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Introduction
The term “biogeochemical cycles” is used in order to describe 

the transfer and transformation of matter and energy between 
the biosphere and the other active reservoirs of Earth namely the 
atmosphere, hydrosphere, and lithosphere [1]. During the functioning 
of a biogeochemical cycle, a series of molecular species which are 
essential for supporting life on the planet, also referred to as nutrients, 
are being constantly transported and chemically transformed. The main 
chemical elements making up the basic nutrients circulating within a 
specific biogeochemical cycle and which are involved in the structuring 
of complex bio-polymers (e.g. proteins, DNA, RNA, etc.) are C, N, 
S, P, and O. A biogeochemical cycle is activated via coupling of the 
biosphere to nutrient fluxes supplied by specific sites or active centers 
on Earth (e.g. volcanoes and hydrothermal fields). Such sites/centers 
act as a constant source of matter (e.g. volatile chemical species) and/
or energy on the Earth surface, either on a regional or a global scale, 
which can be used by different living forms [1]. The biosphere, being 
the top level ecosystem, requires numerous nutrients for its function 
and thus it has established a series of complex interactions with the 
different Earth reservoirs. These interactions are regulated by both 
negative and positive feedback control mechanisms and constitute 
the different biogeochemical cycles [2]. It is thus deduced that the 
efficient function of a biogeochemical cycle is strongly dependent and 
constrained by the inflow and outflow of specific nutrients through 
critical sites or active centers of the Earth. Such sites/active centers 
are justifiably considered to serve as vital “planetary organs” whose 
disintegration would lead to collapse of the biogeochemical cycle [3]. 
As a self-protective action, the biosphere possesses some of these vital 
organs in the form of specialized trophic groups which are guided by 
autotrophic organisms that occupy specific habitats of the planet and 
lead to energy storage via the production of complex biomolecules. 
Since the maintenance of a biogeochemical cycle depends on processes 
involving energy flow and storage, it is deduced that it can be described 
by using the principles of thermodynamics [1,4]. Earth systems are 
not isolated (closed systems) since there exist strong interactions 
between the atmosphere, hydrosphere, lithosphere and biosphere. The 
numerous thermodynamic processes which take place can be viewed 
and separated into those that continuously perform work and create 
free energy and those that dissipate free energy and continuously 
produce entropy. Entropy production is a direct measurement of 

the degree of irreversibility of a thermodynamic process and it is the 
driving force for directing a thermodynamic system to adopt and be 
maintained in a state far from thermodynamic equilibrium (TE). The 
possibility of the Earth, as a thermodynamic system, to sustain a state 
away from TE can be resolved when considering the fact that Earth may 
exchange entropy with space [4]. Thus, it seems that non-equilibrium 
thermodynamics could provide a holistic basis for describing and 
predicting the emergent, far from TE, thermodynamic state of the Earth 
as one system as well as of different subsystems, e.g. environmental 
or ecological systems, [5]. Using this perspective as a starting point, 
one may consider examining the possible role of life, existent in the 
biosphere, in directing and maintaining a biogeochemical process in a 
steady state far from TE [5-8]. 

Biogeochemical Cycle of Carbon
Carbon is present in two forms: organic and inorganic. The 

biochemical and geochemical cycling of these forms through the Earth 
processes is referred to as the global carbon cycle. The global carbon 
cycle is closely linked to the global cycles of other elements such as 
oxygen, nitrogen, and sulfur. Organic carbon (OC) is present in both 
living and nonliving systems providing the basic fuel for all of the Earth’s 
biogeochemical processes [9]. Therefore, understanding the formation, 
cycling and preservation of OC is essential for understanding the 
cycling of all elements which are biologically relevant, the formation 
of economically-exploitable oil (petroleum) and coal deposits, and for 
predicting the influence of human activity on the natural balance of 
these systems. 

Much of the OC created during photosynthesis by microorganisms 
(e.g. cyanobacteria) and higher plants or by chemosynthetic autotrophs 
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Figure 2: Organic carbon global distribution in x108 gr C for reservoirs and 
x1015 g C year-1 for fluxes Adopted from [10]. 

is decomposed by heterotrophic organisms. Heterotrophic processes 
occur in the water column of marine and aquatic environments, as well 
as in sediments, soils, and rocks. Much of the decomposition of organic 
matter (OM) occurs under low temperature (<50°C) and pressure 
during diagenesis. 

The production of organic matter during photosynthesis is 
described by the following equation: 

6CO2+6H2O+chlorophyll+sunlight→C6H12O6+6O2 (photosynthesis) 

ΔG0=2870 KJ mol-1

The reaction known as respiration, which describes the oxidation of 
organic carbon leading to the production of carbon dioxide and water 
and the release of energy contained in the chemical bonds making up 
the OC, is given by the equation:

C6H12O6+6O2→6CO2+6H2O+Energy (respiration)

The cycling of carbon in a global scale due to anthropogenic 
activities (Figure 1) also involves OC fluxes to and from the major 
OC reservoirs (Figure 2). Sedimentary rocks constitute the largest 
OC reserve, making up approximately 99.5% of the total global OC. 
However, OC only represents one-fifth of the total sedimentary carbon, 

since inorganic carbon is the dominant fraction [10]. Sedimentary OC 
occurs primarily as kerogen, coal beds, and petroleum reservoirs, which 
are ultimately derived from biogenic processes or sources. Kerogen is 
an amorphous, highly insoluble particulate material that is formed by 
two pathways - namely selective preservation and geo-polymerization 
both of which occur under low temperature and pressure conditions 
[11]. Selective preservation involves the formation of kerogen from 
bio-macromolecules that are resistant to microbial degradation. Geo-
polymerization occurs through a random series of condensation and 
polymerization reactions which involve humic substances. Petroleum 
is defined as a naturally occurring fluid (mixture of liquid and dissolved 
gases) and which is formed primarily from the remains of microbes 
(algae and bacteria), although some types of petroleum are formed 
from the remains of higher plants. In contrast, coal is a solid and is 
formed from the remains of higher plants. 

The most common type of coal, known as humic coals, is formed 
via the processes of peatification and coalification, which involve both 
biological and geochemical processes [11]. The OC presence in ancient 
sedimentary rocks provides these economically important fossil fuels 
as well as a molecular record of life, which has allowed to study the 
response of natural systems to tectonic, environmental, and biological 
change [12]. Sedimentary OC affects biologically mediated cycles on 
geologic time scales, although there is evidence that these cycles seem 
to be accelerated by humans through fossil fuel combustion [13].

The major fluxes between organic pools are driven by marine 
and terrestrial primary production. Photosynthesis, the harvesting of 
light energy and subsequent utilization to convert inorganic carbon 
to reduced (organic) forms in the tissue of plants, is the primary 
mode of primary production. However, chemosynthesis by microbial 
organisms, which uses chemical energy rather than sunlight, is also 
important. Photosynthesis is carried out by prokaryotes such as 
cyanobacteria as well as eukaryotic algae and higher plants. The fixation 
of carbon by plants accounts for the presence of molecular oxygen in 
such high concentration in the atmosphere. Thus, the cycles of carbon 
and oxygen are closely linked over geologic time [14-16]. 

In order to maintain current atmospheric oxygen levels, rapid 
cycling of carbon in the surface pools is required. These pools exchange 
carbon on relatively short timescales (102-104 years). In contrast, the 
OC that remains in the sedimentary system is cycled slowly (about 108 
years [1]. Sedimentary reservoirs become exchangeable only through 
geologic uplift, followed by oxidative weathering of OC by exposure to 
the atmosphere. Net global Primary Production (NPP) on land (45–65 
× 1015 g C year-1) is dominated by more labile non woody plant tissues 
such as leaves, grasses, and herbaceous annuals [1]. The highest gross 
terrestrial OC production (82 × 1015 g C year-1) and storage as biomass 
(56%) occur in the tropics, while polar regions contribute the least (8 
× 1015 g C year-1, 0.5%; [17]. Within these regions, forests on one hand 
and deserts and tundra on the other, are the most and least productive 
respectively [17], thus reflecting global patterns of temperature and 
precipitation. Marine primary productivity (about 50 × 1015 g C year-

1) is dominated by open water (pelagic) phytoplankton productivity 
because open water constitutes approximately 75% of the total ocean 
area [18,19].

However, humans may have reduced total NPP by up to 40% due 
to wildfires and pollution, which may be the largest sink for primary 
production to support a single species in the history of life on the Earth 
[20]. Fossil fuel combustion and destruction of forests (especially the 
tropical ones) have decreased the global pool of OC and increased 
atmospheric carbon dioxide, which acts as a greenhouse gas. Global 

Figure 1: The carbon cycle; a) global activities from 2004-2013 in Gtn C x yr-1 
Adopted from [14].
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atmospheric concentrations of CO2, methane (CH4), and nitrous 
oxide (N2O) have increased markedly as a result of human activities 
since preindustrial times (i.e., 1750). In 2005, the concentrations of 
atmospheric CO2 (379 ppm) and CH4 (1,774 ppb) exceeded the natural 
range over the last 650,000 years [13]. Understanding the changes in 
the size and composition of the OC reservoir through space and time 
will help us to better predict the changes in its global cycle as well as the 
associated cycles of other biologically important elements.

Biogeochemical Cycle of Nitrogen
Over the last century, the impact of human activity on the nitrogen 

cycle has become global [21]. At the beginning of the twentieth century 
most reactive nitrogen in soil was produced bacterially amounting to 
about 100 million t yr-1. At the beginning of the twenty-first century, 
anthropogenic nitrogen production amounts to ca. 160 million t yr-1 
[22], mostly as fertilizer (more than 100 million t), with much of the 
rest being added to the biosphere inadvertently as a by-product of the 
burning of fossil fuels for transport, industrial and domestic purposes. 
With the current rate of nitrogen production [21] reports that global 
production of reactive nitrogen could reach between 250 million and 
900 million t yr-1 by 2100. 

A major problem arises from the fact that the efficiency with which 
organisms pick up nitrogen in the soil is low (generally in the range 25 to 
50%), with the excess leached and washed from the soil predominantly 
in the form of nitrate [24]. The resulting massive introduction of 
nitrogen into the natural system creates problems in a wide variety of 
terrestrial and marine ecosystems [25-27]. Eutrophication, recognized 
as an endemic problem in the surface waters of agricultural areas of 
the developed world in the 1960s and 1970s, has now extended to the 
marine environment, causing hypoxia (so called “dead zones”) in near 
shore waters.

However, the path of nitrogen in the biosphere can be viewed as 
a cycle of reactions through which elemental nitrogen enters into the 
soil from the atmosphere, undergoes a series of transformations, and 
eventually comes out of the soil and re-enters the atmosphere. The 
complete process is collectively known as the nitrogen cycle (Figure 
3). The important steps in the nitrogen cycle are nitrogen fixation, 
mineralization, immobilization and volatilization each of which is 
mediated by different microorganisms. 

The ultimate source of soil nitrogen is atmospheric nitrogen. 
About 1 and 10 kg ha-1 of atmospheric Ν2 is transformed to the 
ammonium and nitrate forms by electrical discharges during 
thunderstorms and washed into the soil through precipitation (Figure 
4). In addition N2 is converted into organic nitrogenous compounds 
by certain microorganisms, with or without the association of a host. 
Mineralization is brought about by two distinct processes both of which 
involve the metabolic reactions of microorganisms. The first process 
known as ammonification, breaks down organic nitrogen compounds 
to NH3 or NH4

+ with the initial step being the enzymatic breakdown 
to amines (called proteolysis or aminization). In the second process, 
known as nitrification, NH3 or NH4

+ is oxidized to NO2
- or NO3

- (the 
latter being the predominant available form of nitrogen in well-aerated, 
cultivated soils). Nitrification is used by several organisms as an energy 
source [28]. The following reactions describe the overall energy yielding 
steps:

NH4
++1.5 O2→NO2

-+H2O+2H+, (mediated by Nitrosomonas)

ΔG0=-290 KJ mol-1 

 

 

Figure 3: The nitrogen cycle in biosphere Adopted from [23].

Figure 4: Biogeochemical transformations in the nitrogen cycle in soils. 
Adopted from [27].

NO2
-+0.5O2→NO3

-, (mediated by Nitrobacter)

ΔG0=-82 KJ mol-1 

Although nitrogen gas (N2) is about three quarters of the 
atmosphere (approximately 386 × 1013 t), it constitutes a limiting 
factor for the growth of plants and animals because nitrogen cannot 
be assimilated by most of the organisms in its elemental form. Plants 
utilize mostly soil nitrogen (present mostly as inorganic ammonium 
and nitrate ions) for protein synthesis while animals use plants as their 
main nitrogen source. 

Biogeochemical Cycle of Phosphorus 
Phosphorus comes in 10th place in the order of elemental natural 

abundance in the Earth's crust, with an average concentration of about 1 
g kg-1. The various compartments and estimated annual fluxes of global 
P are shown in Figure 5. Sediments and rocks constitute the largest 
P pool. The global P cycle can be delineated in the primary inorganic 
cycle, on one hand mineral weathering, leaching and erosion transfer 
P from land to sediments, and on the other volcanism and uplifting 
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of sediments replenish terrestrial P, thereby completing the cycle [29]. 

This cycle has a frequency in the order of measured in millions of 
years. The two biological cycles involve movements of P with short 
frequencies (in the order of years and even weeks) and take place in 
both the land-based and water-based biospheres. There is an annual 
flux of 4.3 Tg P yr-1 between land and atmosphere, and a flux of 1.4 
Tg P yr-1 from atmosphere to ocean [30]. Those parts of the natural 
cycle are small and do not significantly alter the data presented in figure 
5. Richey's [30] estimate of the other global P fluxes is quite similar 
with that of Pierrou [31] which has been employed in figure 5. The 
highest flux occurs between the sea and marine biota, followed by the 
flux between the soil and its vegetation. However, the human impact 
on the global P cycle has been substantial over the last 150 years. Since 
this anthropogenic modification was in effect well before the onset of 
scientific efforts to quantify the cycle of P, one can only guess at the 
“pre-anthropogenic” mass balance of P. Several aspects of the P cycle 
are well-constrained in figure 6. Phosphorus is initially solubilized, 
mainly from apatite minerals, by chemical weathering during soil 
development. Physical weathering also plays a role by producing fine 
materials with extremely high surface area/mass ratios, which enhances 
chemical weathering in continental environments (i.e., floodplains, 
delta systems) [32].

The cycling of P in soils has received much attention, in terms 
of both fertilization and the natural development of ecosystems. Of 
the approximately 122,600 Tg P within the soil/biota system on the 
continents, nearly 98% is held in soils in a variety of forms (Figure 6). 
The exchange of P between biota and soils is relatively rapid, with an 
average residence time of 13 years, whereas the average residence time 
of P in soils is 600 years. The P contained in the apatite minerals of 
the soil is the type which is most easily weathered via its reaction with 
dissolved carbon dioxide as in the following equation:

Ca5(PO4)3OH+4CO2+3H2O→5Ca+2+3HPO4
2-+4HCO3

-

In soils, P is released from mineral grains via several processes. 
Firstly, the reduced pH produced from respiration-related CO2 in 
the vicinity of both degrading organic matter and root hairs dissolves 
P-bearing minerals (mainly apatites) and releases P to root pore spaces. 
Secondly, organic acids released by plant roots can also dissolve apatite 
minerals and release P to soil pore spaces [33]. Phosphorus is very 
immobile in most soils, and its slow rate of diffusion from dissolved 
form in pore spaces strongly limits its supply to rootlet surfaces. 
Furthermore, much of the available P in soils is in organic matter, 
which is not directly accessible for plant nutrition. In order to increase 
the supply of P to their roots, plants employ the enzyme phosphatase 
and the fungi Mycorrhizae Phosphatase is an enzyme that is often 
excreted by plants and soil microbes and which can release bioavailable 
inorganic P from organic matter. The symbiotic fungi Mycorrhizae can 
coat plant rootlets, excreting phosphatase and organic acids to release 
P and providing an active uptake site for rapid diffusion of P from soil 
pore spaces to root surfaces [1]. The phosphorus content in plants, 
normally ranging between 0.1% and 0.4% of the dry weight (depending 
on the stage of plant development and plant part) is considerably less 
than that of nitrogen and potassium, the other two major nutrients. 
The average total P content of the soil is about 430 mg kg-1, the lowest 
among the major essential plant nutrients [34]. In contrast, soils 
contain on average 2000 and 15000 mg kg-1 of N and K, respectively. 
Therefore most agricultural soils require the addition of P fertilizers to 
achieve the expected crop productivity. It is obvious that the P cycle of 
the biosphere is meaningful only when viewed across terrestrial and 
aquatic ecosystems. Detailed knowledge of the P budget of terrestrial 

 

Figure 5: Major reservoirs and fluxes of P on Earth (values of P in Tg=1012 
g. Adopted from [29] after [30] and [31]

 

Figure 6: The natural (pre-human) phosphorus cycle, showing reservoirs (in 
Tg P, where Tg=1012 g) and fluxes (denoted by arrows, in Tg P yr–1) in the P 
mass balance Adopted from [32].

ecosystems, especially agro-ecosystems, grasslands and forestry-based 
systems, is needed to assure sustainable management of those land-
based resources and the environment.

Earth’s Thermodynamics and Cycling of Nutrients 
The circulation of nutrients like carbon, nitrogen, phosphorous 

between living and nonliving compartments on the Earth is defined 
as cycling. During cycling there are many processes like the metabolic 
pathways of the organisms as well as chemical reactions and geological 
processes that delineate the transformations of the nutrients. These 
transformations promote the energy transfer between the different 
reservoirs of the Earth’s system [3]. The framework of reservoirs is 
strongly constrained by the inflow and outflow of the nutrient through 
critical locations where the energy is collected, transformed, or derived 
to another reservoir [3]. In the biosphere, the energy collectors supply 
nutrients to the rest of their biological components. However, what 
are the general principles that govern the way in which biosphere, 
atmosphere, hydrosphere, geosphere interactions regulating the 
Earth’s system functioning? It is a fact that the interactions between 
the different Earth’s systems happen spontaneously. This aspect can 
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be understood and quantified in general terms of thermodynamics. 
In specific the second law of thermodynamics is about to explain this 
aspect of the system’s function. 

In this term, entropy can be used as a measure for the lack 
of gradients and free energy. By depleting gradients and sources 
of free energy, these processes are directed towards the state of 
Thermodynamic Equilibrium (TE) at which the entropy of the system 
and its surroundings is maximized. In this state, matter is well mixed 
and no free energy is available to perform physical work or run 
chemical reactions [4]. That the Earth system is not in a “steady state”, 
seems like a violation to this general trend and thus to the second law 
of thermodynamics. But why the Earth’s system function maintained 
far away from thermodynamic equilibrium To prevent such a “steady 
state” of Earth, some processes need to create gradients and sources of 
free energy in a setting that does not violate the second law.

During these processes (e.g. the creation of nutrients) physical and 
chemical work is needed in order to keep global cycling of matter, (e.g. 
organic matter production – consumption). In such a “living” state of 
the Earth system, these processes can be viewed and separated into those 
that continuously perform work and create free energy, and others (the 
irreversible ones) that dissipate it and continuously produce entropy 
[4]. One critical aspect that distinguishes Earth’s system from the ideal 
– isolated systems in thermodynamic equilibrium is that Earth systems 
strongly interact. To keep these cycles running, energy exchanges with 
space are needed, while in a planetary scale we can safely neglect mass 
exchange with space although there may be some climatic effects of, e.g. 
cosmic rays on clouds. But what are the engines which continuously 
operate to keep this system running? In a global scale the production 
of organic matter, the water cycle as a well the atmospheric circulation 
and nutrients cycling are the main engines that keep the Earth’s system 
functioning. These engines ultimately run on gradients of radiative 
fluxes, which result from the vastly different radiative temperatures of 
the Sun (Tsun ≈ 5760 K) and Earth (Tearth ≈ 255 K). Gradients in radiative 
fluxes can result in gradients of heating, which drive heat engines such 
as the atmospheric circulation or photochemical engines that make use 
of low entropy solar radiation directly (Figure 7). 

In this sense, spatial and temporal differences in the absorption 
of solar radiation provide the radiative forcing gradients that drive 

the atmospheric heat engine, which provides the means to transport 
chemical elements within the Earth system. That is, the atmospheric 
circulation continuously performs work, and the dissipated heat is 
rejected to space in the form of long-wave radiation. Hence, in total, the 
absorption of solar radiation and the subsequent emission of terrestrial 
radiation to space provide the ultimate driving force to operate 
Earth systems far away from TE [4]. Solar radiation also provides the 
photochemical energy to drive photosynthesis, which in turn provides 
the major source of free energy to drive geochemical cycles within the 
Earth system. The heat generated by the consumption of free energy is 
again ultimately rejected to space in the form of long-wave radiation. 
This state far from TE is then reflected into an atmospheric composition 
with 21% reactive oxygen and an atmosphere that is mostly non-
saturated with vapour [4]. This notion of an atmospheric composition 
far from TE in turn has been interpreted as a sign of widespread life 
on Earth and resulted in the formulation of the controversial Gaia 
hypothesis [35-37]. 

However, non-equilibrium thermodynamics would provide a basis 
to understand the emergent state of environmental and ecological 
systems far from TE [5-8]. At the Earth’s system (far from TE) the 
exchange of energy or mass, within the surroundings (biosphere, 
atmosphere, hydrosphere, geosphere) of the system conform to the 
second law of thermodynamics. The second law states that the total 
entropy increase, that is, the entropy increase of our system dS/dt 
plus the increase in entropy in the surroundings dSsurr/dt, can only 
increase. Thus the term ‘entropy production’ (σ) refers to the increase 
of entropy of the system because of a certain, irreversible process (e.g. 
mixing by heat exchange), so we can write the entropy balance using 
this terminology in the form of [4]:

dS/dt=σab

(dS/dt)+(dSsurr/dt) ≥ 0

In other words, while the local system can evolve away from TE, 
the system plus its surroundings evolve closer (and faster) to TE. The 
entropy increase of the surroundings is equivalent to the Net Entropy 
Exchange (NEE) between our system and the surroundings, so that we 
extend our entropy balance to:

dS/dt=σab-NEE

with the entropy production σab given by:

σab=Fab ((1/Tb)-(1/Ta))

Where Fab is the heat flux between the surrounding and the 
surrounding b with temperatures Ta and Tb respectively.

In steady state where (dS/dt=0), entropy production σab is equal 
to the NEE, so that entropy fluxes across the boundary can be used 
to compute entropy production in steady state. The net entropy 
exchanges NEEa and NEEb of surroundings a and b are given by the 
exchange fluxes of heat and the respective temperatures at which heat 
is exchanged [4]:

ΝΕΕa=((Fc+Fab)/Ta)+(Fout, a/Ta)-(Fin/Tin)

ΝΕΕb=(Fout, b/Tb)-((Fc+Fab)/Ta)

For the whole system, the NEE is:

NEE=(Fout, a/Ta)+(Fout, b/Tb)-(Fin/Tin)

Where, Fin is the influx into surrounding a, Fc is a conductive flux 
from surrounding a to surrounding b, Fab is the flux by an alternative 

 

Figure 7: The thermodynamic context of environmental and ecological 
systems Adopted from [4].
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process, and Fout,a and Fout,b are the heat losses from the surrounding a 
and b to the environment. 

Hence, it is the entropy exchange across the system boundary 
that maintains steady states away from TE. Essentially, all processes 
within the Earth system are associated with irreversibility and entropy 
production and their entropy production can be represented as the 
product of a thermodynamic force and flux. During entropy production 
(σab) given at the above equation, the thermodynamic flux is the heat 
flux, and the thermodynamic force is the gradient of 1/T [4].

In the case of mass fluxes, entropy production is expressed as 
the product of a mass flux and the gradient in chemical potential, 
divided by temperature. In addition there are other pairs of conjugated 
variables that can perform work like the wind stress and velocity, 
pressure and volume, and so on. Since in steady state the rate at which 
work is performed equals dissipation, changes in these conjugated 
variables result in entropy production [5]. A quantification of entropy 
production that allows us to compare the relative contribution of 
irreversible processes to the overall entropy production by the Earth 
system as a whole is given in figure 8. The white arrows denote fluxes 
of solar radiation, black arrows terrestrial radiation, grey arrows fluxes 
of heat, and thin lines material cycling (Figure 8). The boxes describe 
irreversible processes. The symbols are: F, flux of energy or heat (in 
Wm-2); Ω, solid angle (in radians); T, temperature (in K); and σ, 
entropy production (in W m-2 s-1) [38].

It must be noted that biotic activity strongly shapes atmospheric 
CO2 concentrations and contributes the most entropy production in 
the budget shown in figure 8. Photosynthesis uses the low entropy 
of sunlight to drive chemical reactions that remove CO2 from the 
atmosphere and build up free energy in the form of carbohydrates. 
When these carbohydrates are respired, e.g. by building or maintaining 
biomass, or by the activity of heterotrophs, the chemical energy is 
converted into heat. The irreversibility is associated with the conversion 

of solar radiation into heat, which can no longer be used to drive 
photosynthesis [5,38-42].

Conclusions
In the Earth’s system the exchange of energy and/or mass with the 

surroundings is a critical component that allows systems to evolve away 
from Thermodynamic Equilibrium without violating the second law of 
thermodynamics. In this concept cycling of nutrients is related with the 
necessary energy transformations through biogeochemical processes 
that affect their occurrence and distribution in surrounding systems 
like the biosphere, atmosphere, hydrosphere, geosphere. Nutrients 
are essential to life because they are major constituents of the leaving 
organisms and also involved to the storage and/or the release of energy. 
The main biogeochemical cycles involve different molecular species 
whose composition provides the essential elements for both building 
polymeric structures and the biochemical transduction of energy in 
cells, like C, N, and P. 

The biogeochemical cycles are activated when the biosphere 
couples to the nutrient fluxes that are supplied from specific sites or 
active centers on Earth (e.g. volcanic centers, hydrothermal systems) 
that are essentially energy sources which maintain the supply of 
matter and energy to the Earth surface. The biosphere, as the top-level 
ecosystem, has its own energy transducers, a role played by the primary 
producers that occupy the different habitats of the planet. They promote 
the transport of energy in the form of molecular compounds from the 
lithosphere to the different reservoirs of the Earth. Most of these active 
systems are powered by the release of the inner heat of Earth, which, 
in the form of aerial or subaqueous systems, introduce at the regional 
or global scale different volatiles and other chemical species usable by 
living forms. Matter and energy cycling is accomplished when the Earth 
fluxes drive the nutrients and other components to specific sinks where 
they are generally recycled by biochemical or geochemical mediated 
reactions to compounds having a different chemical state. 
Acknowledgements 

The authors would like kindly acknowledge the anonymous reviewers for their 
comments and suggestions helped to improve the quality of the manuscript. 

References

1.	 Schlesinger WH (1997) Biogeochemistry: An Analysis of Global Change. (2rd 
edn), Gulf Professional Publisher, pp: 588. 

2.	 Margalef R (1968) Perspectives in Ecological Theory, University of Chicago 
Press, Chicago, pp: 111. 

3.	 Lovelock J (2000) Gaia, A New look at Life on Earth, 4th Edition, Oxford 
University Press, UK.

4.	 Kleidon A (2010) A basic introduction to the thermodynamics of the Earth 
system far from equilibrium and maximum entropy production. See comment in 
PubMed Commons below Philos Trans R Soc Lond B Biol Sci 365: 1303-1315.

5.	 Kleidon A, Lorenz RD (2005) Non-equilibrium Thermodynamics and the 
Production of Entropy: Life, Earth, and Beyond. Springer, Heidelberg, Germany. 

6.	 Dewar RC (2003) Information Theory Explanation of the Fluctuation Theorem, 
Maximum Entropy Production, and Self-organized Criticality In Non-equilibrium 
Stationary States. J Phys A 36: 631-641. 

7.	 Dewar RC (2005) Maximum Entropy Production and Non-equilibrium Statistical 
Mechanics. Non-equilibrium Thermodynamics and the Production of Entropy: 
Life, Earth, and Beyond, Kleidon A, Lorenz RD (eds.), Springer, Heidelberg, 
Germany: 41-53. 

8.	 Dewar RC (2005) Maximum Entropy Production and the Fluctuation Theorem. 
J Phys A 38: L371–L381. 

9.	 Summons RE (1993) Biogeochemical Cycles: A Review of Fundamental 
Aspects of Organic Matter Formation, Preservation, and Composition. Organic 
Geochemistry, Engel MH, Macko SA (eds.), Plenum, New York: 3-21. 

 

Figure 8: The Earth’s entropy budget Adopted from [38].

https://books.google.co.in/books/about/Biogeochemistry.html?id=ZKPxFINHDH4C&hl=en
https://books.google.co.in/books/about/Biogeochemistry.html?id=ZKPxFINHDH4C&hl=en
http://www.aslo.org/lo/toc/vol_14/issue_2/0313.pdf
http://www.aslo.org/lo/toc/vol_14/issue_2/0313.pdf
http://www.amazon.com/Gaia-New-Look-Life-Earth/dp/0192862189
http://www.amazon.com/Gaia-New-Look-Life-Earth/dp/0192862189
http://www.ncbi.nlm.nih.gov/pubmed/20368248
http://www.ncbi.nlm.nih.gov/pubmed/20368248
http://www.ncbi.nlm.nih.gov/pubmed/20368248
http://www.springer.com/in/book/9783540224952
http://www.springer.com/in/book/9783540224952
http://arxiv.org/abs/cond-mat/0005382
http://arxiv.org/abs/cond-mat/0005382
http://arxiv.org/abs/cond-mat/0005382
http://iopscience.iop.org/0305-4470/38/21/L01/
http://iopscience.iop.org/0305-4470/38/21/L01/
http://link.springer.com/chapter/10.1007/978-1-4615-2890-6_1#page-1
http://link.springer.com/chapter/10.1007/978-1-4615-2890-6_1#page-1
http://link.springer.com/chapter/10.1007/978-1-4615-2890-6_1#page-1


Citation: Panagiotaras D, Koulougliotis D, Nikolopoulos D, Kalarakis AΝ, Yiannopoulos A Ch, et al.(2015) Biogeochemical Cycling of Nutrients and 
Thermodynamic Aspects. J Thermodyn Catal 6: 144. doi:10.4172/2157-7544.1000144

Page 7 of 7

Volume 6 • Issue 2 • 1000144
J Thermodyn Catal
ISSN: 2157-7544 JTC, an open access journal 

10.	Hedges JI (1992) Global Biogeochemical Cycles: Progress and Problems. Mar 
Chem 39: 67-93. 

11. Killops SD, Killops VJ (2005) An Introduction to Organic Geochemistry. (2nd

edn) Blackwell, Oxford, pp: 408. 

12.	Brocks JJ, Pearson A (2005) Building the Biomarker Tree of Life. Reviews in
Mineralogy & Geochemistry 59: 233-258. 

13.	Solomon S, Qin D, Manning M, Chen Z, Marquis M, et al. (2007) Climate
Change 2007: The physical science basis. Contribution of Working Group I
to the Fourth Assessment Report of the Intergovernmental Panel on Climate
Change, Cambridge University Press, New York, pp: 996. 

14.	Le Quéré C, Moriarty R, Andrew RM, Peters GP, Ciais P, et al. (2014) Global
Carbon Budget 2014. Earth Syst Sci Data 7: 521-610. 

15.	Hedges JI (2002) Sedimentary Organic Matter Preservation and Atmospheric
O2 Regulation. In Chemistry of Marine Water and Sediments, Springer, Berlin: 
105-123.

16.	Hedges JI, Keil RG (1995) Sedimentary Organic Matter Preservation: An 
Assessment and Speculative Synthesis. Mar Chem 49:81-115. 

17.	Taube M (1992) Evolution of Matter and Energy. The Natural Environment and 
the Biogeochemical Cycles, Springer, New York, pp: 200. 

18.	Ducklow HW, McCallister SL (2005) The Biogeochemistry of Carbon Dioxide in 
the Coastal Oceans, New York: 269-315. 

19.	Longhurst A (1995) Seasonal Cycles of Pelagic Production and Consumption. 
Prog Oceanogr 36: 77-167. 

20.	Vitousek PM, Ehrlich PR, Ehrlich AH, Matson PA (1986) Human Appropriation 
of the Products of Photosynthesis. BioScience 36: 368-373. 

21.	Nosengo N (2003) Fertilized to death. See comment in PubMed Commons
below Nature 425: 894-895.

22.	Galloway JN, Aber JD, Erisman JW, Seitzinger SP, Howarth RW, et al. (2003)
The Nitrogen Cascade. BioScience 53: 341-356. 

23.	Baskin VN (2002) Modern Biogeochemistry, Kluwer, London, pp: 561.

24.	Smil V (2004) Enriching the Earth: Fritz Haber, Carl Bosch and the
Transformation of World Food Production. The MIT Press, Cambridge, MA,
pp: 338. 

25.	Vitousek PM, Aber J, Howarth RW, Likens GE, Matson PA, et al. (1997) Human 
Alteration of the Global Nitrogen Cycle: Causes and Consequences. Issues
Ecol 1:1-17. 

26.	Mosier A, Syers JK, Freney JR (2004) Agriculture and the Nitrogen Cycle:
Assessing the Impacts of Fertilizer Use on Food Production and the 
Environment. (2nd edn) International Council for Science, Scientific Committee 
on Problems of the Environment, Island Press, Washington, DC, pp: 296. 

27.	Jaffe DA (1992) The Nitrogen Cycle. Global Biogeochemical Cycles, Butcher, 
SS, Charlson RJ, Orians GH, Wolfe GV (eds.), Academic Press, New York:
263-284. 

28.	Delwiche CC (1981) The Nitrogen Cycle and Nitrous Oxide. Denitrification, 
Nitrification and Atmospheric Nitrous Oxide, Wiley, New York: 1-15. 

29.	Emsley J (1980) The Phosphorus Cycle. The Handbook of Environmental 
Chemistry, The Natural Environment and the Biogeochemical Cycles, Springer, 
Berlin: 147-167. 

30.	Bolin B, Cook RB (1983) The Phosphorus Cycle. The Major Biogeochemical 
Cycles and their Interactions, John Wiley & Sons, New York: 51-56. 

31.	Pierrou U (1976) The Global Phosphorus Cycle. Nitrogen, Phosphorus and 
Sulphur – Global Cycles. Ecol. Bull. Stockholm 22: 75-88. 

32.	Filippelli GM (2002) The Global Phosphorus Cycle. Rev Mineral Geochem 48:
391-425.

33.	Jurinak JJ, Dudley LM, Allen MF, Knight WG (1986) The Role of Calcium 
Oxalate in the Availability of Phosphorus in Soils of Semiarid Regions: A
Thermodynamic Study. Soil Sci 142: 255-261. 

34.	Sposito G (1989) The Chemistry of Soils. Oxford University Press, New York, 
pp. 277. 

35.	Lovelock JE (1979) Gaia: A New Look at Life on Earth. Oxford University Press, 
Oxford, UK, pp: 176. 

36.	Lovelock JE (1972) Gaia as Seen Through the Atmosphere. Atmos Environ 
6: 579-580. 

37.	Lovelock JE, Margulis L (1974) Atmospheric Homeostasis by and for the 
Biosphere: The Gaia Hypothesis. Tellus 26: 2-10. 

38.	Kleidon A (2009) Nonequilibrium thermodynamics and maximum 
entropy production in the Earth system: applications and implications.
Naturwissenschaften 96: 653-677.

39.	Nicolis G, Nicolis C (1980) On the Entropy Balance of the Earth-Atmosphere 
System. Q J R Meteorol Soc 106: 691-706. 

40.	Aoki I (1983) Entropy Productions on the Earth and Other Planets of the Solar 
System. J Phys Soc Jpn 52: 1075-1078. 

41.	Peixoto JP, Oort AH, de Almeida M, Tome A (1991) Entropy Budget of the 
Atmosphere. J Geophys Res 96: 10981-10988. 

42.	Goody R (2000) Sources and Sinks of Climate Entropy. Q J R Meteorol Soc
126: 1953-1970.

http://www.ic.ucsc.edu/~mdmccar/ocea213/readings/discuss_2_Hedges/Hedges_1992_MarChem_global_biogeochem_cycles_progress_problems.pdf
http://www.ic.ucsc.edu/~mdmccar/ocea213/readings/discuss_2_Hedges/Hedges_1992_MarChem_global_biogeochem_cycles_progress_problems.pdf
http://www.amazon.in/Introduction-Organic-Geochemistry-Stephen-Killops/dp/0632065044
http://www.amazon.in/Introduction-Organic-Geochemistry-Stephen-Killops/dp/0632065044
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.334.580&rep=rep1&type=pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.334.580&rep=rep1&type=pdf
https://www.ipcc.ch/publications_and_data/ar4/wg1/en/contents.html
https://www.ipcc.ch/publications_and_data/ar4/wg1/en/contents.html
https://www.ipcc.ch/publications_and_data/ar4/wg1/en/contents.html
https://www.ipcc.ch/publications_and_data/ar4/wg1/en/contents.html
http://www.earth-syst-sci-data-discuss.net/7/521/2014/essdd-7-521-2014.html
http://www.earth-syst-sci-data-discuss.net/7/521/2014/essdd-7-521-2014.html
http://link.springer.com/chapter/10.1007%2F978-3-662-04935-8_4
http://link.springer.com/chapter/10.1007%2F978-3-662-04935-8_4
http://link.springer.com/chapter/10.1007%2F978-3-662-04935-8_4
http://www.sciencedirect.com/science/article/pii/030442039500008F
http://www.sciencedirect.com/science/article/pii/030442039500008F
https://books.google.co.in/books?id=pvDLBgAAQBAJ&pg=PT99&lpg=PT99&dq=Evolution+of+Matter+and+Energy.+The+Natural+Environment+and+the+Biogeochemical+Cycles&source=bl&ots=xNCZmecfzC&sig=OMF17Cfo77cODprdwmQokSVyDrs&hl=en&sa=X&ved=0CB0Q6AEwAGoVChMIy52To7nIxgIV0ZGOCh18TgPj#v=onepage&q=Evolution of Matter and Energy. The Natural Environment and the Biogeochemical Cycles&f=false
https://books.google.co.in/books?id=pvDLBgAAQBAJ&pg=PT99&lpg=PT99&dq=Evolution+of+Matter+and+Energy.+The+Natural+Environment+and+the+Biogeochemical+Cycles&source=bl&ots=xNCZmecfzC&sig=OMF17Cfo77cODprdwmQokSVyDrs&hl=en&sa=X&ved=0CB0Q6AEwAGoVChMIy52To7nIxgIV0ZGOCh18TgPj#v=onepage&q=Evolution of Matter and Energy. The Natural Environment and the Biogeochemical Cycles&f=false
http://www.researchgate.net/publication/258297667_Chapter_9._The_biogeochemistry_of_carbon_dioxide_in_the_coastal_oceans
http://www.researchgate.net/publication/258297667_Chapter_9._The_biogeochemistry_of_carbon_dioxide_in_the_coastal_oceans
http://www.sciencedirect.com/science/article/pii/0079661195000151
http://www.sciencedirect.com/science/article/pii/0079661195000151
http://mahb.stanford.edu/wp-content/uploads/2012/02/1986_Vitousek.pdf
http://mahb.stanford.edu/wp-content/uploads/2012/02/1986_Vitousek.pdf
http://www.ncbi.nlm.nih.gov/pubmed/14586437
http://www.ncbi.nlm.nih.gov/pubmed/14586437
http://www.unc.edu/courses/2010spring/geog/595/001/www/Galloway2003.pdf
http://www.unc.edu/courses/2010spring/geog/595/001/www/Galloway2003.pdf
http://www.springer.com/us/book/9781402009945
http://www.amazon.com/Enriching-Earth-Fritz-Transformation-Production/dp/0262693135
http://www.amazon.com/Enriching-Earth-Fritz-Transformation-Production/dp/0262693135
http://www.amazon.com/Enriching-Earth-Fritz-Transformation-Production/dp/0262693135
http://www.caryinstitute.org/publications/human-alteration-global-nitrogen-cycle-causes-and-consequences
http://www.caryinstitute.org/publications/human-alteration-global-nitrogen-cycle-causes-and-consequences
http://www.caryinstitute.org/publications/human-alteration-global-nitrogen-cycle-causes-and-consequences
http://www.amazon.com/Agriculture-Nitrogen-Cycle-Fertilizer-Environment/dp/1559637102
http://www.amazon.com/Agriculture-Nitrogen-Cycle-Fertilizer-Environment/dp/1559637102
http://www.amazon.com/Agriculture-Nitrogen-Cycle-Fertilizer-Environment/dp/1559637102
http://www.amazon.com/Agriculture-Nitrogen-Cycle-Fertilizer-Environment/dp/1559637102
http://link.springer.com/chapter/10.1007%2F978-3-662-24940-6_7
http://link.springer.com/chapter/10.1007%2F978-3-662-24940-6_7
http://link.springer.com/chapter/10.1007%2F978-3-662-24940-6_7
http://www.amazon.com/Major-Biogeochemical-Cycles-Interactions-Report/dp/0471105228
http://www.amazon.com/Major-Biogeochemical-Cycles-Interactions-Report/dp/0471105228
http://dge.stanford.edu/SCOPE/SCOPE_7/SCOPE_7_1.4_Pierrou_75-88.pdf
http://dge.stanford.edu/SCOPE/SCOPE_7/SCOPE_7_1.4_Pierrou_75-88.pdf
http://rimg.geoscienceworld.org/content/48/1/391.figures-only
http://rimg.geoscienceworld.org/content/48/1/391.figures-only
http://www.researchgate.net/publication/232123197_The_Role_of_Calcium_Oxalate_in_the_Availability_of_Phosphorus_in_Soils_of_Semiarid_Regions_A_Thermodynamic_Study
http://www.researchgate.net/publication/232123197_The_Role_of_Calcium_Oxalate_in_the_Availability_of_Phosphorus_in_Soils_of_Semiarid_Regions_A_Thermodynamic_Study
http://www.researchgate.net/publication/232123197_The_Role_of_Calcium_Oxalate_in_the_Availability_of_Phosphorus_in_Soils_of_Semiarid_Regions_A_Thermodynamic_Study
http://ukcatalogue.oup.com/product/9780195313697.do
http://ukcatalogue.oup.com/product/9780195313697.do
https://www.marxists.org/reference/subject/philosophy/works/us/gaia.htm
https://www.marxists.org/reference/subject/philosophy/works/us/gaia.htm
http://www.tellusa.net/index.php/tellusa/article/view/9731
http://www.tellusa.net/index.php/tellusa/article/view/9731
http://www.ncbi.nlm.nih.gov/pubmed/19241052
http://www.ncbi.nlm.nih.gov/pubmed/19241052
http://www.ncbi.nlm.nih.gov/pubmed/19241052
http://onlinelibrary.wiley.com/doi/10.1002/qj.49710645003/abstract
http://onlinelibrary.wiley.com/doi/10.1002/qj.49710645003/abstract
http://journals.jps.jp/doi/abs/10.1143/JPSJ.52.1075
http://journals.jps.jp/doi/abs/10.1143/JPSJ.52.1075
http://onlinelibrary.wiley.com/doi/10.1029/91JD00721/abstract
http://onlinelibrary.wiley.com/doi/10.1029/91JD00721/abstract
http://onlinelibrary.wiley.com/doi/10.1002/qj.49712656619/abstract
http://onlinelibrary.wiley.com/doi/10.1002/qj.49712656619/abstract

	Title
	Corresponding author
	Abstract 
	Keywords
	Introduction
	Biogeochemical Cycle of Carbon 
	Biogeochemical Cycle of Nitrogen 
	Biogeochemical Cycle of Phosphorus  
	Earth’s Thermodynamics and Cycling of Nutrients  
	Conclusions 
	Acknowledgements  
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	References 

