electronic state, or deficient or development of new lat-
tice structures result in the appearance of unique mag-
netic, biological, optical, and mechanical properties. The 
extremely high surface area specifies the importance of 
the surface of a NP and distinctiveness compared to its core 
which in various cases is linked to its final application. 
Therefore, surface functionalization is critical in displaying 
its distinct properties which in turn would weaken upon 
aggregation (Perera et al. 2021).

Nanomaterials can be divided into two basic sections, 
namely natural nanomaterials and synthetic nanomateri-
als (Ghaemi et  al.  2017). Natural nanomaterials are the 
substances that occur naturally in the earth crust. These 
particles are generally formed by various geological pro-
cesses, such as volcanic eruptions, lightning flash pyroly-
sis, and biochemical processes as well. Thousands of 
different nanomaterials are added to the atmosphere by 
each and every active volcano. These materials can spread 
through a large area with the help of the wind containing 
elements like Ni, Cd, Pb, S, Fe, Ag, Ca, Si, and Cu. Synthetic 
nanomaterials are substances that are made through 
anthropogenic activities, both purposely and inadvert-
ently. Synthetic nanomaterials are classified as engineered 
nanomaterials and incident nanomaterials (Barhoum 
et al. 2022).

Nanomaterials from volcanic ash, lightning, forest fire, 
and even from outer space are naturally present in the 
atmosphere. For instance, multiwalled carbon nanotubes 
produced from soot are present in the air in the size range 
of 15–70 nm (Griffin et al. 2017). Nanomaterials of silicon 
dioxide are suspended in the atmosphere due to volcanic 
eruptions (Michel et al. 2013).

Synthetic nanomaterials, both engineered and incident 
nanomaterials, are dissolved in the atmosphere. They 
released to the environment by the sources of productions. 
Gases that release from the road vehicles are considered to 
be the prime supplier for these engineered nanomaterials 
to be suspended in the air. Incidental nanomaterials like 
titanium oxide, that were used in many industries, can be 
found in water sources contaminated with waste waters 
from different industries, such as paint industry (Sani- Kast 
et al. 2015). Titanium oxide nanomaterials mostly accumu-
lated in sludge- treated soils than by landfill and sediments. 
Zinc oxide (ZnO) is another incidental nanomaterial that 
accumulates in earth by disposal of electronics, medicines, 
and cosmetics such as sunscreens containing ZnO 
(Durenkamp et al. 2016). Carbon NPs, both incidental and 
engineered nanomaterials, are released mainly due to the 
emission of carbon from vehicles and industrial wastes, 
which may be waste water or waste gas. When these nano-
materials suspended in the atmosphere, they will have a 
direct effect on all geological systems.

3.2.3 Effect of Geochemical Release 
on Environmental Interfaces

3.2.3.1 Adverse Effects of Geochemical Release 
on Environmental Interfaces
The release of minerals and gases from the geochemical 
systems sometimes effects negatively to the whole atmos-
phere from earth crust to upper atmosphere. This includes 
air pollution and land pollution, as well as adverse effects 
on the human health.

One of the main pollutants that cause adverse effects is 
the release of polluted gases from natural and anthropo-
genic causes. This may include volcanic gases, desert dusts, 
carbon emission from road vehicles and industries, smok-
ing, forest fires, etc.

Volcanic gases and dust that are blown to the atmosphere 
during an eruption have an impact on environment and 
human health. Despite the distinct locations of the volca-
nos situated, their effect can be widely spread around the 
atmosphere. Volcanic gases mainly consist of sulfur diox-
ide, CO2, hydrogen sulfides, and hydrogen halides which 
would affect negatively not only on atmosphere but also on 
human health, animals, properties, and vegetation. These 
compounds are potent greenhouse gases. SO2 is a green-
house gas having both warming and cooling effects, and it 
reacts with water to form sulfuric acid which is the key 
source of acid rain. Acid rain causes many environmental 
effects like deforestation, corroding buildings, contaminat-
ing water ways, and aquatic systems (Tricker and 
Tricker 1999). CO2 is another gas that is harmless in small 
quantities, but when in high quantities, it causes global 
warming that effects badly on the living organisms. It also 
has an effect on vegetation and human health as well. At 
higher concentrations, it may cause coma and sometimes 
death as well. For instance, the incident in Nyos Lake event 
killed almost more than 1000 of people in Cameroon 
(Tchindjang  2018). Fumes that come from volcanos are 
acidic not only with sulfuric but also with HCL and HF as 
well (Aiuppa 2009). These also contribute to the acid rain 
significantly.

Another major adverse effect of geochemical release is 
an effect due to mineral release through the weathering 
process, due to human activities like mechanical weather-
ing. Mechanical weathering, if done incorrectly, causes 
landslides, deformation of rocks, and also the formation of 
mountains as well.

Release of heavy metals and metalloids such as arsenic, 
chromium, and lead can cause severe health problems. For 
example, exposure to arsenic is known to cause health 
effects from skin tumors, cancers, and children’s cognitive 
developments. Inorganic arsenic has been identified as a 
carcinogen that can induce cancers in human body (Hong 
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et al. 2014). Additionally, arsenic is known to effect on major 
organs such as the dermal system, cardiovascular system, 
renal system, nervous system, hepatic system, endocrine 
system, and hematological system (Abdul et  al.  2015). 
Additionally, the release of nonmetallic ions such as fluo-
ride can also cause adverse health effects. Excess amount 
of fluoride in drinking water can cause dental fluorosis. It 
is reported that more than 200 million people have dental 
fluorosis that caused primarily by the excess amount of 
fluoride in drinking water (Jagadeshan et al. 2015).

3.2.4 Benefits of Geochemical Releases 
on Environment

Even though there are some of negative effects of geo-
chemical releases, they also have positive effects toward 
the environment.

The most important benefit is the release of plant nutri-
ents into the environment. These nutrients are including 
macronutrients such as K, Ca, Mg, P, and S, macronutri-
ents such as B, Cl, Cu, Fe, Mn, Mo, Ni, and Zn, and some 
other nutrients that are essential for plant life under par-
ticular environmental conditions (Co, Na, and Si). These 

nutrients are present in rocks, and they are slowly released 
to the environment during weathering of these rocks. It is 
suggested that ground rock acts as a slowly release ferti-
lizer that provides the nutrients top soil that can be utilized 
by plants.

As mentioned earlier, volcanic gases contain SO2 sub-
stances that cause the greenhouse effect but also have a 
cooling effect to the atmosphere, when SO2 reacts with 
water vapor to form sulfuric acid which has a property of 
cooling the stratosphere by back- scattering the sunlight 
radiation, making the atmosphere cool. (Burtraw et al. 2005)

Volcanic eruptions are also beneficial. Volcanic rocks 
and substances are weathered to form most fertile soils in 
the earth, which can be used in cultivations and forest civi-
lizations. Some of the young volcanos can be used as har-
nesses to produce geothermal energy. Many volcanic 
materials are sources to the metallic minerals such as Ag, 
Au, Cu, Pb, and Zn.

The release of noble gases such as He and Ar from the 
breakage of rocks are also useful in finding when and 
where the natural disasters like earthquakes, take place, 
hence, preventing the loss due to natural disasters before 
they happen. (Bauer et al. 2016)

 References

Abdul, K.S.M., Jayasinghe, S.S., Chandana, E.P. et al. (2015). 
Arsenic and human health effects: a review. Environ. 
Toxicol. Pharmacol. 40 (3): 828–846.

Aiuppa, A. (2009). Degassing of halogens from basaltic 
volcanism: insights from volcanic gas observations. Chem. 
Geol. 263 (1): 99–109. https://www.sciencedirect.com/
science/article/pii/S0009254108003781 (accessed 12 
April 2022).

Aiuppa, A., Inguaggiato, S., McGonigle, A.J.S. et al. (2005). 
H2S fluxes from Mt. Etna, Stromboli, and Vulcano (Italy) 
and implications for the sulfur budget at volcanoes. 
Geochim. Cosmochim. Acta 69 (7): 1861–1871. https://
www.sciencedirect.com/science/article/pii/
S0016703704007574 (accessed 12 April 2022).

Aiuppa, A., Moretti, R., Federico, C. et al. (2007). Forecasting 
Etna eruptions by real- time observation of volcanic gas 
composition. Geology 35 (12): 1115–1118. https://doi.
org/10.1130/G24149A.1.

Barhoum, A., García- Betancourt, M.L., Jeevanandam, J. et al. 
(2022). Review on natural, incidental, bioinspired, and 
engineered nanomaterials: history, definitions, 
classifications, synthesis, properties, market, toxicities, 
risks, and regulations. Nano 12: 177.

Bauer, S.J., Gardner, W.P., and Lee, H. (2016). Release of 
radiogenic noble gases as a new signal of rock deformation. 
Geophys. Lett. 43: 10,688–10,694.

Burtraw, D., Evans, D.A., Krupnick, A. et al. (2005). 
Economics of pollution trading for SO2 and NOx. Annu. 
Rev. Environ. Resour. 30 (1): 253–289. https://doi.
org/10.1146/annurev.energy.30.081804.121028.

Byerlee, J. (1978). A review of rock mechanics studies in the 
United States pertinent to earthquake prediction BT – rock 
friction and earthquake prediction. In: Current Research in 
Geophysics (CCRG) (ed. J.D. Byerlee and M. Wyss), 586–602. 
Basel: Birkhäuser Basel https://doi.org/10.1007/ 
978- 3- 0348- 7182- 2_2.

Chamberlin, R. (1909). The gases in rocks. J. Geol. 17 (06): 
534–568. https://www.jstor.org/stable/30058558 (accessed 
11 April 2022).

Chung, H.Y., Jung, J., Lee, D.H. et al. (2020). Chemical 
weathering of granite in ice and its implication for 
weathering in polar regions. Fortschr. Mineral. 10: https://
doi.org/10.3390/min10020185.

Durenkamp, M., Pawlett, M., Ritz, K. et al. (2016). 
Nanoparticles within WWTP sludges have minimal impact 
on leachate quality and soil microbial community 
structure and function. Environ. Pollut. 211: 399–405.

Ghaemi, F., Abdullah, L.C., and Tahir, P.M. (2017). Natural and 
synthetics nanomaterials: comparative study on their 
mechanical and thermal properties as nanofiller in polymer 
composite. J. Phys. Conf. Ser. [Internet] 914 (1): 12014. Available 
from: https://doi.org/10.1088/1742- 6596/914/1/012014.

 D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/ by N

ew
 A

arhus U
niversity, W

iley O
nline Library on [15/06/2023]. See the Term

s and Conditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable Creative Com

m
ons License



  ­eferences 63

Griffin, S., Masood, M.I., Nasim, M.J. et al. (2017). Natural 
nanoparticles: a particular matter inspired by nature. 
Antioxidants (Basel) 7 (1): 3. https://pubmed.ncbi.nlm.
nih.gov/29286304 (accessed 12 April 2022).

Hong, Y.S., Song, K.H., and Chung, J.Y. (2014). Health effects 
of chronic arsenic exposure. J. Prev. Med. Public Health 
47 (5): 245–252. https://doi.org/10.3961/jpmph.14.035. 
Epub 2014 Sep 11. PMID: 25284195; PMCID: PMC4186552.

Huang, J., Wang, T., Wang, W. et al. (2014), Climate effects of 
dust aerosols over East Asian arid and semiarid regions, 
J. Geophys. Res. Atmos 119, 11,398–11,416. https://doi.
org/10.1002/2014JD021796

Jagadeshan, G., Kalpana, L. & Elango, L. Major ion signatures 
for identification of geochemical reactions responsible for 
release of fluoride from geogenic sources to groundwater 
and associated risk in Vaniyar River basin, Dharmapuri 
district, Tamil Nadu, India Environ. Earth Sci. 74, 2439–
2450 (2015). https://doi.org/10.1007/s12665- 015- 4250- 9.

Kirk- Davidoff, D. (2018). Chapter 3.4 – the greenhouse effect, 
aerosols, and climate change. In: Green Chemistry (ed. 
B. Török and T. Dransfield), 211–234. Elsevier https://
www.sciencedirect.com/science/article/pii/
B9780128092705000091 (accessed 12 April 2022).

Lin, Y., Qiquan, R. and Yongle, H. (2010). A new method to 
describe the formation framework of the volcanic gas 
reservoir hierarchically. International Oil and Gas Conference 
and Exhibition in China. p. SPE- 131932- MS. https://doi.
org/10.2118/131932- MS.

Macheyeki, A.S., Li, X., Kafumu, D.P., and Yuan, F. (ed.) (2020). 
Chapter 1 – elements of exploration geochemistry. In: Applied 
Geochemistry Advances in Mineral Exploration Techniques, 
1–43. Elsevier https://www.sciencedirect.com/science/
article/pii/B9780128194959000013 (accessed 12 April 2022).

Mahowald, N., Albani, S., Kok, J.F. et al. (2014). The size 
distribution of desert dust aerosols and its impact on the 
Earth system. Aeolian Res. 15: 53–71. https://www.
sciencedirect.com/science/article/pii/S1875963713000736 
(accessed 11 May 2022).

Mather, T.A. (2013). Geochemistry. In: Reference Module in 
Earth Systems and Environmental Sciences. Elsevier 
https://www.sciencedirect.com/science/article/pii/
B9780124095489059297 (accessed 11 April 2022).

Michel, K., Scheel, J., Karsten, S. et al. (2013). Risk 
assessment of amorphous silicon dioxide nanoparticles in 
a glass cleaner formulation. Nanotoxicology 7 (5): 974–988: 
https://doi.org/10.3109/17435390.2012.689881.

Moses, C., Robinson, D., and Barlow, J. (2014). Methods for 
measuring rock surface weathering and erosion: a critical 
review. Earth- Sci. Rev. 135: 141–161. https://www.

sciencedirect.com/science/article/pii/S0012825214000749 
(accessed 11 April 2022).

Patel, A. (2017). Classification of weathering in rocks and its 
engineering implications. Civ. Eng. Res. J. 2 (3): 20–23.

Perera, S., Wijesekara, D., Thiripuranathar, G., and Menaa, 
F. (2021 Jul). The use of nanoparticles to enhance 
performance in the textile industry – a concise review. 
Curr. Nanosci. 15: 17.

Pöschl, U. (2005). Atmospheric chemistry atmospheric 
aerosols: composition, transformation, climate and health 
effects. Angew. Chem. 44 (46): 7520–7540.

Qian, Y., Deng, G., Lapp, J., and Rao, Y. (2019). Interfaces of 
gas – aerosol particles: relative humidity and salt 
concentration effects. J. Phys. Chem. A 123: 6304–6312.

Sani- Kast, N., Scheringer, M., Slomberg, D. et al. (2015). 
Addressing the complexity of water chemistry in 
environmental fate modeling for engineered nanoparticles. 
Sci. Total Environ. 535: 150–159. https://www.
sciencedirect.com/science/article/pii/S0048969714017276 
(accessed 12 April 2022).

Saunders, M.K. and Fookes, P.G. (1970). A review of the 
relationship of rock weathering and climate and its 
significance to foundation engineering. Eng. Geol. 4 (4): 
289–325. https://www.sciencedirect.com/science/article/
pii/0013795270900219 (accessed 11 April 2022).

Tchindjang, M. (2018). Lake Nyos, a multirisk and 
vulnerability appraisal. Geosciences 8 (9): https://www.
mdpi.com/2076- 3263/8/9/312 (accessed 11 May 2022).

Tricker, R. and Tricker, S. (ed.) (1999). Pollutants and 
contaminants. In: Environmental Requirements for 
Electromechanical and Electronic Equipment, 158–194. 
Oxford: Newnes https://www.sciencedirect.com/science/
article/pii/B9780750639026500103 (accessed 11 May 2022).

Viers, J., Oliva, P., Dandurand, J.- L. et al. (2007). 5.20 – chemical 
weathering rates, CO2 consumption, and control parameters 
deduced from the chemical composition of rivers. In: Treatise 
on Geochemistry (ed. H.D. Holland and K.K. Turekian), 1–25. 
Oxford: Pergamon https://www.sciencedirect.com/science/
article/pii/B9780080437514002492 (accessed 11 April 2022).

Zendehboudi, S. and Bahadori, A. (ed.) (2017). Chapter 
one – shale gas: introduction, basics, and definitions. In: 
Shale Oil and Gas Handbook Theory, Technologies, and 
Challenges, 1–26. Gulf Professional Publishing https://
www.sciencedirect.com/science/article/pii/
B9780128021002000010 (accessed 11 May 2022).

Zhang, B., Li, X., Zhao, Y. et al. (2020). A review of gas flow 
and its mathematical models in shale gas reservoirs. Wei W 
Geofluids. 2020;2020:8877777. https://doi.org/10.1155/ 
2020/8877777

 D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/ by N

ew
 A

arhus U
niversity, W

iley O
nline Library on [15/06/2023]. See the Term

s and Conditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable Creative Com

m
ons License


