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Increased quantities of carbon dioxide (CO2) and other greenhouse gases in the 
atmosphere are causing global warming. Capturing and storing CO2 is critical 
for meeting global climate change goals. The process of capturing and storing 
atmospheric CO2 is called carbon sequestration. Through this process, atmospheric 
CO2 is captured by trees, plants, and other vegetation via photosynthesis and stored 
in biomass and soils. Enhanced agricultural practices, reforestation, and urban 
management could increase carbon sequestration capacity.

This book provides an overview of the recent developments in carbon sequestration, 
which plays an important role in climate change mitigation. It consists of six chapters 
that discuss carbon capture, storage, utilization, chemistry, and geomechanical 
aspects. This book is a useful resource for students, researchers, decision-makers, 
chemical and powerplant engineers, geological and environmental engineers, and 
those who work in the industry.
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Chapter 1

Carbon Capture, Use and Storage
(CCUS) as Enhanced Oil Recovery
(EOR): Llanos Orientales Basin
(Colombia)
Jorge Eliecer Mariño Martínez
and Luisa Epimenia Moreno Reyes

Abstract

At present, it is essential to take actions to minimize CO2 emissions into the
atmosphere, and one way to use and exploit it is through the use of carbon dioxide for
industry processes, such as enhanced oil recovery. By carrying out carbon capture,
geological storage and improving oil recovery by applying the selection criteria to
determine suitability for CO2 sequestration in the Llanos Orientales Basin as a tool to
improve hydrocarbon production. It would be a first step in the sustainable develop-
ment of the extractive oil industry in Colombia, which is one of the participants in
greenhouse gas releases. The above can be achieved through the application of CO2–

EOR processes, which are mainly miscible or immiscible methods. Finally, the impor-
tance of identifying existing CO2 sources is highlighted, in order to carry out the
application of a CO2–EOR project.

Keywords: CO2 emissions, carbon, enhanced oil recovery, capture, geological storage,
Llanos basin, CCUS, EOR

1. Introduction

Global warming is an imminent threat to humanity, and it is related to CO2

emissions in the atmosphere, which is mainly the product of the combustion of
hydrocarbons (oil and gas), coal in power plants, and other industrial plants.

Considering the above, carbon capture use and geological storage (CCUS) is being
considered as one of the methods to reduce greenhouse gas emissions, thus applying
the methods of optimizing the operation of the different projects of enhanced oil
recovery (EOR) by using carbon dioxide (CO2), becoming the tool to improve effi-
ciency and profitability in the production of the hydrocarbons sector. In this way, it
contributes responsibly to sustainable development in energy projects [1].
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The geological, geothermal, and hydraulics properties of the Eastern Llanos basin
are favorable for the storage of CO2. Considering the main criteria for the application
of these projects, especially in the cases of mature deposits, it would become an
applicable method to increase the production of hydrocarbons through improved
recovery and thus increase their useful life.

2. Current situation of CO2: EOR

Enhanced oil recovery is done by the use of CO2 (CO2–EOR). It is a kind of
CCUS technology. This practical application was started and improved as early as
1972, directing to improve oil recovery through the introduction of CO2 into oil
reservoirs. (Figure 1) [2].

The current and active projects, where CO2–EOR is applied, have been
developed mostly in the United States (Permian Basin, Gulf Coast, and the Rockies
(see Figure 1.)), and in Canada in better proportion with seven projects of injection of
CO2, plus another additional injection of acid gases; however, it is relevant to indicate
that this method has also been practiced for several decades in Turkey and Hungary,
and there are new projects in various stages of development in Asia, the Middle East,
and the North Sea. On a pilot scale, there are also developments in China, Brazil
(onshore – Miranga field), and Abu Dhabi.

As a consequence of the advantages of this method, as part of the KAPSARC data
source, in 2020, there are 38 CO2–EOR large-scale projects in different project
life cycle stages [3], and according to International Energy Agency (IEA), the entire
amount of CCUS programs in industry and fuel transformation increase to 19 in
2020 when the two Alberta Carbon Trunk Line programs in Canada started activity
(Figure 2) [2].

According to the information updated in 2020, it was identified that there was a
decrease in the U.S. of approximately 47% of CO2 supplied for EOR projects compared

Figure 1.
Number of EOR projects in operation globally [2].
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to that supplied in 2019, with one of the possible causes being the decline in oil and gas
prices. However, the increment in prices in 2021 may lead to an increase in oil
production through EOR–CO2 projects [4].

Figure 2 indicates that the Century CO2–EOR plant in Texas is one of the projects
with the most capacity per year. It was started in 2010 with a reduced capture
capacity, but the volume was increased to its full capacity of 8.4 Mt./year in 2012 [5].

Also, the Shute Creek Gas processing installation in Wyoming, USA, has been
handling natural gas from the LaBarge field beginning in 1986. Before improving it,
H2S was separated along with approximately 0.4 Mt./a of CO2. In 2010, an expansion
of the plant’s capacity was finished, getting a capture capacity of 7 Mt./a of CO2 [5].

Another project is the Val Verde Natural Gas Facility in Texas, USA. Currently,
five different gas processing installations in the Val Verde area get about 1.3 Mt./yr. of
CO2 for use in EOR facilities at the Sharon Ridge oil field. The CO2 concentration of
the incoming gas stream at the Val Verde plant ranges from 25 to 50% [5].

Under evaluation phases, there are eight big CO2–EOR projects. Nearly 63% of
them are planned in China irrespective of the reality that tight continental geology and
heavier oil are important factors [5].

Figure 2.
Sizeable CO2–EOR projects in different stages by applied industries [5].
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2.1 Criteria for the choice of the geographical area for the storage of CO2

According to Bachu [6], it is necessary to evaluate, at the basin scale, the
suitability for CO2 sequestration in sedimentary rocks, among which are the
following aspects:

A.Geological criteria

B. Geothermal criteria

C.Hydrodynamic criteria

Considering the above, a roadmap is proposed for the implementation of this
method in geological media [7]:

Assessment of suitability at the regional level, to determine the areas of a
basin that could become suitable and the means of storage, which include the
following

Inventory of feasible sites for CO2 storage, which initially requires the identifi-
cation of the main sources of CO2, followed by a local-level characterization consid-
ering the pressure and temperature in situ, as well as properties of hydrocarbons.

Safety of CO2 storage operations, where it is secure that there will be no upward
migration of CO2 and leakage to other beds during or after introduction, which could
occur through open geological faults and natural or man-induced fractures,
irrespective of storage media.

Storage capacity, for EOR operations in mature stage oil and gas deposits, storage
pore volume, grade of water penetration as a result of oil production, and CO2 solu-
bility are crucial components in judging storage capacity.

6
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3. Benefits of lifecycle emissions on CO2 reduction of CO2: EOR projects

As reported by the International Energy Agency (IEA), the hydrocarbons industry is
one of the world’s pioneers in the development and deployment of CO2 capture.
Currently, most of the CO2 injected in CO2–EOR projects is produced from naturally
occurring subsurface CO2 deposits. It is clear that the use of natural sources does not
provide any advantage in the emissions degree of the oil produced. In the United States,
more than 70% of the CO2 dispensed today for CO2–EOR is from natural sources [8].

Nevertheless, there are some programs that use CO2 captured from man-made
sources for EOR—the Century and Petra Nova plants in Texas. These are two bigger
installations, which are making the development of these projects more efficient and,
thus, more profitable (Table 1).

Guaranteeing the integrity of CO2 storage is also essential for confirming the
emissions decreases. There are some path operators, which demonstrate the perma-
nency of CO2 storage, admitting sites with appropriate geology that gets CO2,
avoiding abandoned oil wells that could create a passage for CO2 to get the surface (or
checking that these are obstructed), and inserting observance and field surveillance to
notice possible escape [8].

An additional potential advantage of CO2–EOR is that it offers a lower-cost oppor-
tunity to position CCUS projects.

4. Enhance the oil recovery process using ccs

From a geological perspective, the traps can be structural and stratigraphic, and
the EOR could be from abandoned or deleted reservoirs:

Projects of CO2–EOR

The oil revenues produced or reduced total project
costs and expand the amount of CO2 stored per
unit of investment.

Developing a series of such projects would help
reduce CCUS costs more generally and could provide
the catalyst for commercial-scale CCUS to eventually
take off.

Table 1.
Benefits of lifecycle emissions on CO2 reduction of CO2–EOR projects [8].
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In addition to the information shown in Table 2, there are two types of CO2–EOR
based on the miscibility between CO2 and the reservoir oil. The pressure at which
miscibility occurs is defined as the minimum miscibility pressure (MMP) [9].

As part of the CO2 – EOR operation, CO2 is inserted into a stratum containing oil at
high pressure. The displacement of oil by CO2 injection is founded on the phase
behavior of gas–oil mixtures, which are highly interdependent on the temperature,
pressure, and constitution of the reservoir oil. Two main types of CO2–EOR proce-
dures are recognized [1].

The main processes participating in the immiscible CO2 floods are:

• Increased oil stage, as the oil gets soaked with CO2.

• Viscosity decreases in the mixture of oil and CO2.
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• Pumping of lighter hydrocarbons in the CO2 phase. and

• Displacement of liquid by the increase of pressure.

This assemblage of mechanisms allows a part of the left-over oil in the reservoir to
be still, moved and extracted (Figure 3).

CO2 capture has been shown as one of the most successful EOR methods, especially
in the United States, because it uses the available CO2 deposits that are present in nature.

As can be identified in Figure 4, there are two sources of CO2:

• The gas CO2 is associated with the gas and oil pumping from which the oil
company purifies it and transports it to the CO2 liquefaction installation using
pipelines, which is a free gas source.

• Liquid CO2 is obtained from a chemical plant not so far from the project that is
trucked to the CO2 storage installation.

Figure 3.
Diagram presenting the miscible CO2–EOR procedure [10].

Groups of EOR technologies: Recovery of miscible gases

Chemical flooding

Thermal recovery

Microbial flooding

Table 2.
EOR Technologies [9].
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As for the CO2 extraction process, the first measure in CCS is to obtain it from
other gaseous substances. CO2 can be seized from natural gas by absorption, adsorp-
tion, chemical looping, or membrane gas detachment, or it can be captured from flue
gas at big CO2 location origin (coal power station and industrial processes units) by
using one of the following three methods—pre-combustion capture, post-combustion
capture, and oxy-combustion. Once obtained, the CO2 is dehydrated and equipped for
transport. It is transported by pipeline, truck, or ship in a supercritical state to the
storehouse site, see Figure 4 [5].

5. Possible applications of the method CCUS–EOR IN the EASTERN
LLANOS basin (Colombia)

In general, the actual Eastern Llanos basin is a suitable basin for the storage of
CO2–EOR because it meets the criteria mentioned above, such as 1) natural gas and oil
production, 2) extensive basin with hydrodynamic traps, and 3) several
reservoir formations with good regional confinement. To this is added that oil
fields are varied and extensive, and a considerable number of these hydrocarbon
exploitation projects are in the maturation stage where it is necessary to increase the
production of hydrocarbons through improved recovery and thus prolong their useful
life (Figure 5).

“The Eastern Llanos Basin is the most prolific hydrocarbon basin in continental
Colombia. The northern boundary of this basin is the Colombian–Venezuelan
delimitation; to the south, the basin goes as far as the Macarena high, the Vaupés
Arch and the Precambrian metamorphic rocks that outcrops to the south of the
Guaviare river; the east limit is marked by the outcrops of Precambrian plutonic rocks
of the Guyana Shield, and to the west, the basin is restricted by the frontal thrust
system of the Eastern Cordillera” (Figure 5) [11].

A schematic drawing cross section of the Eastern Llanos basin shows that the oil-
related formations are of Cretaceous, Paleogene, and Neogene ages, between the
Eastern Cordillera westward and the Brazilian craton eastward (Figure 6). The East-
ern Llanos is a complete foreland basin that changed when the Andes were pushed to
the east against the South American plate. The structural surroundings allow the
geological formations in the basin that stayed mostly planar and undisturbed,
fashioning them favorable for CO2 sequestration.

Figure 4.
Production flow diagram of the CO2–EOR project [9].
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Basin development began in the Paleozoic with rifting. Clastic materials were
sedimented over the Precambrian basement from the Triassic time to the Late Creta-
ceous. The basin was the oriental block of a major rift system. From the Maastrichtian
to the Paleocene time, the Llanos basin developed into a foreland. During the Neo-
gene, the basin has been a deposit of thickened molasse sediments. The source rocks
are Cretaceous, and span from immature to marginally mature eastward of the frontal
thrust. The main deposits are clastic units of the Late Cretaceous and Paleogene ages.
Investigation of the individual elements of the migration arrangement inside the basin
is complex because of the thinning of the stratigraphic segment and the evolution of
more sandy facies in the direction of the Guyana Shield [9].

Figure 6.
Cross section of the foreland Eastern Llanos basin [11].

Figure 5.
The Eastern Llanos basin located in the bigger Orinoco River basin in northern South America.
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5.1 Petroleum geology

Figure 7.
Petroleum Geology—Eastern Basin [11].
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5.2 CCUS: EOR potential in the Eastern Llanos basin

The review of progress in the different projects of the hydrocarbons sector in
the Eastern Llanos basin means that currently there is sufficient infrastructure
to move forward the capture and injection of CO2 for improved recovery,
subtracting the construction of CO2 liquefaction facilities with sufficient

Figure 8.
Eastern Llanos Basin Petroleum system chart [11].
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processing capacity, as well as facilities for the storage of liquid CO2. The coal
power plants in the Oriental Cordillera and the natural gas deposits in the basin are
potential CO2 sources.

After researching the many formations that make up the Llanos Basin, it is con-
cluded that the Carbonera formation is the most favorable for CCUS because it has
sandy interbeddings that are not being used (levels C-7, C-5, C-3, and C-1) and that
they can be favorable as a storage formation due to their storage capability in a future
CO2 capture project, all these are conditions to elaborated surveys of characterization
of sand formation. Additionally, Carbonera is at a higher depth than the last poten-
tially usable water source (Guayabo aquifer), isolated by clay layers that form natural
hydraulic seals (levels C-2, C-4, C-6, and C-7) and covered by the regional seal of the
León Formation (Figure 6).

The four clayey members of Carbonera add up to about 637 feet, which with low
permeability provides the natural separation of the disposal area with the other units,
guaranteeing the non-affectation to the “surface” aquifers in the Guayabo and
Necesidad formations (Figures 7 and 8) [12].

In the Carbonera formation, porosities are comparatively invariant (18–23%) as
well as permeable (100–3500 mD), suggesting that the units that are projected as
receptors have stable petrophysical characteristics that allow the entry of a volume of
injected CO2 without causing damage to the formation.

Porosities were measured through density and neutron curves taken in the wells.
Regarding permeability, despite not having data in the aforementioned cores, a theo-
retical curve was obtained and then corrected and tuned with cores and logs from
other blocks [13].

The Carbonera formation is not the only one with CO2 storage expectations, there are
also the Mirador, Barco, Guadalupe, and Une formations that have even better values for
a storage formation, and therefore, the best hydrocarbon reservoirs found in the Llanos
basin are in these formations; however, as CO2 capture prospects, these formations could
be used for secondary recovery (EOR/EGR) and obtain better results in production.

6. Conclusions

The geological depository of CO2 should be considered as one of the most viable
options to minimize the effects and emissions of polluting gases into the atmosphere
related to fossil fuels.

At the time of reviewing the existing documentation on the method of capture and
storage or sequestration of CO2, it is clear that in Colombia there is no current
regulation on CCUS–EOR technologies, given that they are still in the experimental
phase and the projects that are starting are pilots, or there are very few who have come
to implement the technique.

The maturity of the Llanos basin and its tectonic evolution, as well as the strati-
graphic and petrophysical characteristics of the large oil and gas fields with hydrody-
namic capture, and good regional seals, lead to the conclusion that in the basin there
are formations with good possibilities to store or sequester CO2; being the odd sandy
intervals of the Carbonera formation and more specifically C-1 and C-7, the most
suitable for the application of this method.

The technologies implemented within the hydrocarbons sector favor in a certain
way the development of the CCUS method in Colombia, this is a considerable
advantage compared to countries that do not have a presence of oil activity.
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Chapter 2

Carbon Sequestration by Eucalypts 
in Florida, USA: Management 
Options Including Biochar and 
Associated Economics
Donald L. Rockwood, Kyle W. Fabbro, Martin F. Ellis, 
Monica Ozores-Hampton and Amir Varshovi

Abstract

Growth and economic models for E. grandis in mulch wood rotations, for E. grandis 
and E. grandis x E. urophylla cultivars grown as short-rotation woody crops (SRWC), 
including coppicing, for E. grandis in windbreaks (WB), with and without soil amend-
ments including biochar (BC) and the slow-release fertilizer Green Edge (SRF, GE), 
and for E. grandis in dendroremediation applications estimated the above- and below-
ground carbon sequestration potentials of these management options. The cultivars 
may sequester over 10 Mg of C/ha/year as SRWCs. Under assumed management costs 
and market conditions, SRWC management with BC is more profitable than opera-
tional culture if BC application costs are ≤$450/Mg. Longer rotations with less inten-
sive management result in lower but still considerable sequestration and economic 
benefit. In WBs, E. grandis cultivars may sequester up to 34 Mg of C/ha in 3 years, 
with additional sequestration by amending soil with BC, GE, and BC + GE. Amending 
soil with BC derived from eucalypts is both a long-term sequestration strategy and 
an opportunity to increase plantation and crop productivity. Demand for sustainably 
produced BC is growing due to multiple applications beyond soil carbon sequestration.

Keywords: Eucalyptus grandis, E. grandis x Eucalyptus urophylla hybrid, mulch wood, 
short-rotation woody crops, carbon sequestration, management options, economic 
potential, biochar, slow-release fertilizer

1. Introduction

Eucalyptus species, the most widely planted hardwoods in the world [1], have con-
siderable potential for sequestering carbon. For E. urophylla in Brazil and E. globulus 
in Spain, rotation length, number of coppice rotations, site quality, carbon credit, 
and discount rate influenced carbon sequestration value [2]. E. urophylla × E. grandis 
hybrids in subtropical China maximize sequestration in 12–15 year rotations [3]. In 
Pakistan, E. camaldulensis is one of the best sequestration options for marginal areas 
[4], and in northwest India, E. tereticornis used in agroforestry is a viable option for 
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carbon mitigation [5]. In Portugal, sequestration by E. globulus plantations was smaller 
than that of their derived wood products [6].

In subtropical central and southern Florida, USA, (annual rainfall of ~1400 mm 
mainly during the summer, average maximum temperature of ~28°C, average mini-
mum temperature of 18°C, and lowest temperature of −2°C), eucalypts have numer-
ous potential applications. We previously described their potential for maximizing 
SRWC productivity through genetic improvement and site amendments, such as 
BC [7]. On former citrus and phosphate mined lands, E. grandis cultivars may have 
maximum mean annual increments (MAImax) up to 78.2 green Mg/ha/year with an 
internal rate of returns (IRR) over 10% when grown as SRWCs [8].

BC improves many soil properties and thereby increases productivity [9–11], espe-
cially in sandy soils common to central and southern Florida [12, 13]. BC’s numerous 
applications, including carbon sequestration [14], have considerable market potential.

Here, we expand our previous estimations of carbon sequestration by eucalypts 
with and without BC in Florida [15] by estimating (1) the economic potential for 
carbon sequestration by Eucalyptus planted in long-term mulch wood plantations, in 
more WBs, and in dendroremediation applications and (2) the responses to BC as a 
soil amendment with and without compost in additional field studies in Florida.

2. Materials and methods

Thirteen studies in central and southern Florida (27°–28°31′N, 80°–82°49′W) rep-
resenting a range of Eucalyptus management options contributed to our analyses—(1) 
two E. grandis mulch wood studies, (2) two E. grandis cultivar planting density stud-
ies, (3) E. grandis x E. urophylla hybrid cultivar EH1 planting density demonstration, 
(4) EH1 fertilizer-planting density study at the Indian River Research and Education 
Center (IRREC), (5) five E. grandis WBs at Water Conserv II, Clermont, and the 
IRREC using BC, and (6) two E. grandis dendroremediation studies (Table 1).

2.1 E. grandis mulch wood plantations

In central and south Florida, E. grandis mulch wood plantations are typically 
established at moderate planting densities (1495–1794 trees/ha) with 7–10 year 
rotations and re-established after two or three coppice stages. Mulch wood planta-
tion management intensity is low,” with all cultural treatments, such as chemical 
site preparation, single-pass bedding, and N + P fertilization implemented prior to 
planting. Post-establishment silvicultural treatments, such as herbaceous chemical 
release and mid-rotation fertilization, are uncommon in most mulch wood planta-
tions throughout the entire management cycle, including the coppice stages.

The carbon sequestration and yield potential of improved E. grandis open-polli-
nated (OP) family seedlings and cultivar G2 clones under low operational culture were 
based on field demonstration Studies 1A and 1B, respectively, established on bedded 
cutover flatwoods sites on poorly drained, sandy Spodic soils. The planting density was 
1495 trees/ha at a tree spacing of ≈ 1.8 m within row × 3.7 m between beds. Stem wood 
green weight estimates were based on felled tree samples and stand-level, whole-stem 
green weight estimates were fitted to the equation below using nonlinear regression [8]:

 ( ) ( )+ × − ×  = lnb c t d tB t e  (1)
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where B(t) = whole-stem green weight (metric tons/ha), t = stand age (years), and 
b, c, d are estimated parameters.

Stem wood carbon content was estimated as 25% of stem green weight. On sandy 
soils, 78% of total C sequestration for E. grandis was assumed to be in stem wood [16]. 
Table 2 outlines the operational silvicultural treatments previously described, their 
associated costs, and stumpage and carbon price assumptions. Three coppice stages 
were assumed with coppice yields projected to be 80, 60, and 40% of the original 
stand for stages 2, 3, and 4, respectively.

2.2 E. grandis cultivar planting density studies

Studies 2A and 2B on a phosphate mine clay settling area and former citrus beds, 
respectively, assessed the effect of planting densities (Table 1) on the biomass pro-
duction of three E. grandis cultivars (G2, G3, and G5). Stand-level whole-stem green 
weight estimates (based on felled and standing trees in Florida) for each planting 
density were calculated by Eq. (1) using nonlinear regression [8]. The carbon content 
of stem wood was again assumed to be 25% of stem green weight.

The economic assumptions in Table 2 were coupled with the assumptions that 
78% of total C sequestration for E. grandis on sandy soils is in stem wood [16] and that 
response to BC followed that observed in Study 5E. Yields in two coppice rotations 

Study Location Option Genotype Soil Culture Density Age

1A Palmdale MW Seedlings Sandy B, H, F 1495 8 yrs

1B Palmdale MW Cultivars Sandy B, H, F 1495 7 yrs

2A Ft Meade SRWC Cultivars Clay B, F, H, I 2148,
2872,
4305

48

2B Indiantown SRWC Cultivars Sandy B, H 1436,
2148,
2872,
4305

48

3 Hobe Sound SRWC Cultivars Sandy B, F, H, I 1181,
2471

81

4 Ft Pierce SRWC Cultivars Sandy F, H 1196,
1794,
3588

47, 28

5A Winter Garden WB Cultivars Sandy F, I ~2778 52

5B Winter Garden WB Cultivars Sandy F, I ~2778 16

5C Winter Garden WB Cultivars Sandy F, I ~2778 16

5D Clermont WB Cultivars Sandy F, H, I ~3472 74

5E Ft Pierce WB Cultivars Sandy F, BC, H, I ~4630 37

6A Tampa DR Cultivars Sandy H, I 2778 44

6B Belle Glade DR Cultivars Muck H, I 4444 12

Table 1. 
Description of 13 Eucalyptus studies in Florida: location in FL, management option (mulch wood = MW, 
dendroremediation = DR). genotypes involved, soil type, culture (B = bedded, F = fertilized, H = herbicided, 
I = irrigated), planting density (trees/ha), and age (months) at final measurement.
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were projected to be 80 and 60% of the original stand for fertilization only and 90 
and 80% of the original for fertilization + BC [18]. The application of BC priced at 
$750 and $1,000/ton assumed a 7% growth increase per ton of BC.

2.3 EH1 planting density study

Study 3, an intensively managed 8+ ha demonstration planted in May 2011 on 
sandy former citrus beds at two planting densities (Table 1) was monitored through 
December 2017. Stand-level whole-stem green weight equations [19] used periodic 
data through 81 months to model growth scenarios at the original two planting 
densities and an intermediate density of 1,794 trees/ha assuming original and two 
coppice rotations for each density, with the two coppices growing at 90% and 80% of 
the original planting. EH1 stem wood carbon content was assumed to be 25% of stem 
green weight, and 78% of total carbon sequestration was in stem wood.

2.4 EH1 fertilizer-planting density-coppicing study

EH1, planted in June 2015 on a sandy former pasture in five 3-row (26 trees/row) 
plots receiving one of five fertilizers (control, GE 6-4-0 + micronutrients at 112, 224, 
and 336 kg of N/ha rates, and diammonium phosphate equivalent to 336 kg of N/ha) 
and two replications of 5-tree row plots of three planting densities (1196, 1794, and 
3588 trees/ha), was coppiced in June 2019. The interior row of each plot was periodi-
cally measured for tree size, and number of coppice stems/stool at least half the DBH 
of the largest stem, through November 2021.

Given eucalypt’s high productivity and their use for traditional forest products 
and because economic feasibility is one of several conditions for a sustainable BC 
system [20], our financial analysis goal using Land Expectation Value (LEV) and 
IRR in Sections 2.1–2.4 was to estimate the cost of potential carbon sequestration by 
Eucalyptus genotypes with and without BC as a soil amendment.

Activity Management option

Mulch wood SRWC

Land preparation (start-up cost) $618/ha $1236/ha

Chemical site prep (beginning of each cycle) $173/ha $297/ha

Weed control (beginning of coppice stage) $136/ha

Planting cost $0.08/tree $0.08/tree

Seedlings $0.30/tree

Clones $0.70/tree $0.70/tree

Fertilization (beginning of each cycle) $223/ha $223/ha

BC application (one-time start-up cost—low) $750/Mg

BC application (one-time start-up cost—high) $1000/Mg

Stumpage price $13/green Mg $13/green Mg

Carbon credit [17] $5/Mg C $5/Mg C

Table 2. 
Management costs and timber stumpage and carbon credit assumptions for two management options for 
E. grandis grown on sandy soils in central and southern Florida.
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2.5 E. grandis WBs

Two-row WB 5A, consisting of four E. grandis cultivars in 20-tree plots (two 
staggered rows 2.4 m apart with 10 trees at 1.5 m spacing within rows) systemati-
cally positioned in 14 replications, was established in June 2009 at Water Conserv II. 
All replications were irrigated with reclaimed water. The cultivars were measured 
periodically through 52 months for height and DBH. Assumed sequestration in roots 
was ≈10.3% of total aboveground sequestration [16].

In June 2012, two-row WBs (5B and 5C) composed of four E. grandis cultivars 
(G1, G2, G3, and G4) in one row and up to eight Corymbia torelliana progenies in 
an adjacent staggered row 2.4 m away were established around two Water Conserv 
II Rapid Infiltration Basins (RIB 2-3 and RIB 3-2). The trees were subsequently 
irrigated with reclaimed water. From the 290 clones of the cultivars replicated up to 
five times in row plots around RIB 2-3 and from the 308 clones replicated up to five 
times in row plots around RIB 3-2, typically 10-tree subsets in the row plots were 
measured periodically.

On March 30, 2014, two-row WB 5D was established at a citrus grove following 
Roundup application in mid-March. At 2.4 m spacing, 68 G3s were planted in the inte-
rior (north) row and 68 C. torelliana in the staggered (1.2 m offset) exterior (south) 
row. The trees were subsequently irrigated for 4 years and measured in May 2020.

Two-row WB 5E, consisting of three E. grandis cultivars in one row and four 
C. torelliana progenies in an adjacent row offset 1.2 m away, was established in July 2017 
to assess BC and GE as silvicultural management options. Initially a randomized com-
plete block design with four complete and one incomplete replications of the cultivars 
at 1.8 m within row spacing, in February 2018, all four complete replications received 
GE (6-4-0 + micronutrients equivalent to 336 kg of N/ha) and two interior replications 
also received 11.2 Mg/ha of GCS’ Polchar BC by rotovating the two treatments into the 
soil to a 20 cm depth between and within 1.2 m of the two rows. The incomplete replica-
tion served as a control. The cultivars were measured periodically through June 2020.

2.6 E. grandis dendroremediation studies

Two dendroremediation studies (Table 1) represent the potential use of Eucalyptus 
for managing wastewater. Study 6A had 44-month-old E. grandis cultivars G2 and 
G3 at 2.4 × 1.5 m in sandy soil in a stormwater retention pond in Tampa, FL, at the 
Tampa Port Authority (TPA). Study 6B on muck soil at the Everglades Research and 
Education Center (EREC) at Belle Glade, FL, included two E. grandis cultivars (G3 
and G4) planted at a 1.5 × 1.5 m inside an agricultural runoff collection pond and 
measured for tree size and survival at 12 months. Above- and below-ground carbon 
sequestration was estimated as described in Section 2.2.

2.7 Other BC field studies

Seven recent BC studies, all on sandy soil, are described in Table 3. GCS’ Polchar 
BC was used for studies 7A, 7B, 7C, 7D, and 7E. Four studies (7A, 7C, 7D, 7F) involved 
levels of BC only, two (7B, 7E) also had GE alone and in combination with BC, and one 
(7G) included BC/compost mixes. The crops and soils were monitored periodically for 
up to two years.

Study 7E (Table 3) had two replications of four treatments: 0, GE equivalent to 
336 kg of N/ha, 11.2 Mg/ha of GCS’ Polchar BC, and GE + BC. The BC was banded 
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and incorporated into beds twice, and the GE was banded on top of fully formed 
beds. Soil samples were taken in January 2021 after all treatments has been applied.

The five experiments in Study 7F (Table 3) were conducted in two major commer-
cial tomato production areas during the fall and winter of 2018–2019. Plastic beds (20 
and 18 cm high in the middle and on the edges, respectively, and 81 cm wide) were 
formed at 1.8 m centers. Following formation, they were fertilized with a fertilizer/BC 
mixture (BC from coconut shells blended with the fertilizer at the blending facility at 
268 lbs/ha), fumigated with 1,3-Dichloropropene and Chloropicrin (40:60) at a rate 
of 123 and 134 kg ha−1, and covered with virtually impermeable film. In all trials, pre-
plant dry fertilizer (ammonium nitrate, triple superphosphate, and potassium sulfate 
plus micronutrients) was broadcast as “bottom mix” and two fertilizer bands were 
applied on the bed shoulders as “top mix” for a total nitrogen-phosphorus-potassium 
(N-P-K) of 207-49-344 kg ha−1. Fertigation supplemented the pre-plant fertilizer 
with 112-0-167 kg ha−1 N-P-K from tomato flowering to the first harvest. Roma-type 
tomatoes were harvested two to three times at the mature-green stage and graded into 
marketable sizes and weighed separately according to USDA specifications: extra-
large (>7.00 cm), large (6.35–7.06 cm), and medium (5.72–6.43 cm).

Study 7G’s three BC levels and two compost/BC mixes (Table 3) were applied 
annually to “Valencia” bud-grafted to “US812” planted in spring 2016. Tree growth 
measurements consisted of trunk diameter and fruit yield. Fruit mass per plot was 
assessed annually by weighing harvested fruit from entire plots using a Gator Deck 
scale (Scale Systems, Novi, MI).

3. Results

3.1 E. grandis mulch wood plantations

The MAImax and biological rotation age for OP seedlings and G2 clones were 
10.5 green Mg/ha/year at age 8.0 years and 16.5 green Mg/ha/year at age 7.0 years, 

Study Location Amendments Crop Soil Culture

7A Gainesville 0, 11.2 mt/ha BC,
11.2 mt/ha BC twice

Vegetables Sandy Open field

7B Gainesville 0, 11.2 mt/ha BC, GE,
11.2 mt/ha BC + GE

Perennial
peanut

Sandy Open field

7C Old Town 0, 5.6, 11.2, 16.8, 22.4 mt/
ha BC

Sorghum Sandy Open field

7D Old Town 0, 11.2 mt/ha BC Bahiagrass Sandy Open field

7E Gainesville 0, 11.2 mt/ha BC twice,
GE, 11.2 mt/ha BC twice 
BC + GE

Slash pine,
Cypress

Sandy Bedded

7F Immokalee, 
Myakka City

0 and 286 kg/ha BC Tomatoes Sandy Plasticulture/
Open field

7G Immokalee 0, 446, and 892 kg/ha BC,
BC at 2.5 and 5%
plus compost at 4.5 Mg/ha

Citrus Sandy Open field

Table 3. 
Description of field studies receiving BC, GE, and/or compost—location in FL, amendments, crop, soil type, and 
culture.
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respectively, and their associated total carbon sequestrations at MAImax were 27.0 and 
37.0 Mg C/ha (Figure 1). The observed yields corresponded to site index (base age 
8 years) values of 15.2 and 21.3 m for the seedlings and clones, respectively. LEVs at 
an 8% real discount rate, with and without carbon, ranged between −$731/ha and 
−$517/ha with IRRs between 4.3 and 5.9% (Table 4).

These yields for improved E. grandis OP seedlings were similar to earlier E. grandis 
spacing trial results in south Florida [21]. Under operational culture and without 
carbon credits, stumpage prices ≥ $15/green Mg would favor clonal deployment over 
family forestry with IRRs exceeding 6.1%. Clonal deployment could generate higher 
LEVs at stumpage prices as low as $13/green Mg with carbon credits included. Family 
forestry under operational culture and without carbon credits is favorable when 
stumpage prices are <$15/green Mg and can exceed a 6% IRR when stumpage prices 
are ≥$16.30/green Mg.

3.2 E. grandis cultivar planting density studies

On former citrus lands and phosphate mined clay settling areas in central and 
south Florida, E. grandis cultivars had MAImaxs as high as 78.2 green Mg/ha/year with 

Figure 1. 
Estimated total (stem + crown + roots) carbon sequestration (C, Mg/ha) for mulch wood plantations of 
E. grandis OP families and G2 clones established at 1,495 trees/ha on poorly drained, sandy Flatwoods sites in 
South Florida.

Genotype OP families G2 cultivar

Total carbon sequestration (C, Mg/ha) 27.0 37.0

MAImax (green Mg/ha/yr)—rotation age (yrs) 10.5–8.0 16.5–7.0

LEV ($/ha)—IRR (%) without carbon credit −$652/ha—4.3 −$731/ha—4.9%

LEV ($/ha)—IRR (%) with carbon credit −$519/ha—5.1% −$517/ha—5.9%

Table 4. 
Estimated total carbon sequestration at MAImax, MAImax, and associated rotation age, and LEVs at 8% real 
discount rate and associated IRRs with and without carbon credits, for mulch wood plantations of E. grandis 
genotypes OP families and G2 cultivar established at 1495 trees/ha on bedded flatwoods soils.
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associated IRRs greater than 10% [8]. Total carbon sequestration estimates ranged 
from 38 to 95 Mg/ha at the time of MAImax, with longer-term totals over 100 Mg/ha in 
6 years, depending on cultivar, site, planting density, and harvest age.

The effects of adding BC as a soil amendment on sandy soils and of applying 
carbon credits were assessed (Table 5, Figure 2). Because BC increased growth 
and decreased time of MAImax, estimated cumulative carbon sequestration with BC 
decreased as rotation length decreased; for example, at 2148 trees/ha, sequestration 
was 69.4 Mg/ha C in 4.9 years without BC and 61.9 Mg/ha C in 3.5 years with BC. 
Under current market conditions in central and southern Florida, intensive manage-
ment with BC will be more profitable than operational culture if BC application costs 
are ≤$450/Mg. If BC costs $450/Mg, for example, then the LEV for 4305 trees/ha with 
BC will exceed the LEV of 2148 trees/ha under operational culture. Increased stump-
age prices and carbon credits and/or lower silvicultural management costs favor an 
intensive BC regime under current application costs.

Increased stumpage price and low BC cost ($750/Mg) favor a higher planting 
density under intensive management over the current mulch wood/moderate planting 
densities under operational culture. For example, a planting density of 4305 trees/

Response—associated response Planting density (trees/ha)

1436 2148 2872 4305

Fertilization only

Total carbon sequestration (C, Mg/ha) 52.7 69.4 73.2 77.4

MAImax (green Mg/ha/yr) —rotation age 
(yrs)

39.0–4.3 45.1–4.9 51.8–4.5 63.2–3.9

LEV ($/ha)—IRR (%) without carbon 
credit

282–8.8 413–8.9 216–8.4 −712 to 6.7

LEV ($/ha)—IRR (%) with carbon credit 848–10.3 1054–10.3 963–9.9 216–8.4

Fertilization + 6.2 Mg/ha of BC

Total carbon sequestration (C, Mg/ha) 55.5 61.9 69.5 92.6

MAImax (green Mg/ha/yr)—rotation age 
(yrs)

55.2–3.2 56.3–3.5 73.8–3.0 92.1–3.2

Fertilization + 6.2 Mg/ha of BC @$750/Mg

LEV ($/ha)—IRR (%) without carbon 
credit

−2217 to 5.6 −2803 to 
5.2

−1914 to 
6.2

−1464 to 
6.7

LEV ($/ha)—IRR (%) with carbon credit −1306 to 
6.6

−1885 to 
6.1

−690 to 7.3 55–8.0

Fertilization + 6.2 Mg/ha of BC @$1,000/Mg

LEV ($/ha)—IRR (%) without carbon 
credit

−3761 to 4.6 −4348 to 
4.3

−3458 to 
5.2

−3008 to 
5.7

LEV ($/ha)—IRR (%) with carbon credit −2850 to 5.5 −3429 to 
5.2

−2234 to 
6.2

−1489 to 
6.9

Table 5. 
Estimated total (stem + crown + roots) carbon sequestration at MAImax, MAImax, and associated rotation age, and 
LEV and associated IRR for E. grandis cultivars at two cultural intensities (fertilization and fertilization + BC), 
with and without carbon credits ($5/Mg C), two BC prices ($750 and 1000/Mg), and four planting densities on 
sandy soils in central and southern Florida.
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ha under an intensively managed BC regime can be more profitable (LEV = $3357/
ha) than the moderate 2148 trees/ha planting density under operational culture 
(LEV = $2459/ha), assuming the $18/green Mg stumpage price observed in central and 
southern FL mulch wood markets (no carbon credits), BC application cost of $750/
Mg, and 8% real discount rate (and the same management costs outlined in Table 2).

3.3 EH1 planting density study

Through 81 months, the higher 2471 tree/ha density increased the yield of 
intensively managed EH1 [7]. Maximum annual biomass yields and time to those 
maxima were directly and inversely, respectively, related to planting density: >58 
green Mg/ha/year in 3.7 years at 2471 trees/ha vs. 44 at 5.0 years for 1181 trees/ha. 
Associated total carbon sequestration estimates followed somewhat similar trends: 
77.2 Mg/ha C at 4.7 years for 2471 trees/ha vs. 75.8 Mg/ha at 5.5 years for 1181 trees/
ha (Table 6, Figure 3). Assessing the economic feasibility of EH1 SRWCs at a 
stumpage price of $13/Mg and without BC, LEVs, and IRRs increased with carbon 
credit and were highest at an intermediate planting density.

3.4 EH1 fertilizer-planting density-coppicing study

Planting density consistently influenced tree size, and the highest planting 
density had the smallest tree DBH at the 47-month harvest of the original rotation 
([7], Table 7). However, carbon sequestration at 47 months was greatest at the 
3588 density.

While planting density usually did not influence coppice stem DBH and number, 
at 23 months, the DBHs of the largest coppice stem/stool (Table 7) were similar to 
tree DBH at the same age in the original rotation. Should that trend continue and the 
number of coppice stems/stool with DBH at least half that of the largest stem exceeds 
one, coppice carbon sequestration at each planting density would surpass that of the 
original rotation.

Figure 2. 
Estimated total (stem + crown + roots) carbon sequestration (C, Mg/ha) for G Series E. grandis cultivars for 
4 years under four planting densities and two cultural regimes (fertilization only vs. fertilizer + BC) on sandy 
bedded former citrus lands in central and southern Florida.
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Figure 3. 
Estimated total (stem + crown + roots) carbon sequestration (C, Mg/ha) for EH1 at three planting densities 
(trees/ha, THA) through 4 years in study 4 without BC.

Response Planting density (trees/ha)

1196 1794 3588

47 months after planting

DBH (cm) 15.4 13.5 11.4

Total carbon sequestration (Mg/ha C) 50.9 53.9 68.7

23-month-old Coppice

DBH (cm) 8.3 8.4 6.4

No. of stems 4.1 3.8 2.7

Total carbon sequestration (Mg/ha C) 16.9 24.8 18.5

Table 7. 
DBH and estimated total carbon sequestration of 47-month-old original and DBH and number of coppice stems 
of E. urophylla x E. grandis cultivar EH1 in Study 4.

Response—associated response Planting density (trees/ha)

1181 1794 2471

Total carbon sequestration (C, Mg/ha) 75.8 76.3 77.2

MAImax (green Mg/ha/yr)—rotation age (yrs) 47.1–5.5 52.1–5.0 56.0–4.7

LEV ($/ha)—IRR (%) without carbon credit 2292–13.5 2913–15.0 1871–11.7

LEV ($/ha)—IRR (%) with carbon credit 2959–14.9 3665–16.6 2687–13.2

Table 6. 
Estimated total carbon sequestration at MAImax, MAImax and associated rotation age, and LEV at 8% real 
discount rate and associated IRR with and without carbon credits ($5/Mg C) for EH1 under operational culture 
without BC and three planting densities on sandy bedded former citrus lands in southern Florida.
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3.5 E. grandis in WBs

WBs 5A, 5B, 5C, and 5D were measured from as young as 4 months to as old as 
74 months (Table 8). Because the four E. grandis cultivars in WB 5A had similar sizes 
at each measurement age, their carbon sequestration estimates were averaged for 
each age. Sequestrations increased with age, reaching 12 Mg/ha C at 52 months. In 
WB 5B, because the cultivars were bigger in RIB 2–3, at 16 months, the cultivars had 
higher sequestration in RIB 2–3; both 16-month sequestration levels approximated 
the 18-month level in WB 5A. In WB 5C at age 74 months, cultivar G3 grew well and 
sequestered 33 Mg/ha C in just over 6 years.

Sequestration estimates in these three WBs were influenced by the planting den-
sity presumed for the three WBs. While the within-row spacing and distance between 
rows were known for each WB, the area occupied by each WB tree was speculative 
and was set to 652 trees/ha for each WB. Had a higher planting density been used, the 
sequestration estimates would be higher.

Soil amendments in WB 5E caused large early soil nutrient, tree nutrient, and tree 
growth responses by three E. grandis cultivars [7], with sequestration of up to 34 Mg/
ha of C in 37 months with GE + BC (Table 9). GE and especially BC + GE greatly 
enhanced the nutrient properties of this inherently poor sandy soil.

GE greatly increased tree DBH and total carbon sequestration compared to the 
control, and GE + BC further increased DBH by 3.3 cm and C by 14 Mg/ha, respec-
tively. Carbon sequestration from GE is primarily above ground while carbon seques-
tration by GE + BC is both above ground and in the soil. Assuming that all the BC 
applied remained in the soil, GE + BC increased total carbon sequestration by nearly 
33% to some 45 Mg/ha of C.

Age (months) Height (m) DBH (cm) Carbon sequestration (Mg/ha C)

Above ground Below ground Total

WB 5A: two E. grandis rows

18 5.5 5.9 .69 .07 .76

25 7.4 7.2 1.53 .16 1.69

52 14.3 13.4 10.86 1.14 12.00

WB 5B—RIB 2-3: one E. grandis row, one C. torelliana row

4 1.1

8 2.0 1.0

16 6.0 8.2 .83 .09 .92

WB 5C—RIB 3-2: one E. grandis Row, one C. torelliana row

4 1.2

8 1.8 .8

16 4.9 7.2 .51 .05 .56

WB 5D: one E. grandis row, one C. torelliana row

74 24.1 24.2 30.1 3.0 33.1

Table 8. 
Tree height and DBH and estimated carbon sequestration at various ages of E. grandis cultivars in four WB 
studies.
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3.6 E. grandis dendroremediation studies

Studies 6A and 6B provided 12- and 44-month sequestration estimates, respectively 
(Table 10), for very different soil types and planting densities. Sequestration in 6A was 
12 Mg/ha C at 44 months, or 12 Mg/ha C annually, on a sandy retention pond at 2778 
trees/ha, while in 6B it was 12 Mg/ha C at 12 months on muck soil at 4444 trees/ha.

3.7 Other BC field studies

Five recent amendment studies involving BC, GE, and/or compost are sum-
marized in Table 11. As suggested by Study 7A, notable soil and plant responses to 
BC may take up to 2 years, although BC immediately increased soil organic matter in 
Studies 7B, D, and E. Studies 7C and 7B had varied responses to BC rates.

In Study 7F, BC at 286 kg/ha only impacted the marketable yields in one out of five 
tomato trials (Table 12). Blending the BC with the broadcasting fertilizer application 
reduced the expense of an extra passing applying the BC; however, the rates were too 
low to produce an increase in marketable tomato yields. Similar studies indicate the 
use of BC was an effective and productive soil amendment as compared to compost 
[23–27]. Future trials with higher BC rates may impact tomato yields positively as may 
continue with yearly BC application at a lower rate.

Study 7G’s first-year data indicated no differences in plant growth, but 892 kg/ha BC 
produced the highest fruit yields (Table 13), as application rates in this trial were too 
low to have a significant yield impact in the first year. Compost application in sandy 

Response—associated response Treatment

Control GE GE + BC

DBH (cm) 5.8 10.3 13.6

Total carbon sequestration (C, Mg/ha) 2.8 19.6 33.6

MAImax (green Mg/ha/year)—rotation age (years) 3.4–2.7 17.3–3.7 32.5–3.3

Table 9. 
Tree DBH, estimated total carbon sequestration at 37 months, and MAImax and associated rotation age of 
E. grandis cultivars receiving Control, GE, GE + BC treatments in WB Study 5E.

Cultivar Height (m) DBH (cm) Survival (%) Carbon sequestration (Mg/ha C)

Above Below Total

6A: 44-month-old at 2778 trees/ha [22]

G2 9.6 6.7 67 7.2 0.7 7.9

G3 9.3 8.0 100 15.1 1.5 16.6

6B: 12-month-old at 4444 trees/ha

G3 6.1 4.9 100 5.3 0.5 5.8

G4 5.7 4.2 100 3.3 0.3 3.6

Table 10. 
Tree height, DBH, survival, and estimated above- and below-ground and total carbon sequestration of E. grandis 
cultivars in two dendroremediation studies.
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Response BC Level (mt/ha) GE BC + GE

0 5.6 11.2 16.8 22.4

7A—cauliflower (22 months after first BC application)

Soil NO3-N (ppm) 2.45 3.44 2.19

Leaf N (%) 4.68 5.29 4.70

7B—perennial peanut (21 months after application)

CEC (meq/100 g) 7.9 6.8 7.4 9.2

Soil OM (%) 1.42 1.93

7C—sorghum (4 months after application)

Soil NO3-N (kg/ha) 1.47 3.69 2.16 2.05 2.25

Soil Ca (kg/ha) 3015 3094 3670 3255 3525

Soil CEC (meq/100 g) 7.6 8.0 9.0 8.2 8.8

7D—bahiagrass (13 months after application)

Soil K (kg/ha) 21 166

Soil OM (%) 0.8 1.3

Soil CEC (meq/100 g) 5.0 9.1

7E—slash pine/cypress (after application)

Soil OM (%) .60 1.06 .67 2.26

Soil CEC (meq/100 g) 3.1 4.4 3.3 6.7

Table 11. 
Soil and plant responses in five BC and/or GE studies in Florida.

Tomato type Season Number of harvests Yield response

Roma Fall 2 Increase

Roma Fall 2 No differences

Round Fall 2 No differences

Round Winter 3 No differences

Round Fall 3 No differences

Table 12. 
Effect of BC on the marketable yields of Roma and round-type tomatoes.

Soil Amendment Trunk diameter (cm) Fruit yield (kg/ha)

BC Level (kg/ha or %) Compost (%)

0 0 15.6 1600.0

446 0 15.1 2057.1

892 0 14.0 3200.0

2.5% 97.5 13.2 2514.3

5% 95.0 15.4 2057.1

Table 13. 
First-year trunk diameter and fruit yield of Valencia/US812 in response to five BC/compost soil amendments.
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soils had a positive impact on soil and crops elsewhere in Florida [28–32]. Long-term 
compost application at higher rates will promote soil health and increase yield [33, 34].

4. Discussion

The above- and below-ground carbon sequestration of productive eucalypts 
worldwide depends on site conditions and management options, such as genotype, 
cultural intensity, planting density, and rotation length (Table 14). Several types of 
Eucalyptus have promise as SRWCs in Florida [39, 40], including cultivars, such as E. 
grandis G3 and E. grandis x E. urophylla EH1. EH1 on former citrus beds and managed 
at relatively low intensity, for example, could sequester over 20 Mg of C/ha/year. The 
Florida WB and dendroremediation estimates are influenced by their assumed plant-
ing densities. Plantations, though, have well-defined planting densities that offer 
more reliable carbon sequestration values. As the other Florida examples demon-
strate, sequestration estimates vary due to tree age, size, management, and genotype. 
Longer first and coppice rotations may maximize sequestration [3].

Our carbon sequestration estimates for E. grandis and E. grandis x E. urophylla in 
Florida approximated their potential, as several assumptions were involved. Green 
weights for E. grandis x E. urophylla were derived from Florida field data by a species-
specific equation from Swaziland [19]. Stem wood carbon content was an assumed 
percentage of green weight. Above- and below-ground sequestration proportions 

Species Location Management Age BC C

E. grandis Palmdale, FL Seedlings, MW 8.0 No 27.0

E. grandis Palmdale, FL G2, MW 7.0 No 28.0

E. grandis Ft Meade, FL G3, SRWC 6.0 No 112.8

E. grandis Indiantown, FL G3, SRWC 3.9 No 77.3

E. grandis x urophylla Hobe Sound, FL EH1, SRWC 4.0 No 81.9

E. grandis x urophylla Ft Pierce, FL EH1, SRWC 3.9 No 68.7

E. grandis Ft Pierce, FL G3, double row WB 3.1 Yes 33.6

E. grandis Winter Garden, FL G3, double row WB 4.3 No 11.3

E. grandis Winter Garden, FL G3, double row WB 1.3 No 0.83

E. grandis Winter Garden, FL G3, double row WB 1.3 No 0.514

E. grandis Clermont, FL G3, double row WB 6.2 No 33.1

E. grandis Tampa, FL G3, DR 3.7 No 15.1

E. grandis Belle Glade, FL G3, DR 1.0 No 5.5

E. grandis South Africa [35] 10 No 47

E. grandis South Africa [35] 25 No 270

E. spp Southern China [36] Various Var. No 100

E. grandis x urophylla Southern China [37] 6–8 No >70

E. tereticornis India [38] 4 No 116

Table 14. 
Comparison of estimated above-ground carbon sequestration (C, Mg/ha) by Eucalyptus species in Florida with 
and without BC to sequestration elsewhere under varied managements and ages (years).
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were based on E. grandis in Brazil [16]. Below-ground sequestration estimates 
assumed no soil C flux. Similar assumptions were used for sequestration estimates in 
South Africa [35] and China [36, 37].

In combination with the carbon sequestered in trees, cost estimates of sequestra-
tion in Eucalyptus plantations by using wood BC as a soil amendment were previously 
estimated at ~$5/Mg of BC added per ha [7]. Using the intensively managed E. grandis 
plantation with 4305 trees/ha (Table 4), a single planting cycle, and three coppices, 
the estimated cost for using wood BC at $750/ton as a soil amendment to accelerate 
sequestration is ~$4/Mg of C sequestered. If a second planting cycle is included, the 
with and without BC cost comparisons are very similar. In a scenario with a minimum 
of two planting cycles and BC less than $650/Mg, there is an economic incentive to 
use BC as a soil amendment to accelerate and increase carbon sequestration. These 
costs are less than the $30–50/ton estimated in 2005 for US forestry sequestering up to 
500 million tons of C/year [41]. In 2015, the California Air Resources Board listed C 
sequestration credits at $12–13/ton [42].

Converting woody biomass into long-term forest products, such as BC, can be a 
critical component of carbon sequestration. BC produced from hardwoods has a soil 
residence time exceeding 1000 years [43]. In South Africa, carbon sequestration by 
Eucalyptus and their long-lived forest products may equally result in offsetting some 
2% of the country’s carbon emissions [35].

Because BC quality influences BC impact on soil properties and plant productivity, 
Study 5E used GCS’ premium BC, which was produced from roundwood, was highly 
porous, and had high carbon content (93–95% fixed carbon on a dry weight (DW) 
basis), low ash content (2–3% DW), and high surface area (585–630 m2/g).

BC enhances the nutrient properties of Florida’s sandy soils as well as the nutrient 
status of E. grandis, especially when applied together with organic amendments, such 
as GE and/or chemical fertilizers. However, because soil C may decrease as Eucalyptus 
plantations mature [35], BC incorporation into plantation soil can be beneficial. BC 
application to the soil in Poland is viewed as an important component of the region’s 
circular economy and means of counteracting climate change [44].

The relatively low levels of BC in Studies 7F and 7G had minimal impact on 
yield. Because both compost and BC improve soil physical properties (water-
holding capacity, soil structure, and bulk density), soil chemical properties (cation 
exchange capacity and plant nutrient availability), and soil biological properties 
(microbial activity), they could, at higher levels, potentially mitigate symptoms of 
citrus greening, such as asymmetrical chlorosis of the leaves, foliar micronutrient 
deficiencies, root degeneration, leaf, and fruit drop and eventually dieback and 
sometimes death [45].

BC has benefited many crops. BC produced from E. camaldulensis increased 
critical soil properties and groundnut yield in Senegal [46]. BC applications have 
increased the yields of corn [47, 48], safflower [49], rice [50], cypress [51], and 
rubber [52]. BC-blended compost significantly improved crop quantity and quality in 
Europe [53]. In Florida, oak-derived BC as a soil amendment combined with standard 
fertilizers enhanced lettuce (Lactuca sativa) productivity in a greenhouse study [7], 
and Studies 7A-7E suggest that plant and soil nutrients may be enhanced by GE, BC, 
and/or BC + GE applications.

The SRF GE has also been used in several specialty crops, such as turfgrass, citrus, 
and landscape plants. Environmental concerns regarding quick release (soluble) 
fertilizers will continue to increase demand for SRFs like GE, which also add organic 
matter to the soil.
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While BC soil amendments may generally enhance soil health and plant growth 
in forestry, agriculture, and other applications, responses will vary because BCs 
differ and are influenced by soil type, climate, vegetation, and management [54]. 
Agriculture is using BC to improve soil bulk density, root penetration, aggregate 
stability, water infiltration, water holding capacity or retention, nutrient leaching, 
pore distribution, organic matter, carbon sequestration, toxins and pollutants, soil 
disease pathogens, beneficial nematodes, nitrogen-mineralization rate and microbial 
biomass, respiration rate, and genetic diversity [55].

BC may remediate contaminated soils [56], restore degraded land, and increase 
agriculture efficiency and carbon fixation [57]. In Brazil, adding 4.2 t/ha/year of 
sugarcane BC in sugarcane fields could increase soil C by 2.35 t C/ha/year [58]. In 
European agriculture, BC + low input of nitrogen fertilizer provided the highest C 
sequestration (61.1 t CO2e/t of biomass) [59]. The renewed interest in biochar was 
stimulated by the discovery of high organic carbon and remarkably fertile soils in 
South America, especially Amazonia, that have been called “Amazonian Dark Earths 
or Terra Preta de Indio” (black Earth of Indians). These soils maintain fertility for 
years. Remarkably, these areas of the world are often characterized by low fertility 
and nutrient holding capacity. The fertility of the Amazonian Dark Earths is believed 
to be largely a consequence of charcoal/biochar applications by the indigenous tribes 
of the region and the benefits in the soils persisted for thousands of years.

BC is produced via pyrolysis, that is, heating wood in a very low oxygen environ-
ment to remove all moisture and volatiles, maximize carbon content, and minimize 
ash content while increasing porosity and maximizing surface area. BC pyrolysis tech-
nologies range from simple batches production techniques, such as open pits, mounds, 
and kilns, to continuous production systems using rotary kilns and retorts [7].

Given the trends toward sustainable business models and reducing the CO2 
footprint of production systems, the type of technology employed is an important 
consideration in BC production. As one moves up the technology scale, BC producers 
have the ability to control greater portions of the production process. A simple batch 
technology has limited ability to control the pyrolysis process compared to continuous 
production systems. Some of the operating metrics producers may want to control 
pyrolysis temperature, residence time, combustion of volatiles, and energy capture. 
To sustainably produce BC, operators will want to control all of these items and more, 
including, emissions and the source of feedstock.

While there is value in producing BC in remote areas to help support local agricul-
ture or possibly even for export, many of these operations are not sustainable supply 
chains over the long term. The least sustainable producers are where the virgin forest 
is harvested to produce BC in open pits, mounds, or kilns. To truly be sustainable, 
pyrolysis operations should capture all components of value including fully combust-
ing the volatiles inherent in the feedstock, converting this to a usable form of what 
is bioenergy, and then utilizing that energy in other applications (Figure 4). GCS is 
committed to these goals and the sustainable production of BC.

GCS’ operations capture and utilize all components of value in BC production. With 
a commitment to sustainability and to further improve efficiency, GCS has designed its 
pyrolysis operations to be continuous, minimize the use of electricity, and capture and 
convert all volatiles into usable forms of energy for other applications. With a sustain-
able BC production process, carbon sequestered will have a greater beneficial impact.

Interest in and demand for BC documented in 2020 [7] are still growing due to 
improved BC production techniques, but BC’s multiple applications vary widely in 
potential market size, timing, competitiveness, and pricing compared to alternative 
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products (Table 15). With the need to replace the substantial loss of soil carbon due 
to modern agricultural practices [60] and considering the emerging carbon cascades 
[61], the applications and future potential markets become quite large. There are 
growing opportunities to utilize BC for (1) soil nutrient and water retention, (2) 
remediation of contaminated soils and water, (3) filler in concrete, asphalt, and tires, 
(4) acoustic and thermal insulation in walls, ceilings, and floors, (5) carbon fibers 

Figure 4. 
GCS’ pyrolysis process with integrated heat capture and utilization.

Application Market Timing Competition Pricing

Soil carbon Large Current Growing Low

Specialty soil Moderate Emerging Moderate Moderate/high

Crop yield Moderate Current High Low/moderate

Carbon sequestration Very large Emerging Moderate Moderate

Nutrient retention Large Current Moderate Moderate

Water retention Large Current Moderate Moderate

Water purification Large Emerging Low High

General industrial Large Current Moderate Moderate

Specialty industrial Moderate Emerging Low High

Table 15. 
Relative market, timing, competition, and pricing for BC applications.
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and polymers, (6) protection against electrosmog, (7) filtration media, and (8) heavy 
metal adsorption. Growing trends in developing sustainable supply chains and reduc-
ing societal carbon footprint will help accelerate the growth of many of these markets.

5. Conclusions

Estimated carbon sequestration by Eucalyptus in Florida can be sizeable but 
depends on site conditions and management options. Eucalyptus managed in long 
rotations for mulch wood production sequesters less but still significant amounts of 
carbon. Eucalyptus cultivars are responsive to intensive culture in SRWC systems that 
may economically produce high-quality BC, which in turn can be a useful soil amend-
ment for their culture and increase total carbon sequestration. In evaluating the trad-
eoffs of alternative management options to intensive SRWC culture, growers should 
consider soil type, planting density, and soil amendments. Amending soil with BC 
can both increase and accelerate total carbon sequestration and also help offset any 
carbon loss that takes place in growing Eucalyptus. Demand for sustainably produced 
BC is growing due to its multiple applications beyond soil carbon sequestration.
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Abstract

Soil microbiome plays a significant role in soil’s ecosystem for soils to be physically 
and biologically healthy. Soil health is fundamental for plant growth and crops pro-
ductivity. In the introduction part, the roles and dynamics of the microbial community 
in soils, primarily in the cycle of soil organic carbon and CO2 release and absorption, 
are deliberated. Next, the impact of crop management practices and climate change on 
the soil carbon balance are described, as well as other issues related to soil degradation, 
such as unbalanced nutrient recycling and mineral weathering. In response to these 
issues, various approaches to soil regeneration have been developed in order to foster 
an efficient and active soil microbiome, thereby balancing the CO2 cycle and carbon 
sequestration in the soil ecosystem.

Keywords: soil microbiome, soil health, microbial CO2, CO2 sequestration,  
CO2 emission

1. Introduction

Microbes are the most diverse organisms on the planet, both in terms of species 
and in terms of driving vital Earth system operations like the carbon cycle. The 
majority of this microbial biodiversity is found in soils [1]. According to Lederberg 
and McCray [2], the term microbiome refers to “the biological community of com-
mensal, symbiotic, and pathogenic microbes that share human body space.” This term 
grew in popularity as its definition evolved from organisms as taxonomic units  
(i.e., microbiota) to a collective genetic material throughout the years. However, as 
the term’s popularity grew, there are various definitions of the term microbiome in the 
scientific literature.

Nowadays, most “microbiome” research focuses solely on bacteria, and the term 
“microbiome” is used interchangeably with “bacteria.” As a result, new words for 
various microbial groupings have emerged, such as mycobiome, which refers to fungi, 
virome for the viruses, and eukaryome for the microbial eukaryotes [3]. Furthermore, 
the composition of microbiomes is known to change across time and space, making 
it difficult to find consistent and dependable sources of specific microbiomes [4]. 
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The microbiome of the Earth accounts for almost half of all biomass on the globe [1]. 
Recent advances in DNA sequencing techniques have expanded our understanding of 
microbial biogeography, particularly among bacteria and fungi [5, 6]. Currently, the 
diverse composition of soil microbial community is widely known worldwide. The soil 
microbiome governs the biogeochemical cycling of macronutrients, micronutrients, 
and other elements that are vital for plants growth and animal life.

Microbiomes play an important role in a variety of biogeochemical processes, 
including the carbon and nitrogen cycles, which are necessary for ecosystems to func-
tion properly and sustainably. What functions do bacteria play in nutrient cycling and 
carbon sequestration to support the forests? It is critical to investigate the dynamics of 
microbial communities in order to comprehend their vital function in such a unique 
ecosystem. Acknowledging microbial ecology will aid in their management practices 
and protection, allowing peat accretion to continue and their carbon sequestration 
capacity to be protected [7].

The significance of soil microbiome activity in the soil ecosystem dynamics 
demands special consideration, as it promotes soil health and plant productivity [8]. 
Soil microbial activity is a possible indicator of soil quality as it responds quickly to 
changes in soil management and the environment. The carbon in crop residues moves 
via soil microbial biomass at least once, where it is moved from one C pool to another 
and eventually lost as carbon dioxide (CO2) [9]. It is critical to understand the factors 
that determine the richness of soil bacterial communities, as well as the organization 
of these communities, in order to forecast the responses of an ecosystem toward a 
specific environment. Changes in microbial populations or activity can occur prior to 
visible changes in soil physical and chemical properties, acting as an early indicator of 
soil improvement or degradation [10].

Soil characteristics such as pH, carbon, and nitrogen have been shown to 
influence soil microbial diversity and biogeography [11]. As a result, changes in the 
structure and behavior of soil microbial communities are more likely to be caused 
by differences in soil characteristics. Aside from that, soil organic matter (SOM) 
is critical to the function and quality of the soil. The high amount of SOM could 
increase nutrient availability while also improving the physical and biological 
features of the soil [12]. The level of soil organic carbon (SOC) is used to quantify 
the amount of SOM, and changes in SOC have an impact on the carbon (C) and 
nitrogen (N) cycles in terrestrial ecosystems [13]. The combined effects of chemi-
cal and biological features of the soil will affect the organic C and N fractions in 
organic compounds. As a result, understanding the processes that determine soil 
fertility, which is critical in farmland production systems, requires knowledge of 
soil microbial community dynamics and the factors that influence those dynamics 
in croplands.

2. CO2 balance in soils

The technique of increasing soil carbon storage by reducing net CO2 emissions in 
agricultural soils is known as carbon sequestration. Soil carbon sequestration (SCS) is 
the process of absorbing C-containing compounds from the atmosphere and storing 
them in soil C pools. Variations in the ability to store carbon in soils have been linked 
to the activity of the soil microbial community (SMC). The turnover and supply of 
nutrients, as well as the rate of decomposition of SOM, are all influenced by the struc-
ture and activity of the SMC, which is crucial for the maintenance of soil ecosystem 
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services. As a result, the influence of farming activities on SMC and SCS should be 
quantified as part of any soil management practice’s sustainability evaluation.

Because a big fraction of the biomass is produced in agricultural systems cycles 
via the soil decomposer community, the quantity of gross CO2 fluxes between 
agricultural soils and the atmosphere is significant. The difference between pho-
tosynthetically fixed CO2 entering the soil as plant wastes and CO2 exhaled during 
decomposition, on the other hand, is far smaller. This distinction determines whether 
the ecosystem is a CO2 source or sink in terms of its net carbon balance.

Raising the C content of agricultural soils is a well-known technique. The equilib-
rium between C inputs from plant residues and C losses, primarily through decom-
position, determines the soil C levels. The increasing residue inputs and/or delaying 
breakdown rates (i.e., heterotrophic soil respiration) also govern the C level in soils. 
The relationship between C inputs and SOC levels could be straightforward; in which 
many agricultural soils’ steady-state C contents have been shown to be linearly related 
to C input levels, that is compatible with the current SOM dynamics theory [14]. This 
may not be the case in soils with exceptionally high quantities of carbon, which may 
exhibit “saturation” behavior.

The following factors must be considered when developing soil carbon sequestra-
tion management practices and policies: Soils have a finite capacity to store carbon, 
gains in soil carbon can be reversed if proper management is not maintained, and 
fossil fuel inputs for various management practices must be factored into the total 
agricultural CO2 balance [15].

The interaction of numerous ecosystem activities, the most important of which 
are photosynthesis, respiration, and decomposition, results in the SOC level. 
Photosynthesis is the process of converting atmospheric CO2 into plant biomass. The 
root biomass of a plant determines the majority of SOC ingestion rates, however, 
litter deposited by plant shoots also plays a role. The growth and death of plant roots, 
as well as the transfer of carbon-rich molecules from roots to soil microbes, produce 
carbon in the soil both directly and indirectly.

Decomposition of biomass by soil microbes leads to carbon loss as CO2 as a result 
of microbial respiration. Through the formation of humus, a material that gives 
carbon-rich soils their unique black hue, a small fraction of the original carbon is 
kept in the soil (Figure 1). These various forms of SOC differ in their recalcitrance, 
or resistance to decomposition. Humus is a recalcitrant plant that takes a long time to 
degrade, resulting in a long period of time spent in the soil. Plant waste is less abra-
sive; therefore, it stays in the soil for a shorter period of time. When carbon imports 
and outputs are in equilibrium, there is no net change in SOC levels. When carbon 
inputs from photosynthesis exceed carbon losses, SOC levels rise over time.

2.1 Impact of climate change on soils carbon

The effects of climate change on soil functions, including soil carbon, is a complex 
subject since numerous direct and indirect factors are involved. For instance, the 
atmospheric temperature may affect the rate of SOM decomposition, a process that 
could release greenhouse gases that contribute to climate change [16]. The effects of 
moisture and temperature due to climate change will be highlighted as key parameters 
since soil humidity and temperature are among the most important variables in 
determining microbial activity and therefore SOC [17].

One of the most critical effects of climate change on soil is the alteration of rainfall 
patterns, resulting in intense rain and drought. These phenomena may be beneficial 
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or detrimental according to the agricultural activities and climatic requirements, but 
they present economic challenges nonetheless [18]. The selective migration of soil 
particles, where fine particles and micro-aggregates are transported via erosion while 
macroaggregates are left in situ resulted in different carbon mineralization patterns. 
These lateral redistributions of sediments create (i) eroded environments dominated 
by large particles exhibiting increased porosity and permeability but decreased water-
holding capacity, and (ii) deposited environments where enrichment of fine particles 
enhances the water holding capacity [17]. Similar to water erosion induced by water 
runoff, wind erosion induced by drought also redistributes a large amount of SOC 
as well as soil inorganic carbon (SIC). In addition to soil particles, the net effects of 
these soil C redistribution on the soil as a C source or sink also depend on site-specific 
topography (such as slope gradient and location), distribution distance, and duration 
[19]. Some of these interacting factors are outlined in Figure 2.

Among the most consistent narrative of climate change is climate warming as a 
result of rising temperature [20]. Climate warming has been associated mainly with 
SOC decomposition due to the effects of temperature on soil microbial community and 
their enzymatic and metabolic activities. Unlike the effects of moisture, however, the 

Figure 1. 
Carbon inputs from photosynthesis and carbon losses from respiration govern the carbon balance within the 
soil. Humus, long-lived storage of SOC, is formed through the decomposition of roots and root products by soil 
bacteria. Created with BioRender.com.



45

Regenerating Soil Microbiome: Balancing Microbial CO2 Sequestration and Emission
DOI: http://dx.doi.org/10.5772/intechopen.104740

dynamic relationship between temperature and soil C is less certain and more con-
strained. In general, elevated atmospheric temperature could also elevate soil tempera-
ture, which would subsequently elevate microbial processes and SOC decomposition 
rate [21]. This is not always the case due to the difference in temperature sensitivity of 
soil biota, especially the microbial community, where the higher-temperature sensi-
tivity such as in colder regions exhibited more enhanced soil respiration, potentially 
resulting in a net efflux of C toward increased atmospheric CO2 in comparison with 
those inhabiting soils in hotter regions [22]. In contrast, a higher rate of microbial OM 
decomposition was reported in hotter regions, suggesting other environmental factors 
that may affect the SOC, including topography, soil texture, and pH. Ultimately, 
climate warming leads to decreased SOC input and increased SOC output [23].

2.2 Effect of agronomic management on soils microbiome and CO2 balance in soils

Agronomic management involves a combination of soil and crop management 
practices that when appropriately applied will improve soil performance and nutrient 
availability, and contribute to better growth and higher crop yield [24]. These man-
agement practices can be further categorized into an untargeted approach based on 
common agricultural practices, or targeted approaches based on specific interactions 
between soil and plant. Targeted approaches often involve biotechnological applica-
tions such as biofertilizers and biostimulants. Regardless of the type of approach, the 
soil microbiome will be affected either directly or indirectly. Considering that the soil 
microbiome is regarded as the primary organism that may influence the overall plant 
health due to its close interaction with plant roots, applying the right management 
practice is crucial toward achieving the goal of food security for the growing global 
population [25]. Therefore, soil microbiome must not be overlooked in agronomic 
management practice especially when SOM is concerned due to its major role in soil C 
pool. For instance, additional OM applications may result in increased decomposition 
and reduced C storage due to reduced microbial C use efficiency, positive priming 
effect from enhanced mineralization of SOM, as well as increased C skimming due to 
accumulation of microbial products and residues, or necromass over time [26].

Figure 2. 
Interaction of diverse factors affecting soil as C source or sink.
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SOC is known to be directly influenced by the stabilization and decomposition 
of SOM. Therefore, agronomic management that boosts SOM such as fertilization, 
conservation tillage, cover cropping, and crop rotation will also affect SOC [27]. More 
importantly, soil biotic and abiotic factors such as texture, moisture, C/N ratio, SOC 
content, pH, climate, vegetation, and land use also affect the persistence of SOM, 
and ultimately the C pools [28]. It is due to the complex interactions of these various 
factors that it is uncommon for an ecosystem to change from a net C source to a C sink 
in a relatively short time [29]. Thus, agronomic management practice must take into 
account the most appropriate way to minimize its impact on climate change [27].

Crop management refers to a collection of agricultural activities aimed at enhanc-
ing crop growth, development, and production. It starts with seedbed preparation, 
seed sowing, and crop maintenance and concludes with crop harvest, storage, and 
commercialization. Although fertilization not only improves soil fertility and quality 
but also crop production, it causes soil pollution, soil hardness, organic matter min-
eralization, increased nitrous oxide emissions, and nitrate leaching into groundwater 
and surface waters [30]. Fertilizer application considerably affected the soil C/N 
ratio. When Liu et al. [30] analyzed chemical and organic fertilizers, they discovered 
that chemical fertilizer (NPK) treatment lowers soil pH, and when combined with 
organic fertilizer, it lowers the soil pH even more. Furthermore, the relative popula-
tions of microbiome components varied after organic waste (straw) treatment due to 
changes in ammonium nitrogen (NH4

+-N) and nitrate nitrogen (NO3
+-N).

Bhattacharyya et al. [26] reported that the influence of organic matter accessibility 
on the significance of SMC to soil C control can be explained in numerous ways:

1. Increased organic matter inputs may hasten decomposition and decrease 
C storage by reducing microbial C usage efficiency.

2. Greater organic matter additions, labile carbon inputs, or nutrient inputs 
result in increased SOM mineralization in soil, which is referred to as a positive 
priming effect.

3. Increased organic matter additions can boost C skimming by increasing the 
formation of microbial necromass over time.

The interrelationship between nutrients, roots, water, and SOM is another com-
ponent that influences SOM to build up in more complex cropping systems. In the 
surface soil layer, available nutrients are dynamic; they may be reduced by net micro-
bial immobilization during heavy litter intake times and abundant during times of 
net mineralization. Microorganisms regulate root proliferation through their effects 
on nutrient availability and water, while roots influence microbial activity through 
their effects on nutrient availability. Increased litter inputs encourage competition 
for nutrients between microorganisms. When litter and organic matter pool sizes 
increase over longer periods, mechanisms favoring C sequestration are reinforced 
such as improved plant water availability, stronger nutrient recycling capacity, and 
reduction of nutrient leakage. Since microbial and plant respiratory processes are 
dominated by nutrient availability, cover crops that increase CO2 and N2O fluxes 
would have a good impact on soil respiration.

The pH of the soil influences microbial activity. As a result, soil management 
activities such as liming have an impact on soil emissions as additional carbonate can 
be emitted as CO2. Soil emissions are reduced when the soil is acidic. The ideal pH 
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for methanogenesis (CH4 generation) is found between pH 4 and 7. CO2 emissions 
are at their highest when the pH levels are neutral. Under acidic soil conditions, N2O 
emissions are reduced. Because the balance between NH3 and NO3 flips to ammonia 
at higher pH values, nitrification rises. However, there was no evidence of a link 
between NO and N2O emissions and pH. Denitrification produces NO emissions 
under acidic soil conditions, whereas nitrification produces NO emissions under 
alkaline soil conditions.

Crop rotation (CR) changes soil microbial profiles toward microorganisms with 
C-sequestering characteristics. According to Venter et al. [31], microbial diversity and 
richness can be increased by 15 and 3.4%, respectively, using CR. Different crop rota-
tion practices may cause variations in soil C storage and SMC use. After a long-term 
CR practice involving legumes, SOC stock, MBC, and soil enzymatic activity (acid/
alkaline phosphatase, beta-glucosidase, and arylsulfatase) may rise. The presence of 
legumes in CR may help to protect the SMC in general.

3. Balancing soil CO2: a race against time

If left undisturbed, soil carbon may remain sequestered for thousands of 
years [32]. Disturbed soils, which are primarily due to intensive cultivation, have 
decreased the soil’s ability to maintain and store carbon, amplifying the impacts of 
climate change and the accompanying costs to mitigate them [33]. While soil ability 
as a carbon sequester varies with location, climate, and soil type, one common cause 
of carbon loss, the majority of which is emitted as carbon dioxide is due to unsus-
tainable management practices at the macroscopical level. Further approaches to 
sustainable management practices should consider and employ our current knowl-
edge at the microscopical or cellular level. Acknowledgment and immediate actions 
from all relevant stakeholders must be engaged in the race against time to mitigate 
the climate change while ensuring the benefits for the environment, community, and 
economy.

3.1 Macroscopical level: sustainable soil management

Among the easiest options to avoid or reduce soil carbon loss are sustainable soil 
management practices at the ground level where the results of carbon sequestration 
can be detected within several years of implementation [34]. Enhanced food security 
and nutrition as well as improved ecosystem services are some of the possible benefits 
to be gained over the short to medium term (Figure 3).

Sustainable soil management practices involve the increase of SOM to offset the 
effects of land conversion, tillage disturbance, soil erosion, and leaching from human 
activities [35]. The conundrum in sustainable soil management practices is that 
determining the best practices does not only depend on the dynamic properties of the 
soil, but also relies on various environmental conditions and social and economic fac-
tors. Nevertheless, several studies agreed that sustainable soil management practices 
should include the following:

i. Adoption of no-till or conservation tillage to preserve soil structure [36];

ii. Use of cover crops to increase SOM, water holding capacity, and protection 
from wind and water erosion [37];
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iii. Organic soil amendment from plant residues, compost, and biochars to lower 
C:N ratio [38]; and

iv. Better irrigation to manage soil salinity [39].

Following these strategies, the measurement of soil CO2 flux can be used to deter-
mine whether the ecosystem is functioning as a net carbon sink [40]. This is important 
since there are reports that the application of organic manures and residues could 
increase CO2 emission, which negates the goals of mitigating climate change [41]. 
Verifying the most appropriate sustainable soil management practices is deemed of the 
utmost importance to ensure successful soil-specific microbial carbon sequestration.

3.2 Microscopical level: engineered microorganisms

Modern climate change mitigation techniques have included the use of biotechnol-
ogy and engineering technologies at the cellular level in recent years. Microorganisms, 
both autotrophic and heterotrophic, can be genetically modified to boost their CO2 
sequestration ability, notably by increasing microbial CO2 fixing and decreasing 
CO2 release. Due to the presence of a complete CO2-fixing pathway and the ability 
to transfer energy from sunlight and inorganic compounds into cellular metabolites, 
autotrophic bacteria have evolved to subsist only on CO2. Heterotrophic microbes, on 
the other hand, rely on organic substances to thrive [42]. Therefore, the autotrophs 
could be engineered to improve the efficiency of their CO2-fixing pathway, energy-
harvesting systems and to regulate their cell resources, whereas the heterotrophs 
could be engineered to improve their carboxylation reactions in the metabolic path-
ways, to establish non-native CO2-fixing bypass and ultimately to engineer them into 
autotrophs (Table 1).

Figure 3. 
Benefits of sustainable soil management practices.
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Modifications of both autotrophic and heterotrophic microorganisms to increase 
their efficiency in CO2 sequestration via genetic engineering approaches are highly 
promising strategies for mitigating climate change. Lower costs of production and the 
naturally rapid growth rate of soil microorganisms should accelerate its adoption as 
a reliable CO2 sequestration strategy. Furthermore, microbial CO2 sequestration can 
be applied directly to complement agricultural activities on the same land compared 
with conventional CO2 sequestration technologies that require purpose-built infra-
structures that compete for land resources [53].

4. Conclusion

Soil microbiome activity has a huge implication on soil ecosystem dynamics, 
generally by promoting soil fertility and plant productivity. Soil is also a storage 
for carbon bulk either as SOM or SOC in terrestrial ecosystems. Carbon storage is 
the result of symbiotic interactions between plants and microbes in soils, through 

Microorganisms Targets Strategies References

Autotrophs Improve the efficiency of 
the CO2-fixing pathway

(1)  Regulate the expression 
of CO2-fixing pathway 
enzymes;

(2)  Improve the catalytic 
properties of 
carboxylases;

(3)  Create synthetic CO2-
fixing pathways.

[43, 44]

Developing and 
optimizing energy 
harvesting systems

(1)  Optimize natural 
photosystems;

(2)  Create artificial 
photosystems;

(3)  Develop electricity 
utilizing systems.

[45, 46]

Regulating cell resources (1)  Enhance the product 
synthesis pathway;

(2)  Engineer transcription 
factors;

(3)  Provide organic carbon 
resources.

[47, 48]

Heterotrophs Improve carboxylation 
reactions in metabolic 
pathways

(1)  Augment the activity of 
carboxylases;

(2)  Increase intracellular CO2 
availability.

[49, 50]

Establish non-native 
CO2-fixing bypass

(1)  Establish autotrophs 
transferred non-native 
CO2-fixing bypass;

(2) Create artificial pathways.

[44, 51]

Engineer heterotrophs 
into autotrophs

(1)  Install complete CO2-
fixing pathways;

(2)  Equip energy harvesting 
systems.

[46, 52]

Table 1. 
Selected strategies to improve microbial CO2 sequestration.
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dynamic ecological processes of photosynthesis, decomposition, and soil respiration. 
The interaction and carbon sequestration are complicated to be measured precisely. 
Nonetheless, various research in recent years has clarified that human activities and 
climate change have had a significant impact on the soil’s ecosystem, thus necessitat-
ing effective carbon balancing measures. As the shift toward sustainable agriculture is 
strengthening, the carbon footprint is one point of interest to benchmark the level of 
sustainability in agriculture activities. Moving forward, many techniques for carbon 
balancing and mitigation in soils and plant dynamic systems can be used, both at the 
macroscopical and microscopical levels of soil management.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Different Land-Use Systems
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Abstract

For sustainable production systems, the nonuse of fire (where there is a greater
loss of soil nutrients), would be a solution for the conservation of nutrients in the soil,
with the use of management by cutting and grinding, introduction of AFSs (agrofor-
estry systems), and maintenance of riparian vegetation. The concentrations of carbon
and nutrients were evaluated in the soil solution in two small hydrographic basins in
the municipality of Igarapé-Açu (Pará state) in the eastern Amazon region, Brazil. The
evaluations were performed considering the biogeochemical cycling in six land-use
classes—riparian forest, secondary forest (capoeira), pasture, slash-and-burn agricul-
ture, chop-and-mulch agriculture, and an agroforestry system (AFS). The objective
was to determine the effects of different land-use systems on the composition of the
soil solution, aiming to recommend sustainable practices. The concentrations of
nutrients were greater in the areas of slash-and-burn agriculture and pasture, indicat-
ing greater losses of these nutrients due to runoff and leaching. The loss of nitrate was
highest in the slash-and-burn area, while the organic carbon and organic nitrogen
losses were greatest in the riparian forest, then in the secondary forest and
agroforestry areas.

Keywords: Agrosystems, nutrient cycling, slash-and-burn, riparian forest soil
solution extractor

1. Introduction

The chemical composition of the soil solution reflects the soil–plant-organism
interplay, whereby this solution transports nutrients and other elements that supply
plants and the soil biota. The effects of different soil management practices on bio-
geochemical flows need to be monitored and understood [1]. To understand the flow
of nutrients at the soil-water interface, studies of the composition of the soil solution
consider the processes of entry and exit of ions in each land-use situation [2]. The
chemical elements present in the soil solution from the decomposition of leaf litter and
the composition of the soil depend on various factors, namely, microbial population,
plant species, temperature, groundwater flow, and soil management practices.
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Various processes affect the soil solution composition, especially the mineral phase of
the soil, determined by the entry and exit of minerals between the solid phase
(colloidal) and a liquid fraction (solution) of the chemical elements that interact with
the terrestrial and aquatic components of a watershed [3]. The investigation of the
spatial–temporal variations of the chemical components susceptible to leaching to the
water table or subsurface flow to land areas with lower elevation, thus reaching the
watercourse beds, relies on the collection of soil solution samples [4]. The microbasins
of the two streams (locally called igarapés) studied here, Cumaru and São João, have
drainage networks predominantly regulated by the volume of groundwater stored in
the soil [5]. Depending on the land use and agricultural management, in periods of high
rainfall, these watersheds are subject to peak flows, with a potential to increase the loss
of nutrients by leaching into deep soil layers, a process also related to the capacity of the
soil to retain these nutrients [6]. In natural conditions, the soils in the basins studied are
chemically poor due to the material of origin, derived from nutrient-poor sediments
with low cation-exchange capacity, besides the severe action of the climate (high
temperature and rainfall), causing a high weathering rate, intense leaching of nutrients
and water erosion [7, 8]. These factors result in the low availability of nutrients to
crops. Despite this lack of nutrients, the soils in the upland areas (terra firme), mainly
acrisols and ferralsols, have excellent physical properties, that is, they are deep, show
high infiltration rates, and are permeable, penetrable, and well-drained [7].

The objective of this study was to evaluate the composition of the soil solution in
two microbasins of the Maracanã River Basin, located in the municipality of Igarapé-
Açu in the eastern Amazon, subject to different land-use systems. We aim to expand
knowledge about the impacts of land-use systems on water resources, improve the soil
and watershed management techniques, and thus contribute to the establishment of
more sustainable production systems in the region, which is mainly populated by
family farmers.

2. Materials and methods

2.1 Description and characteristics of the basins and areas studied

The study was conducted in two small paired basins (Figure 1), Cumaru (4,127 ha)
and São João (2,518 ha), both of which are tributaries of the Maracanã River Basin,
located in the municipality of Igarapé-Açu, Pará, Brazil. The two watersheds are
located between latitudes from 1°12000”S to 1°16000”S and longitudes from 47°
32000”W to 47°34000”W. Igarapé-Açu is located in the Northeast Pará Mesoregion
and Bragantina Microregion, about 120 km from the state capital, Belém. The main
access routes are federal highway BR-316 and state highway PA-127. The two basins
have easy access by dirt roads from the municipal seat, an important logistical factor
for choosing them. These areas were selected because they have the predominant
land-use systems in the region. They have highly permeable soils, predominantly by
acrisols and ferralsols and gently rolling topography, cut by shallow channels
(igarapés), with the presence of floodable marginal areas occupied by riparian forest
stands (called igapós). The coverage mainly consists of secondary forested areas with
different ages (capoeiras), small farm plots, and pastures with varying dimensions
[9, 10]. Burning releases chemical compounds into the soil, making it temporarily
fertile for crops. However, these compounds are rapidly lost to groundwater through
leaching or carried away by runoff into the igarapés due to the physical characteristics
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of the soil [11]. In a previous study, the pH of the soil in the Cumaru microbasin was
found to vary from 4.8 to 4.9 at the depths studied, lower than the pH levels of the
soils in the São João watershed, which ranged from 5.2 to 5.6 [7].

The predominant soils at the higher elevations of the Cumaru basin, where the
relief is gently rolling, are classified as Xanthic Acrysol epicarenic, associated with a
smaller proportion of Xanthic Ferralsol endoarenic, in addition to the occurrence of
Petric Plinthosols. At lower elevations, the predominant soils are arenosols with
hydromorphic characteristics, associated with small occurrences of Gleysols with
indiscriminate texture in a narrow strip in ravines and other areas of frequent flooding
of the drainage network. In the São João basin, the soils are very similar to those in the
Cumaru basin, also with a predominant class of Xanthic Acrisolsepiarenic, associated
with a smaller proportion of Xanthic Ferralsols endoarenic, along the soil with occur-
rences of lateritic concretionary horizons (Petric Plinthosols) at the higher elevations,
with gently rolling terrain. At lower elevations, arenosols also prevail, with hydro-
morphic characteristics of sand or loamy sand texture in a very narrow strip near the
streambed, widening slightly near the outlet of Igarapé São João into the Maracanã
River [7]. They have acid pH, as mentioned, and low cation-exchange capacity (CEC),
between 4.27 and 4.37, as described by Da Silva et al. [7].

The land-use characteristics of the areas studied are presented in Table 1. For each
watershed, the location of the sampling points and the respective land use and
agricultural management are identified, including the code assigned to each area. The
two microbasins, although having similar land uses, differ regarding the intensity of
these uses.

The riparian vegetation in Cumaru is near the beds of watercourses, which are
classified as first and second order until reaching the Maracanã River, which is a

Figure 1.
The area was studied using soil solution extractors.
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third-order watercourse. The original vegetation of this basin was mainly equatorial
forest, of which there are only a few remaining areas associated with the hygrophilous
forest of alluvial plains around and along springs, streams, and rivers, where also exist
hygrophilous floodplain forests. In the São João watershed, which also empties into the
Maracanã River, the current prevailing forest regime is a secondary latifoliate forest in
various development stages, resulting from clearance of the original equatorial forest,
together with remnants of hygrophilous forest in alluvial plains along watercourses [7].
Riparian forest stands protect these igarapés and the fluvial water quality, and contrib-
ute to the groundwater stock, unlike what happens in areas subject to high surface
runoff, mainly in unmanaged pastures, which in rainy periods suffer large losses of
nutrients due to burning and the consequent absence of biomass from leaves and roots
in the surface soil.

The pastures in both basins are unmanaged, without specific treatment. During the
period studied, the pasture area in the Cumaru watershed contained about 1,200 head of
cattle, while the pasture in the São João watershed contained only about 600 animals. For
the slash-and-burn system, in both microbasins we prepared areas covering 0.5 ha in
which cassava was planted. With respect to the secondary vegetation and agroforestry
systems, these were already established in the two basins, so we demarcated areas of

Area Studied Basin Area Code Latitude Longitude

1 Secondary Forest
(<20 years)

Cumaru SFC secondary forest 47°33040.48”W 1°11030.64”S

2 Slash-and-Burn
Agriculture

Cumaru SBC
slash-and-burn

47°330 41.44”W 1°11037.92”S

3 Chop-and-Mulch
Agriculture

Cumaru CMC
chop-and-mulch

47°330 39.88”W 1°11034.59”S

4 Pasture Cumaru PC
pasture

47°330 33.02”W 1°1102.36”S

5 AFS Cumaru AFSC
agroforestry system

(rubber + cupuaçu palm)

47°330 32.09”W 1°13010.03”S

6 Riparian Vegetation Cumaru RVC
natural forest

47°330 40.73”W 1°11034.53”S

7 Secondary Forest
(< 20 years)

São João SFSJ
secondary forest

47°320 2.64”W 1°10050.85”S

8 Slash-and-Burn
Agriculture

São João SBSJ
slash-and-burn

47°320 5.28”W 1°10050.85”S

9 Chop-and-Mulch
Agriculture

São João CMSJ
chop and mulch

47°320 26.08”W 1°10035.49”S

10 Pasture São João PSJ
pasture

47°300 16.20”W 1°10025.25”S

11 AFS São João AFSSJ
agroforestry system

(cupuaçu + peppertree)

47°300 49.76”W 1°10031.50”S

12 Riparian Vegetation São João RVSJ
natural forest

47°320 3.74”W 1°10025.25”S

Table 1.
Location of the areas studied with different land-use classes.
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0.5 ha. Finally, for the chop-and-mulch system, we also prepared areas of 0.5 ha, where
we cut the secondary vegetation and left the biomass on the ground, composed of trunks,
branches, and leaves. The ages of the secondary forest areas are given in Table 1.

2.2 Collection of samples and laboratory analyses

Soil solution extractors were installed six months before the monthly sampling
campaigns, which occurred from March 2014 to April 2015. These extractors were
installed in the Cumaru and São João watersheds in 12 areas measuring 0.5 ha in each
basin, representing the land-use systems—riparian vegetation, secondary forest up to
20 years of recovering, slash-and-burn agriculture, chop-and-mulch agriculture,
agroforestry system, and pasture. All told, we installed 96 extractors at depths of 30
and 60 cm (four at each depth) in the land plots in each use system.

The soil solution extractors consisted of porous capsules connected to amber glass
collector jars (capacity of 250 mL) for analyses of DIC (dissolved inorganic carbon),
DOC (dissolved organic carbon), and DON (dissolved organic nitrogen); and clear
glass bottles (capacity of 1000 mL) for analyses of cations and anions—chloride
(Cl�), nitrate (NO3

�), phosphate (PO4
�), sulfate (SO4

�), sodium (Na+), ammonium
(NH4

+), potassium (K+), magnesium (Mg+), and calcium (Ca+). The collector jars
were washed after each sample collection with running water and 1% hydrochloric
acid (HCl) solution, followed by Milli-Q water, and then dried and replaced.

We first measured the volume of water in the extractor jars. Then the samples
were transported to the laboratory of Embrapa Amazônia Oriental in the city of
Belém, for filtering and storage at �4°C until conducting the analyses. For the analysis
of DOC and DON, the samples were filtered through glass microfiber membranes
(porosity of 0.7 μm), while for the other analyses, cellulose acetate membranes were
used (porosity of 0.45 μm). To investigate the cations and anions, the samples were
conserved in thymol (C10H14O) and submitted to ion chromatography with a
chromatograph (Dionex DX120, USA).

The physical and chemical data of the soil samples from the region were obtained
and described by Da Silva et al. [7].

2.3 Statistical analyses

We performed comparisons of the average concentrations in mg L�1 of the inor-
ganic ions, cations, and anions, and organic and inorganic carbon dissolved in the soil
solution samples from sites with different land uses over time. We also calculated
correlations (Pearson correlation for parametric data and Spearman correlation for
nonparametric data).

We used the Minitab 16.0 software to compute descriptive statistics and tests for
normal distribution (Shapiro–Wilk test, p > 0.05) and comparisons of the means and
variances. The parametric (normally distributed residues and homocesdatic
variances) data were submitted to analysis of variance (ANOVA) for one factor (F test
of statistical equality between means, Tukey test), while for interpretation of non-
parametric data (not normally distributed), the Kruskal-Wallis test was used. After
the mathematical transformation of the data, DON was the only parameter for which
the values after this procedure had a normal distribution. The reciprocal transforma-
tion (1/Y) was used to stabilize the variance, in the sense of minimizing the effect of
possibly very high values of Y. With this test, there was no evidence against the
normality of the residuals because the points were all closely distributed along a
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straight line. In this case, one-way ANOVA was applied for a pairwise comparison of
the means between land uses of the two microbasins. On the other hand, for the
variables NO3

�, NH4
+, and DOC, the Kruskal-Wallis test was applied to compare the

means of the nonparametric data. Table 3 reports the mean values of the concentra-
tions of the variables measured in relation to each land-use class.

2.4 Climate data

The climate in the region is Am according to the Köppen classification, hot and
humid with an average annual rainfall of about 2,500 mm [12]. The climate data
(Figure 2) were obtained from the records of the meteorological station of the
Embrapa Eastern Amazon research unit (Embrapa Amazônia Oriental), which is
located at latitude 01°11’S, longitude 47°35’W, and an altitude of 45 m, about 10 km
from the sampling point. We collected samples in four climatic periods—rainy (March
to June), transition 1- TR1 (July and August), dry (September to December), and
transition 2- TR2 (January and February).

3. Results

This chemical variability revealed the important influence of land management
and physical, chemical, and biological characteristics of the soil, along with seasonal
climate, on the processes of entry and exit of nutrients in the watersheds studied.

3.1 Precipitation

Figure 2 presents the distribution of rainfall during the study period compared
with the average of the previous five years. Of particular note is the drought that
lasted from September 2014 to January 2015, when the temperature fluctuated
between 26 and 28°C and the relative humidity averaged 85% in the year studied.

3.2 Variability of the volume of soil solution collected in the different areas studied

The greatest volumes collected by the soil solution extractors for evaluation of
DIC, DOC, and DON were in the areas of riparian vegetation, AFSs, and secondary

Figure 2.
Monthly precipitation from January 2009 to march 2015. Igarapé-Açu/Embrapa Amazônia oriental
meteorological station.
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forest—a maximum of 198 mL and a minimum of 30 mL. In turn, for the analyses of
the cations and anions, the greatest volumes were collected in the areas of riparian
vegetation, AFSs, and chop-and-mulch agriculture, with a maximum volume of
850 mL and a minimum of 30 mL.

3.3 Spatial variability of nitrogen

The highest concentrations of nitrogen chemical species were found in the areas of
slash-and-burn agriculture (Tables 2 and 4). The maximum concentration of NO3

� in
the SBC was 8.227 mg L�1 (at depth of 30 cm), while the concentration of NH4

+ in this
same area was 0.929 mg L�1 (at 60 cm), and DON was 2.44 mg L�1 (at 30 cm), as
shown in Table 3. In turn, smaller concentrations of nitrogen occurred in the areas of
chop-and-mulch agriculture and riparian vegetation. The concentrations of NO3

�,
considering the land-use systems, were higher than those of NH4

+ and DON.
As can be observed in Table 3, there were significant differences according to the

Kruskal-Wallis test in the mean values of the areas studied in the different land uses
(p ≤ 0.05) for DOC, NO3

�, and NH4
+. The results of the ANOVA (p-value = 0.000)

provided sufficient evidence that the means were also different for DON, where
α = 0.05. According to the Tukey test, the AFS and riparian vegetation in Cumaru, as
well as the pasture and riparian vegetation in São João, were different in relation to the
other areas.

The boxplots in Figure 3 present the variation of DON between the areas studied,
where some discrepant data can be observed. In the Cumaru basin, it was highest in
the areas of agroforestry system (AFSC) and riparian vegetation (RVC), while in São
João the lowest values of DON were in the areas with secondary forest (SFSJ), pasture

Kruskal-
Wallis Test

One Way ANOVA-
Tukey Test

Land Use DOC (p = 0.000) NH4 (p = 0.018) NO3
� (p = 0.004) 1/DON (p = 0.00)

Average Rank Z Average Rank Z Average Rank Z Mean Grouping

SFC 118.7 �1.16 57.5 �1.13 61.8 �0.42 1.2943 A B

SFSJ 189.7 3.5 81.1 1.1 57.8 �0.67 0.9206 B C

PC 141.6 0.26 82.9 1.16 72.7 0.53 0.9598 B C

PSJ 194.5 2.8 69.1 �0.04 52.3 �1.01 0.8598 C

SBC 187.6 3.06 102.5 2.86 90.3 1.81 0.894 B C

SBSJ 192.5 3.6 74.7 0.32 73.4 0.49 1.1291 B C

AFSC 48.9 �5.98 49.2 �1.92 54.8 �1.31 1.5886 A

AFSSJ 95.1 �2.66 74.5 0.46 89.7 2.4 1.2731 A B

CMC 143.6 0.45 78.1 0.63 51.6 �1.06 1.2805 A B

CMSJ 126 �0.37 15.8 �2.35 77.3 0.71 1.1695 A B C

RVC 75 �5.53 68.3 �0.15 41.2 �3.31 1.5226 A

RVSJ 208.7 4.44 50.3 �1.66 87.4 2.41 0.8336 C

Table 3.
Statistical tests of the variables DOC, DON, NO3

�, and NH4
+.
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(PSJ), and agroforestry system (AFSSJ) in relation to the areas in Cumaru with the
same land use.

3.4 Variability of DOC and DON in areas with different land-use systems

At a depth of 30 cm, there were higher concentrations of DOC in all land-use
classes, but with slash-and-burn agriculture standing out more specifically in the

Figure 3.
Boxplots of the concentrations of dissolved organic nitrogen (DON) in the soil solution in the different areas studied
after mathematical transformation (1/DON).

Land use/Variable
(mg.L�1)

NO3
� SO42- NH4

+ K+ CID Mg2+ Na+ COD Cl� Ca+ PO4
� NOD

PC X X X X X X X

PSJ X X X X X X

SFC X

SFSJ X X X X

AFSC X X X X

AFSSJ X X

RVC X X X X X

RVSJ X X X X

CMC X X

CMSJ X

SBC X X X X X X X

SBSJ X X X

Table 4.
Presence of nutrients with highest concentrations (indicated by X) in the soil solution extracts according to land-use
systems.
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Figure 4.
Temporal and spatial variation of concentrations of dissolved organic carbon and nitrogen (in mg L�1) in soil
solution samples collected at depths of 30 and 60 cm in the sampling areas with different land-use classes in the
watersheds studied.
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periods of drought and transition from rainy to dry, with values above 20 mg L�1. In
turn, the riparian vegetation was in the second place regarding the magnitude of the
concentrations of DOC. At a depth of 60 cm, slash-and-burn agriculture presented
values greater than 10 mg L�1 of DOC in all climate periods (Figure 4).

In the pasture areas, the concentrations of DOC and DON were greater
than 5 mg L�1 at both depths in the two transition periods and the rainy period,
with no significant differences between depths. The DOC concentrations were
lowest in the agroforestry system areas at both depths. With respect to climate,
the DOC concentrations were greater in the dry period in all six land-use
systems studied.

The DOC/DON ratio, in turn, was highest in the slash-and-burn agriculture
areas and lowest in the riparian vegetation, AFS, and secondary forest areas
(Figure 5).

Figure 5.
The ratio between dissolved organic carbon and nitrogen in the agrosystems in the Cumaru and São João
watersheds at depths of 30 cm and 60 cm.

Land Use PC PSJ SFC SFSJ AFSC AFSSJ RVC RVSJ CMC CMSJ SBC SBSJ

Anions mg.L�1

Cl�

30 cm 4.14 3.29 3.21 1.98 1.51 2.11 7.88 1.75 1.58 2.89 3.94 1.24

60 cm 5.00 1.79 1.70 4.26 7.08 2.01 5.93 2.77 7.64 1.60 2.97 2.26

NO3
�

30 cm 2.35 0.38 0.40 0.59 0.60 4.45 0.34 0.97 0.12 0.14 0.76 8.23

60 cm 2.19 0.50 0.93 0.55 2.03 2.93 0.37 3.79 2.57 1.73 11.97 3.91

PO4
�

30 cm 0.18 0.06 0.08 0.09 0.07 0.05 0.10 * * 0.88 5.29 0.13

60 cm * 0.41 0.08 0.07 0.04 0.05 0.27 0.35 34.80 0.79 1.07 0.26

SO4–

30 cm 1.78 0.41 0.60 0.57 0.49 0.77 1.81 0.53 0.35 0.56 1.98 0.86

60 cm 3.94 0.24 0.72 0.37 4.63 0.63 1.44 0.99 5.74 2.03 1.37 1.22
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3.5 Variability in the concentration of ions in areas with different land-use
systems

The concentrations of the ions studied presented heterogeneous results in the
different land-use systems, with the highest concentration found in the slash-and-
burn agriculture, pasture, and riparian vegetation areas, as shown in Table 5.

With relation to depth, the ions concentration was variable between 30 and 60 cm.
Pasture and chop-and-mulch stood out for havingmany high values at 60 cm (Table 5).

There were low correlations of DOC and DIC with Ca, R2 = 2.1% and 15%, respec-
tively (Spearman correlation, p < 0.05) (Figure 6).

Land Use PC PSJ SFC SFSJ AFSC AFSSJ RVC RVSJ CMC CMSJ SBC SBSJ

Cations mg.L�1

Na+

30 cm 1.49 2.77 2.15 1.57 1.27 1.60 3.05 2.09 2.01 3.24 2.46 0.79

60 cm 4.10 1.45 1.61 2.48 3.89 1.38 2.75 3.78 4.25 2.89 1.64 1.04

NH4
+

30 cm 0.32 0.31 0.16 0.35 0.11 0.29 0.23 0.10 0.05 0.19 0.12

60 cm 0.27 0.21 0.15 0.14 0.10 0.16 0.19 1.12 0.57 0.04 0.93 0.28

K+

30 cm 4.39 3.04 2.25 0.73 0.43 0.69 0.72 1.42 0.73 1.64 6.67 2.68

60 cm 5.61 1.99 0.83 1.09 2.44 0.39 1.02 1.15 10.02 2.14 0.93 1.45

Mg++

30 cm 0.68 0.80 0.41 0.39 0.30 0.49 0.44 1.15 0.36 0.37 0.38 0.46

60 cm 0.72 0.22 0.37 0.65 0.32 0.33 0.40 0.40 0.72 0.70 0.50 0.53

Ca++

30 cm 3.48 3.85 1.75 1.94 1.73 2.60 0.95 1.16 1.35 1.55 2.05 2.61

60 cm 3.40 4.57 1.82 1.56 1.79 1.94 1.11 1.41 3.65 1.73 3.79 3.58

Organic and Inorganic Substances mg.L�1

DOC

30 cm 8.02 27.20 9.90 19.32 3.31 8.31 10.21 16.41 10.86 8.59 15.32 36.30

60 cm 11.08 * 6.22 12.60 3.41 6.08 2.23 19.96 7.70 8.05 13.05 18.57

NOD

30 cm 1.15 2.03 1.15 1.46 0.92 1.00 0.81 1.29 0.92 1.08 2.44 0.93

60 cm 1.22 1.04 0.82 1.13 0.63 1.18 0.66 1.33 0.69 0.82 6.94 1.57

CID

30 cm 1.40 1.14 0.37 0.41 0.90 0.94 0.22 0.29 0.57 0.83 0.84 0.64

60 cm 1.12 1.56 0.46 0.34 0.68 0.40 0.35 2.26 2.61 * 0.55 1.34

Table 5.
Average concentrations of nutrients present in the soil solution in the Cumaru and São João basins in areas with
slash-and-burn agriculture, riparian vegetation, secondary forest, chop-and-mulch agriculture, pasture, and
agroforestry system.
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Figure 6.
Spearman correlations between dissolved organic carbon (DOC) versus calcium (a) and dissolved inorganic
carbon (DIC) versus calcium (b).

Figure 7.
Temporal distribution of the chemical constituents of the soil solution samples collected at depths of 30 and 60 cm
in the 12 sampled areas.
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3.6 Temporal variability of chemical compounds in areas with different land uses

With respect to the temporal variability, the highest concentrations of ions occurred
in the rainy and transition to dry periods in all six land-use systems (Figure 7).

RV: The concentrations of DOC and DON were highest in the riparian vegetation
area in both microbasins. This was the only land-use class for which we managed to
obtain soil solution samples in all four climate periods. In the Cumaru microbasin, we
detected all ions in the rainy and TR1 periods. The highest concentrations of Cl�

(approximately 10 mg L�1) were found at 30 cm depth. In the São João microbasin,
the highest concentrations of DOC, Cl�, and NO3

� occurred in the rainy, TR1, and dry
periods.

SF: In the SFC, the concentrations of DOC and DON were highest in the rainy,
TR1, and dry periods at both depths, while the inorganic ions stood out only in the
rainy and TR1 periods. In SFSJ, the concentrations of these compounds were highest at
depth of 30 cm, except for the phosphate levels in the secondary forest areas, which
were below the limit of detection.

P: In the pastures, the concentrations of DOC and DON were highest at the 30 cm
depth, principally in the São João microbasin. SO4

2�, K+, and Ca2+ were the predom-
inant ions in the land-use areas in both watersheds.

SB: In the slash-and-burn agriculture areas, the concentrations of DOC were
higher than 10 mg L�1, with the greatest values finding at a depth of 60 cm in the
rainy period and the transition from rainy to dry period in Cumaru. At the 30 cm
depth, in the rainy period, the highest levels were measured of NO3

� ≈ 16 mg L�1,
PO4

� ≈ 5 mg L�1, and K+ ≈ 8 mg L�1). The same pattern occurred for these parame-
ters in the São João microbasin, but with lower values in the rainy, TR1, and dry
periods.

CM: In the chop-and-mulch system, phosphate stood out with the highest concen-
tration (≈ 35 mg L�1) at depth of 60 cm in the rainy period in the Cumaru microbasin.
The other ions in this system had lower concentrations in the rainy, TR1, and dry
periods, with values below 15 mg L�1 in both basins at the two depths.

AFS: In the agroforestry system, the ions had low concentrations, except for DOC,
which had the highest concentrations in Cumaru at a depth of 60 cm and in São João at
30 cm, with approximate values of 9 mg L�1. DOC and DON in the AFS sampling
areas presented the highest concentrations in the dry period in Cumaru and the rainy
period in São João.

4. Discussion

4.1 Temporal variability of C and N in the areas with different land uses

The concentrations of dissolved organic carbon at a depth of 30 cm were higher
than at 60 cm; however, Marques et al. [13] did not observe differences between those
two depths in a study in the Central Amazon near the city of Manaus, Brazil.

We found the concentrations of DOC in the slash-and-burn agriculture areas,
mainly in the Cumaru microbasin, to be highest in the transition from the rainy to dry
period (16.23–24.02 mg L�1) and also in the dry season (15.39–33.48 mg L�1). These
are the periods when farmers most often practice burning.

In the São João microbasin, the maximum levels of DOC were also found in the
slash-and-burn agriculture area at depth of 30 cm (57.86 mg L�1). In this area, the
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soils are predominantly sandy rather than clayey, resulting in little retention of DOC
and consequently a substantial presence in the soil solution, as also observed by
Sommer [11] and Wickel [5].

The secondary forest and riparian vegetation areas presented the highest concen-
trations of dissolved organic carbon and nitrogen, probably originating from the
decomposition of leaves and roots and the activity of the microbial biomass in the soil,
among other factors, such as higher temperature and flow of the soil solution in the
transition period TR1 (DOC: 1.37–19.98 mg L�1; DON: 0.57–1.14 mg L�1) and rainy
period (DOC: 2.70–17.65 mg L�1; DON: 0.67–1.39 mg L�1). This is similar to the
findings of Marques et al. [13], ≈ 10 mg L�1 for DOC. The spatial variations, that is,
according to land use, can be observed in the DOC/DON ratio, where low ratios
indicate higher concentrations of DON, which stand out in the agroforestry systems.
The flows of DOC and DON are connected by belonging to the same organic matter
chain in the soil. Part of the DOC is used in the soil as substrate by microorganisms,
causing an increase in the mineralization of DON and consequently the nitrification
process. The concentration of DOC in the soil solution can also affect the speed of the
denitrification process and the concentration of DON, as well as the flows of nutrients
and metalloids in the soil, also depending on the pH, redox potential, and cation-
exchange capacity [2, 14].

Riparian vegetation, AFS, and secondary forest systems are known to retain nutri-
ents in the soil, with only small losses due to leaching [15] because of the quality and
quantity of residues produced by the plant cover. With respect to the nitrogen com-
pounds, the concentrations of nitrate were higher than those of ammonium and
dissolved organic nitrogen in the six systems (DON: 0.6–1.7 mg L�1; NH4

+:
0.035 mg L�1; NO3

�: 0.1–12.0 mg L�1). This result was expected, since NO3
� is more

soluble than DON and is not retained in clay minerals such as NH4
+ [2, 16], where the

conversion of ammonium into nitrate happens rapidly. However, the highest concen-
tration of NH4

+ occurred in the riparian vegetation, where the nitrification process is
slow. Alfaia [17] found the presence of NH4

+ in floodplain areas rich in clays. Gruditz
and Dalhammar [18] reported that the nitrification process (the transformation of
ammonium into nitrite and nitrate) occurs at a pH of approximately 8.0, a level higher
than in our study (in acidic soils). In the pastures, we observed the greatest variations
of DOC and DON in the dry period at both depths. This response is likely due to the
concentration of aggregates transported in the soil profile because in this period there
is less water available [13].

4.2 Chemical variability in soil solution extracts based on different land uses

At both depths, ion exchange probably occurred, depending on the soil
chemical composition and the presence of organic matter, in which the ions were
carried through the unsaturated zones where plant roots are located, reaching the
groundwater.

The different land uses influenced the nutrient cycling, depending on the man-
agement and complexity of the landscapes of the areas studied. In these areas, the soil
composition is more sandy than clayey, except in the AFSs and pastures. In the
unmanaged pasture and slash-and-burn agriculture areas, the adsorption of ions by
the soil is hampered, mainly at the depth of 60 cm. This is characteristic of weathered
soils with low cation-exchange capacity and high acidity. As described by other
authors, the variations of pH and ionic strength are factors that influence the release
of ions from the soil to the solution, and hence influence the processes of adsorption of
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cations and anions. In other words, acidic pH and low ion-exchange strength favored
their release in the areas studied [5]. Besides this, the processes of nitrogen minerali-
zation and subsequent oxidation (formation of nitrite and/or nitrate), along with the
solubilization of aluminum, create conditions for the soil not to retain these ions [2].
The presence of iron and aluminum oxides in the soil can influence the electrochem-
ical processes, resulting in increased exchange of anions and reduced exchange of
cations between the soil and soil solution [16].

Competition exists between sulfate and nitrate ions, evidenced by the ionic
strength and reduction of pH. This correlation was observed in the chop-and-mulch
agriculture and AFS areas, with variations between these two parameters (Table 2).
High concentrations of sulfate were observed in these areas, indicating the low com-
petition of other anions such as phosphate and nitrate, since in these areas low
concentrations of iron and aluminum predominated because the soils are sandier [7].
According to Borba et al. [16], sulfate ions are preferentially adsorbed by the soil in
comparison with nitrate ions. The presence of sulfate in the soil solution in the AFS
and chop-and-mulch agriculture systems can be attributed to soils with greater clay
content than in areas of pasture and slash-and-burn agriculture, probably due to
leaching of nutrients in soils impacted by external factors (physical–chemical
destructuring) [15]. In this study, we observed a greater variation of Cl� ions in the
soil solution with lower retention, probably due to the competition for the adsorption
of other negatively charged ions in the soil, such as NO3

� and SO4�.
With respect to cations, Ca2+, Na+, K+, Mg2+, and NH4

+ had the highest concen-
trations in the chop-and-mulch agriculture and secondary forest systems, where the
biomass left in the soil probably contributed to the incorporation of organic acids in
the soil. This is an important factor for the enrichment of nutrients in the soil. With
respect to the mechanism for the exchange of macronutrients and micronutrients,
according to Borba et al. [16], this occurs mainly in shallower soil layers, where the
greater presence of organic matter increases the cation-exchange capacity (CEC).
According to Denich [19] and Cattanio [20], the level of organic material is affected
by the composition of the leaf litter in secondary forest areas, in turn, determined by
the plant species and their contribution of nutrients, as well as the pattern of decom-
position and mesofauna in the soil. This same process probably occurred in the areas
of riparian vegetation and agroforestry systems studied by us.

In the slash-and-burn agriculture areas, the concentration of nitrate in the soil
solution was high, in some cases above the limits of potability (> 10 mg L�1), indicat-
ing potential leaching into the soil solution, eventually reaching groundwater reser-
voirs. Williams et al. [21] conducted studies of the hydrochemical changes caused by
land clearance through burning for agriculture in small plots in the central Amazon
Basin on the northern side of the Solimões River and concluded that high leaching of
nutrients occurs after slash-and-burn preparation, which gradually diminishes, mainly
in the riparian zone. The authors also observed high concentrations and N and P in
surface runoff, confirming the importance of riparian forests as nutrient buffers in the
aquatic and terrestrial systems of the basin. In our study, in turn, we noted this same
loss of micro-and macronutrients in the slash-and-burn agriculture and pasture areas.

The nitrogen in its inorganic form left after burning of vegetation is known to
accelerate the decomposition of forest biomass [21], so that percolation of the solution
through the soil profile in nitrate-rich soils occurs mainly in disturbed soils because
this disturbance diminishes the nitrogen uptake of plants and enhance its availability.
We found increased NH4

+ in the soil solution to be common after burning and in areas
with riparian vegetation of the Cumaru microbasin. This was probably due to
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microbiological processes, where ammonium is released from anoxic sediments to be
oxidized into nitrate by nitrifying organisms, as well as caused by competition for N
by plants [21].

Borba et al. [2] reported that the combination of dissolved inorganic carbon and
Ca+ ions, where carbon is converted into carbonates, caused an increase in soil pH.
This linear correlation (Figure 6) between dissolved carbon and calcium can be
related to the availability of this nutrient by the decomposition of biomass in agricul-
tural systems, which, depending on the soil conditions (clay percent, acidity, and
water availability) can increase or decrease the productivity of crops [22].

We observed higher concentrations of calcium, magnesium, potassium, and phos-
phate ions in the chop-and-mulch agriculture areas, probably resulting from the
mineralization of the chopped plant residues, as reported by Figueiredo et al. [23] in a
study of similar areas.

The concentration of ions in the soil increased rapidly after the burning of vegeta-
tion to plant crops, with various ionic compounds remaining for brief periods [6].
Changes in soil management are clearly related to loss and mobilization of nutrients
affecting soil fertility, which is also affected by factors such as soil class, degree of
disturbance, and effects of burning on the biological and physical aspects of the soil.
The results of this study clearly indicated the importance of research regarding nutri-
ent flows in areas with different soil management types in tropical areas, to evaluate
the efficiency of different crops to absorb these nutrients without loss or excess of
these compounds in the soil and water.

4.3 Temporal variability of nutrients in different land uses

We observed differences in the concentrations of carbon and nutrients in the soil
solution in areas with different land uses and different climate periods (rainy, TR1,
dry, and TR2) during the year in the two microbasins. To facilitate the discussion, we
have divided the elements analyzed into three groups (Figure 7), which are Group 1 –
dissolved organic carbon, dissolved organic nitrogen, and dissolved inorganic carbon;
Group 2 – ammonium, potassium, and magnesium; and Group 3 – chloride, nitrate,
phosphate, sulfate, sodium, and calcium.

In all land-use areas except pasture and AFSs, where the soils had a more clayey
texture, the absence or presence of biomass (influenced by leaf concentration) along
with rainfall affected the ions and organic compounds in the soil solution extracts, as
also observed by Markewitz et al. [1], who reported greater nutrient flows in natural
and secondary forests. In the riparian vegetation in the rainy season and the transition
to the dry season (TR1), mainly in the latter case, there were greater movements of
DOC, DON, and DIC at 30 cm depth compared to 60 cm depth. Additionally, chlo-
ride, sodium, calcium, and sulfate were present in higher concentrations than ammo-
nium, potassium, and magnesium. Rainwater and its interaction with the canopy and
litter affect the chemical composition of the soil solution, which is enhanced by the
fact that the soil is sandy, causing little influence given its lesser capacity to retain
nutrients. The greater presence of calcium and DIC in secondary forest areas can be
related to the different compositions of trees (fewer species), probably due to the
increased pH, favoring cation concentration in the soil. These factors were also
observed by Markewitz [24] and Figueiredo [23], who described a substantial increase
of cationic components in secondary vegetation. Despite the losses by leaching in this
type of vegetation, the roots remain in the soil, where they form a protective network,
hindering the passage of nutrients to watercourses [5].
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The soils in the pastures at the two depths (30 and 60 cm) stood out for high
concentrations of potassium and calcium in the rainy and TR1 periods. The mobility of
these ions in the soil profile is intense after heavy rainfall, so their concentration in the
soil solution increases. This is common in tropical soils in unmanaged pasture areas
[25]. The soils in these areas, with low CEC, sparse organic matter, and high acidity,
are prone to leaching due to high water percolation [26]. This process influenced the
soil solution, mainly in the pasture area of the São João microbasin, where the DOC
concentration reached 30 mg L�1 in the rainy season. The slash-and-burn areas of the
two microbasins stood out with the loss of carbon from the soil solution via DOC, and
of nitrogens via nitrate (NO3

�) and DON, at the depth of 60 cm. This probably
favored the movement of these compounds to the groundwater, as also observed by
other authors [23, 24]. The amounts of DON and DOC lost to the soil solution in the
process of burning vegetation and the decomposition of organic matter cause an
increase in the flow of nitrate. These processes in the rainy season and transition
to the dry season in the burned areas resulted in the loss of these compounds,
which were intensely released from the soil surface by rainwater, rather than
resulting from processes in the deeper soil levels, where they are transported to the
groundwater.

In both microbasins, there were greater concentrations of phosphate at a depth of
60 cm in the chop-and-mulch agriculture areas in the rainy season, as well as of DOC
with origin in the biomass on the soil surface, as also reported by Kato et al. [6].
According to Markewitz et al. [24], phosphorus can be converted to its inorganic state
during the decomposition of organic matter. In our case, this nutrient in the soil came
from the chopped branches and leaves. This process was also reported by Neill et al.
[27] as the result of burning. This did not occur in this study, where it only happened
in the chop-and-mulch area when the biomass supplied phosphorus to the surface soil
and consequently to the soil solution. Kato et al. [6] noted a positive balance of
nutrients, mainly phosphorus, through the cutting and mulching of secondary vege-
tation, which served as a source of organic matter to the soil. We also observed intense
retention of water by the soil in this system, which hampered the collection of samples
by the soil extractors. This was expected of the chop-and-mulch system as a factor of
water conservation.

In the agroforestry systems, the concentrations of all ions were lower in the rainy,
TR1, and dry seasons in relation to the other land uses. Ca2+, Cl�, Na+, NO3

�, and
SO4

� were present, along with DOC, DON, and DIC. The diversity of leaves from
different plant species in the soil promotes the entry of nutrients because the presence
of roots and microorganisms favors their absorption with less water availability [28].
Because of the presence of many arboreal species, studies of nutrient cycling in this
complex composition are still scarce, but AFS models, implemented mainly by family
farmers, have proven to be well-adapted, helping to improve local socioeconomic
conditions [29].

5. Conclusions

• The presence of cations and anion were greater in the soil solution samples in the
two transition periods (rainy to dry and vice versa).

• The cations were retained more in systems with a greater diversity of plants
(riparian vegetation, secondary forest, and AFS).

75

Soil Solution Chemistry in Different Land-Use Systems in the Northeast Brazilian Amazon
DOI: http://dx.doi.org/10.5772/intechopen.101856



• The sandier soils characteristic of these areas facilitated the leaching of nutrients
into the soil solution, mainly with the practice of slash-and-burn agriculture.

• According to the data obtained, the systems in which there is more vegetation,
such as secondary vegetation, riparian, and agroforestry systems, are the ones
that retain nutrients in the soil, also preserving a greater amount of water in these
systems. Unmanaged pasture and the use of burning for plantations have the risk
of enhancing leaching rates by impoverishing the soil, so the use of crushed
biomass in the soil agroforestry system and secondary vegetation can favor more
sustainable management of the soil, in addition to the preservation of riparian
forests.
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Chapter 5

CO2 Injectivity in Deep Saline
Formations: The Impact of Salt
Precipitation and Fines
Mobilization
Yen A. Sokama-Neuyam, Muhammad A.M. Yusof
and Shadrack K. Owusu

Abstract

Climate change is now considered the greatest threat to global health and security.
Greenhouse effect, which results in global warming, is considered the main driver of
climate change. Carbon dioxide (CO2) emission has been identified as the largest
contributor to global warming. The Paris Agreement, which is the biggest interna-
tional treaty on Climate Change, has an ambitious goal to reach Net Zero CO2 emis-
sion by 2050. Carbon Capture, Utilization and Storage (CCUS) is the most promising
approach in the portfolio of options to reduce CO2 emission. A good geological CCUS
facility must have a high storage potential and robust containment efficiency. Storage
potential depends on the storage capacity and well injectivity. The major target geo-
logical facilities for CO2 storage include deep saline reservoirs, depleted oil and gas
reservoirs, Enhanced Oil Recovery (EOR) wells, and unmineable coal seams. Deep
saline formations have the highest storage potential but challenging well injectivity.
Mineral dissolution, salt precipitation, and fines mobilization are the main mecha-
nisms responsible for CO2 injectivity impairment in saline reservoirs. This chapter
reviews literature spanning several decades of work on CO2 injectivity impairment
mechanisms especially in deep saline formations and their technical and economic
impact on CCUS projects.

Keywords: CO2 injectivity, mineral dissolution, salt precipitation, fines mobilization

1. Introduction

Since last decade, there has been a growing concern of the negative impacts of
global climate change. In the last century, scientists believe that carbon dioxide
(CO2) emission is has been the main component responsible for approximately
three-quarters of global greenhouse gas emission. A roadmap developed to combat
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climate change has outlined 10 scalable solutions clustered into categories of social
transformative, governance improvement, market and regulation-based solutions,
technological innovation and transformation, and lastly natural and ecosystem man-
agement. While some proposed mitigation techniques focus on reduction of CO2

emission, Carbon Capture, Utilization and Storage (CCUS) technology can aim at
achieving lower CO2 amount in the atmosphere by capturing and storing the
anthropogenic gas in a geological storage. Geological storage of CO2 in depleted oil
and gas reservoirs, deep saline reservoirs, unmineable coal seams or injected into
active oil and gas reservoirs for Enhanced Oil Recovery (EOR) are currently a well-
accepted method of storing CO2. For economic reasons, CO2 is being injected at the
highest possible rates through limited number of wells. This could trigger injectivity-
related issues due to complex interactions between CO2, brine and rock initiated in
the aquifer. This makes CO2 injectivity not only a technical challenge but also an
economic consideration.

This chapter presents a comprehensive discussion on how the various mechanisms
contributed by the fluid-rock interactions during CO2 sequestration affect CO2

injectivity. The chapter begins by laying out the theoretical dimensions of CO2

sequestration. This is followed by a brief overview of different CO2 injectivity
impairment mechanisms, focusing on the two main themes: salt precipitation and
fines migration. The experimental findings from previous researchers have also been
discussed and some findings remarks made. The insights gained from this study may
be valuable to the rapidly expanding field of carbon sequestration.

2. Climate change, a global challenge

Climate Change is now considered the greatest threat to global health and
security. Greenhouse effect, which propels global warming, has been identified as
the main driver of Climate Change. The rising of global temperature is intricately
linked with many other environmental concerns such as fragile ecosystem, melting
glaciers, increasing sea level, acidification of sea water and increased flooding and
droughts [1]. This climate challenge is also affecting the social community which can
lead to immigration and conflicts over borders and natural resources such as water.
More importantly, it could severely threaten food security that may affect about 3
billion of poor people in terms of access to food supply. These series of concerns
are recognized as climate change and it is well accepted that to prevent its
occurrence, greenhouse gas emission has to be reduced significantly over the
twenty-first century [2]. The gases which are mainly responsible for the greenhouse
effect include methane, carbon dioxide (CO2), nitrous oxide, water vapor, and
fluorinated gases.

CO2 generated mainly from anthropogenic activities is the largest contributor to
global warming. By 2020, the concentration of CO2 in the atmosphere had risen to
48% above its pre-industrial level [3, 4]. An increase of 2°C above pre-industrial
average temperature could induce serious negative impacts on the natural environ-
ment and human health. The Paris Agreement, which is the biggest international
treaty on Climate Change is determined to limit global warming to about 1.5°C,
compared to pre-industrial levels, with an ambitious goal to reach NetZero CO2

emission by 2050 [5–7].
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The anthropogenic activities with highest carbon footprint include the burning of
fossil fuel for power generation and the production of materials. Power generation
from fossil fuels is responsible for over 70% of the global CO2 emissions [1]. Cumula-
tively, fossil fuel contributed about 84% of the World’s primary energy consumption
by 2019 and the world is expected to rely heavily on fossil fuels for its energy needs, at
least within the short to medium term. Another major source of CO2 emission is the
production of materials with high carbon and energy footprint. The notable of such
materials is Portland cement which is the main building material used in most coun-
tries in the world. Portland cement production is responsible for about 5% of global
CO2 emission [8]. About 2% of the total global energy consumption is used to produce
Portland cement. Widespread use of energy efficient power generators, investing in
renewable energy, Carbon Capture, Utilization and Storage (CCUS) remains the best
options for reducing CO2 emission from burning of fossil fuels and achieving a faster
transition to green energy.

3. Geological storage of CO2

CCUS is considered a viable option to reduce CO2 emission, sustain exploration
and production of fossil fuel for the short to medium term and eventually transition to
a full green energy in the long term [9, 10]. Among the proposed CO2 emission
reduction strategies, CCUS provides the highest emission reduction potential [11].
Generally, CCUS involves the (1) capture of CO2 from large industrial emission
sources and direct air capture points (2) the transportation of the captured gas to
utilization, conversion, or storage facilities and (3) the utilization of the gas as feed-
stock in industrial processes, conversion to other products or the injection of the gas
into geological storage facilities. In terms of geological storage, the injected CO2 may
be stored in depleted oil and gas reservoirs, deep saline reservoirs, unmineable coal
seams or injected into active oil and gas reservoirs for Enhanced Oil Recovery (EOR)
[12, 13].

CCUS system, although simple in concept, would require significant investment of
capital, new technology and time [14]. Besides, many current policies also need to be
revised and new legal and regulations framework has to be introduced that require
support from local authorities, governments and international bodies [15]. Investiga-
tion by the International Energy Agency (IEA) have shown that CCUS can contribute
up to about 14% reduction in global greenhouse gas emissions required to limit global
warming to 2°C by 2050 [16].

3.1 Storage in saline aquifers

Saline aquifer refers to a deep, large geological formation consisting permeable
sedimentary or carbonate rock types that are saturated with formation water or
brines, non-potable water, containing high concentration of dissolved salts [17]. It is
buried under a layer of non- or low-permeability rocks that serve as a cap rock to
prohibit the fluid flowing upwards to the surface. The saline aquifer can be located
both onshore and offshore and normally found at depth greater (more than 800
metres) than aquifers that contain potable water [18]. Deep saline formations have
enormous potential for CO2 storage in terms of volumetric storage capacity [19, 20].
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On a global scale, deep saline reservoirs have the capacity to hold between 20 and
500% of the projected CO2 emissions by 2050 [9, 21, 22]. Thus, worldwide CO2

storage potential of deep saline reservoirs ranges from 400 to 10,000 Gt CO2. Deep
saline aquifers, usually at depths between 700 and 1000 m, hold large quantities of
high salinity formation brines [23].

Although the natural content of these reservoirs has no direct commercial value,
the chemical composition of the formation brine makes them suitable for CO2 miner-
alization. In deep saline aquifers, the injected CO2 could be sequestered through
hydrodynamic trapping where the gas is trapped beneath a caprock, residual trapping
where the rock contains residual saturation of CO2, solubility trapping where the gas
dissolves in the formation brine and mineral trapping where CO2 reacts with Ca, Fe or
Mg to form stable carbonate precipitates [24, 25]. Lack of additional economic bene-
fits except carbon tax incentives in some countries, makes CO2 storage in saline
aquifers less attractive to the oil and gas industry.

3.2 CO2 enhanced oil recovery

CO2-EOR is a tertiary oil recovery technique where CO2 and usually other fluids
such as water or brine is injected into the reservoir to achieve miscibility with the oil
and recover residual oil. In addition to extraction of residual oil, the injected gas
provides pressure support and could remain stored permanently after the recovery
process. Under subsurface conditions, CO2 mixes with oil above a certain minimum
miscibility pressure (MMP), reducing the capillary effect that retain the oil in place
[26–28]. There are four main underlying mechanisms of CO2-EOR as outlined by
Rojas and Ali [29] and Tunio et al. [30] which include (1) oil swelling; (2) reduction of
oil viscosity; (3) reduction of oil and water density; and (4) extraction of oil
components.

Alternative forms of CO2-EOR have been developed over the past years,
including continuous CO2 injection, continuous CO2 injection followed by water,
water-alternating gas (WAG) and WAG followed by gas or water [31–33]. To
improve sweep efficiency, carbonated water injection has also been used as a viable
alternative [34, 35]. Other emerging injection schemes include CO2 low salinity
water alternating gas (CO2-LSWAG) injection under miscible CO2 displacement
conditions [36–38]. Depleted oil and gas reservoirs are also attractive candidates for
CO2 storage due to the potential to reuse some of the production equipment and
geological data collected over the producing life of the reservoirs to lower exploration
cost and reduce the risk associated with CO2 storage. It has been reported that
depleted oil and gas reservoirs could hold about 45% of the projected CO2 emissions
by 2050 [9].

3.3 CO2 injection into unconventional reservoirs

The two main unconventional formations where CO2 injection is promising are
coal seams and shale gas reservoirs. CO2 enhanced coalbed methane recovery (CO2-
ECBM) has the potential to store large volumes of CO2 in deep unmineable coal
seams while improving the efficiency of coal bed methane recovery [39, 40]. The
injected CO2 displaces methane and remain sequestered in the coal seams as CO2 is
preferentially adsorbed onto coal seams, thus releasing the coal bed methane which
can then be produced as free gas [41]. Based on the simple assumption that, for
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every CH4 molecule, two molecules of CO2 can be stored, IEA-GHG [42] estimated
that about 220 GT of CO2 could be stored in deep unmineable coal formations
worldwide.

The potential to store CO2 in organic-rich gas shales is attracting increasing inter-
est, especially in countries that have extensive shale deposits [43–45]. Although still in
early-stage research, CO2 injection into organic-rich gas shales could provide dual
benefits: an economic benefit from the incremental recovery of adsorbed methane,
and an environmental benefit of secure CO2 storage.

4. The prerequisites of CCUS

A viable candidate for CCUS must meet a threshold well injectivity required to
inject large volumes of CO2 at high injection rates through a minimum number of
wells, adequate storage capacity to hold large volumes of CO2 and robust containment
to permanently isolate the sequestered gas from the environment [16]. Storage
capacity and well injectivity defines the storage potential of a geological storage
facility [11, 46, 47].

4.1 Storage capacity

Implementation of CCUS technology require accurate estimation of the pore space
available in the reservoir rock to hold the injected CO2 [48–51]. The storage capacity
estimated can be of different levels of certainty and cost depending on the scale and
resolution. The various CO2 trapping mechanisms in deep saline aquifers, namely
structural and stratigraphic trapping, residual gas trapping, solubility trapping, min-
eral trapping and hydrodynamic trapping, which occur at different times during the
storage, must be considered in the estimation to obtain a representative estimate [51].
Other parameters that affect the storage capacity include in situ pressure, injectivity,
temperature, permeability, and rock compressibility.

The volume of CO2 that can be commercially sequestered in a reservoir within a
specific period, using available technology, under current economic conditions, oper-
ating methods and governmental regulations has been termed the CO2 storage reserve
[11, 48]. The USDOE [52] has developed a simplified model to quantify the storage
capacity of deep saline formations which is given by:

MCO2 ¼ VAϕTρCO2
Es (1)

In Eq. (1),MCO2 is the mass of CO2 that can be stored, VA is the bulk volume of the
aquifer, ϕT is the effective porosity of the aquifer, ρCO2

is the density of CO2 at
reservoir conditions and Es is the storage efficiency. The storage efficiency expresses
the degree of filling the reservoir [11], also defined as the ratio of the volume occupied
by CO2 to the total accessible pore volume of the reservoir [53]:

Es ¼ VCO2

Vpore
(2)

In Eq. (2), VCO2 is the volume of injected CO2 and Vpore is the accessible reservoir
pore volume available for CO2 storage. Eq. (1) and (2) can be coupled to estimate the
volumetric CO2 storage capacity of a given deep saline reservoir. CO2 storage

85

CO2 Injectivity in Deep Saline Formations: The Impact of Salt Precipitation…
DOI: http://dx.doi.org/10.5772/intechopen.104854



efficiency in deep saline formations depends on the reservoir rock properties (poros-
ity, permeability, net to gross, thickness and area), the efficiency of water displace-
ment by injected CO2 and the degree of conformance of the aquifer [11].

Bachu et al. [54] have also proposed a model to estimate the theoretical CO2

storage capacity of depleted oil and gas reservoirs, based on the assumption that the
entire pore space originally occupied by hydrocarbons can be filled by CO2 and that
CO2 can be injected until the reservoir pressure reaches the original pressure of the
virgin reservoir. These assumptions can be valid if the reservoir is not in contact
with an aquifer or already flooded during secondary and tertiary recovery. For
practical purposes, an effective storage capacity could be defined to incorporate
other important parameters such as displacement efficiency, gravity effects, resid-
ual oil and water saturation, reservoir heterogeneity, rock-fluid interactions, and
formation damage.

4.2 Well injectivity

The injectivity of a reservoir measures the amount of CO2 an injection well can
receive without fracturing the formation [11]. Well injectivity can be expressed with
an injectivity index, I, often defined as the ratio of volumetric injection flow rate to
the pressure drop [55, 56]. For a homogeneous and isotropic reservoir, the steady-state
CO2 well injectivity index can be expressed as:

I ¼ q
Δp

¼ ρCO2,res

ρCO2,sc

2πkh

ln re
rw

� �
þ s

h i
μCO2

(3)

In Eq. (3), q is the volumetric injection flow rate, Δp is the pressure drop, ρCO2,res is
the density of CO2 under reservoir conditions, ρCO2,sc is the density of CO2 under
standard conditions, kh is the permeability-thickness product, re is the radius of the
reservoir boundary, rw is the well radius, s is the skin factor and μCO2

is the viscosity of
CO2 under reservoir conditions. Well injectivity determines the number of wells
required to inject a specific quantity of CO2 into the reservoir. This makes injectivity
an important factor for both technical and economic evaluation of CO2 storage pro-
jects [56, 57].

4.3 Containment efficiency

Containment efficiency characterizes the assurance of containment of the injected
CO2. The ultimate objective of a CCUS project is to permanently isolate the seques-
tered CO2 from the environment. Since formation water is denser than supercritical
CO2, the CO2 plume tends to rise to the top of the reservoir, where it accumulates
beneath the caprock. The containment efficiency of a geological trap is therefore
strongly dependent on the seal potential or the ability of the caprock to confine the
injected gas and prevent leakage into overlying formations and eventually back into
the atmosphere [58]. The caprock must have the lateral extent and geomechanical
strength to retain the full CO2 column height.

The integrity of the caprock could be compromised by mechanical deformation
induced by pressure from CO2 injection or through geochemical CO2-rock-brine
interactions which may dissolve or precipitate minerals to increase the permeability of
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the caprock [59]. Wells have also been identified as probable leakage pathways.
Therefore, robust wellbore integrity is important to prevent leakage through wells.

5. CO2 well injectivity impairment mechanisms

CO2 injectivity impairment is a technical and economic constraint on geological
storage of CO2 [12, 60, 61]. Under typical storage conditions, several factors could
influence CO2 injectivity because of the complex interplay of chemical and physical
phenomena in the reservoir, especially in the injection area of the wellbore [46, 62,
63]. The injection area of the wellbore has the highest flactuations of temperature,
pressure and flux, making it one of the most important sections of the formation for
well injectivity impairment analysis. Lombard et al. [64] identified three main mech-
anisms responsible for CO2 injectivity impairment: Geochemical, geomechanical and
transport phenomena (Figure 1). Later Torsaeter et al. [65] did an extensive review on
other CO2 injectivity impairment mechanisms that they recommend should be given
close attention in addition to salt precipitation effects. The geochemical mechanisms
involve CO2-brine-rock interactions, mineral dissolution, and precipitation. The
transport effects include drying of the reservoir rock and fines mobilization. The
geomechanical effects, which include borehole deformation has not been given
enough research attention compared to the geochemical and transport mechanisms.
These phenomena depend on the physical and chemical properties of injected CO2

which are in turn driven by reservoir conditions and rock properties.

Figure 1.
CO2 injectivity impairment mechanisms (after Lombard et al., [64]).
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5.1 Geochemical effects

5.1.1 Effect of mineral dissolution

Mineral dissolution and salt precipitation are the two main geochemical CO2

injectivity impairment mechanisms [64]. The injected CO2 could dissolve in forma-
tion brine at the CO2-brine interface, altering the concentration of aquifer fluid, thus
leading to precipitation. Regardless of rock composition, the progressive dissolution of
CO2 in the brine (formation water) forms carbonic acid that leads to a reduction in pH
to about 3–5 [66, 67]. The following reactions occur at the interface between both
media

CO2 gð Þ þH2O lð Þ $ H2CO3 aqð Þ
H2CO3 aqð Þ $ Hþ

aqð Þ þHCO�
3 aqð Þ

(4)

Interactions between CO2 and brine forms carbonic acid and then bicarbonates. In
the presence of CaCO3, MgCO3 and FeCO3, the following reactions would lead to
formation of water-soluble bicarbonates.

H2Oþ CO2 þ CaCO3⇄Ca HCO3ð Þ2
H2Oþ CO2 þMgCO3⇄Mg HCO3ð Þ2 (5)

H2Oþ CO2 þ FeCO3⇄Fe HCO3ð Þ2
Moreover, the bicarbonates could react with cations in the rock and formation

water to form stable carbonates which later could aggregate into small particles or
form a scale on the pore walls [68–70]. CO2-brine-rock batch reaction under
typical storage conditions have shown various amounts of dissolved minerals in
solution [70–73].

Wang et al. [74] investigated mineral dissolution and precipitation in dolomite
samples saturated with carbonated water at 93°C and 34.5 Mpa under static condi-
tions. They found that mineral dissolution is predominant in highly permeable path-
ways in the reservoir rock. Zou et al. [75] conducted CO2–brine–rock reactions under
different conditions to investigate the changes of porosity and permeability during
sCO2 – fracturing in shale reservoir. They reported that CO2–brine–rock reaction
could occur rapidly (in less than 0.5 h), precipitating minerals such as calcite, dolo-
mite, K-feldspar, and albite into solution. Zhang et al. [76] investigated CO2-brine-
rock reaction in a tight sandstone reservoir under conditions of 75°C and 32MPa. They
found that the dissolution of supercritical CO2 in brine created an acidic environment
which induced the dissolution of minerals into the brine, leading to precipitation of
iron minerals and kaolinite. Tang et al. [77] studied the impact of CO2-brine-rock
interaction on formation properties in gas zone and water zones of a reservoir under
static and dynamic conditions. They found that CO2-brine-rock interaction occurs in
both gas zones and water zones. Aminu et al. [78] investigated the effect of CO2 and
the presence of impurities (NO2, SO2, H2S) on reservoir permeability in static
CO2-brine-rock reactions. They found that the presence of impurities affacts the
impact of mineral dissolution on rock permeability. Okhovat et al. [79] investigated
the effect of CO2-water-rock interaction on rock permeability and oil recovery during
CO2 injection into a carbonate rock. They found that the extent of damage induced
was a function of the injection rate.
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Under static conditions, mineral dissolution could increase rock permeability tem-
porally as new pore spaces are etched and old pore channels could be widened [64].
However, mineral precipitates could aggregate into fine particles in the pore fluid
which could form a scale on the pore walls and reduce the flow area.

Sokama-Neuyam et al. [80] conducted experiments to investigate the effect of
mineral dissolution on CO2 injectivity using clay-rich Bentheimer Sandstone cores.
The cores were flooded with carbonated water at 80 bar and 60°C with about 25 pore
volumes (PV) of carbonated water at 0.25 mL/min. Pressure drop profiles recorded
during the flooding is shown in Figure 2 and SEM-EDS analysis of effluent samples
collected are shown in Table 1.

Figure 2 shows a period of immiscible displacement, where pressure drop
decreased sharply from about 0.1 bar to about 0.04 bar after the core was flooded with

Figure 2.
Pressure drop profile recorded during injection of carbonated water into a Bentheimer core at flow rate of 0.25 mL/
min at 80 bar and 60°C [80].

Element wt.%

O 33.56

Fe 7.78

Ni 5.02

Na 17.53

Mg 0.74

Al 2.53

Si 0.35

Cl 29.79

Ca 2.52

Co 0.17

Total 100.00

Table 1.
EDS elemental analysis of effluent samples collected during carbonated water flooding into Bentheimer core.
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about 3 PV of carbonated water. As the displaced FW is replaced with the less dense
carbonated water, the pressure drop falls sharply until carbonated water breakthrough
at the effluent end of the core. Pressure drop was stabilized from about 3 PV to about 7
PV. In this period, the core is fully saturated with carbonated water, leading to stable
flow. Unstable flow sets in from about 7 PV to the end of the test. In this period, the
pressure drop is seen to rise sharply and fall to a rather haphazard behavior towards
the end of the test. The EDS results in Table 1 shows the effluent sample is composed
predominantly of Na (17.53%) and Cl (29.79) which are probably the components of
the effluent brine. The results also reveal the presence of minerals such as Fe, Si, Al,
Ni, and Co which were not present in the saturating brine and the injected carbonated
water. Therefore, Fe, Si, Al, Ni, and Co were most likely dissolved from the
Bentheimer core through the interaction of the carbonated water and the rock min-
erals. The EDS analysis show low amounts of Fe, Si, Al, Ni, and Co, because only few
particles were likely to be washed out of the core.

5.1.2 Effect of salt precipitation

Salt precipitation is an existing injectivity challenge in natural gas wells. Kleinitz
et al. [81] reported field observation of severe halite-scaling during natural gas pro-
duction. Similar field experiences have been reported during injection, storage and
production of natural gas [82–84]. In the context of field CO2 injection, Baumann
et al. [85] and Grude et al. [86] have reported evidence of salt precipitation effects in
the Ketzin pilot reservoir and the Snøhvit field, respectively. More recently, Talman
et al. [87] investigated drying and salt precipitation effects in a CO2 injection well at
the Aquistore site. Downhole images taken from the injection well, together with
recovered samples revealed that scales of salts have formed on the inside of the
injection well.

Miri and Hellevang [12] identified the processes leading to salt precipitation as: (1)
immiscible two-phase CO2-brine displacement; (2) vaporization of brine into the
flowing CO2 stream; (3) capillary back-flow of brine towards the inlet; (4) diffusion
of dissolved salt in the porewater; (5) gravity override of CO2; and (6) salt self-
enhancing. While results from numerical modeling work reported by Roels et al. [88]
suggested that precipitated salt could accumulate far from the wellbore, several
research works [89–91] show that precipitated salt accumulates near the wellbore.
Permeability impairment between 13 and 83% and porosity reduction between 2 and
15% have been reported from laboratory core-flood experiments [92–97]. These
experimental findings have been found to be consistent with theoretical and numeri-
cal simulations [61, 98–100].

Pruess and Muller [89] suggested that pre-flush of the injection region with fresh-
water could reduce salt precipitation. However, Kleinitz et al., [81] have shown that
freshwater injection could not mitigate salt precipitation if the flow area is completely
plugged by solid salt. Fresh water also has a high tendency to react with rock minerals,
leading to other injectivity impairment challenges such as clay swelling.

Sokama-Neuyam [101] grouped the mechanisms of salt precipitation into two
successive processes: salt cake development at the injection inlet and drying effects.
Salt cake forms on the surface of the core inlet during early stages of brine vaporiza-
tion prior to drying. As drying commences, salt precipitates into pore spaces in the
dry-out zone.

Sokama-Neuyam [101] investigated the development of salt cake on the surface of
the injection inlet. They flooded a Bentheimer sandstone saturated with about 120 g/L
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NaCl brine with about 100 PV of dry supercritical CO2 at a rate of 1 mL/min. Figure 3
shows photographs of the rock taken during inspection. In Figure 3A, we observe that
no salt was formed at the core outlet. Figure 3B shows massive salt cake deposition at
the core inlet and Figure 3C shows that the entire length of the core was still wet.
They reported that salt cake formation at the injection inlet was caused by (1) High
brine salinity and (2) Poor brine displacement at the injection inlet.

Furthermore, there are similarities between the increasing trend of injectivity
impairment expressed by salt precipitation in Sokama-Neuyam [101] and those
described by Yusof et al. [102, 103]. In their study, they examined the effects of brine
salinity and brine type on CO2 injectivity changes. They found that the injectivity
reduction increased almost linearly between 6 and 27.3% as the brine salinity increases
from zero to 100,000 ppm. The increasing growth of salt precipitation which reduced
the porosity and effective flow area was identified as the main cause of the downtrend
of CO2 injectivity. It was also reported that the sandstone core saturated with mono-
valent salt such as NaCl and KCl was heavily impaired by salt precipitation as com-
pared to the sandstone core filled by the divalent salt system (CaCl2). However, these
findings may be somewhat limited by constant brine salinity of 30,000 ppm.

Moreover, to investigate the effect of drying, Sokama-Neuyam [101] flooded a
Berea sandstone core initially saturated with NaCl brine with about 300 PV of super-
critical CO2 at a rate of 1 mL/min until the core was completely dried. The permeabil-
ity of the core after drying was measured and a relative injectivity indexβ which
measures the injectivity of the core before and after impairment was calculated. They
then repeated the test at injection flow rate of 5 mL/min and 10 mL/min, keeping all
other parameters constant, to study the effect of injection flow rate. Figure 4 shows

Figure 3.
Photographs of Bentheirmer core after CO2 was injected at 1 mL/min into the core initially saturated with 120 g/L
NaCl brine. (A) No salt cake observed at the core outlet. (B) Massive salt cake found at the injection inlet. (C) the
entire core remains wet [101].
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results of injectivity impairment induced by drying and salt precipitation at varying
CO2 injection flow rates.

From Figure 4, it was observed that CO2 injectivity was impaired by about 36%
for drying rate of 1 mL/min. Injectivity impairment decreased from 36% to about
25% when drying rate was increased to 5 mL/min and remained practically
unchanged when the drying rate was further increased to 10 mL/min. Several
researchers [94, 96, 104, 105] have earlier reported CO2 injectivity impairment
within a range (13–83%) that is in agreement with the these figures. During drying
and brine vaporization, when the concentration of brine exceed supersaturation, salt
precipitates into the pores in the dry-out region as also observed by Zuluaga et al.
[106]. The deposited salts reduce the CO2 flow area, impairing permeability and
injectivity.

As drying progresses, a saturation gradient is established which draws more brine
into the dry-out region through capillary backflow. Capillary backflow of brine leads
to more salt deposition in the dry-out region. The capillary backflow of brine
increases with decreasing drying rate because at high CO2 injection flow rates,
viscous forces overcome capillary forces. Therefore, less salts are precipitated in the
dry-out region at high injection flow rates, inducing low injectivity impairment as
observed in Figure 4. Injectivity impairment did not change when drying rate was
further increased from 5 mL/min to 10 mL/min because at these injection flow rates,
the resident brine is quickly swept out of the core, leaving out only immobile brine
for salt precipitation.

During injection of dry supercritical CO2 into brine-saturated sandstone cores,
the dry-out region close to the injection inlet, extends into the core as more CO2 is
injected. The effect of extension of the dry-out zone on CO2 injectivity is vital for
understanding the underlying mechanisms of brine vaporization and salt precipita-
tion. Sokama-Neuyam et al. [107] conducted experimental and theoretical study to
investigate the development of the dry-out zone and estimate the impact of exten-
sion of the dry-out region on CO2 injectivity. Figure 5 shows the impact of the
advancing dry-out zone quantified by a dimensionless dry-out length, ld on CO2

injectivity impairment β. From Figure 5, CO2 injectivity impairment peaked at the
onset of drying. Injectivity impairment decreased to a minimum atld of about 0.45
and then rose slightly as the dry-out zone approached the core effluent end. At the

Figure 4.
Effect of drying and salt precipitation on CO2 injectivity. Injectivity impairment, β increased with decreasing CO2
injection rate.
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start-up of drying, two mechanisms could impair CO2 injectivity: salt precipitation
and relative permeability effects. Brine vaporization rate is at its highest close to the
inlet region because of the high capillary driven back-fluxes. As more brine is
vaporized, more salt is precipitated into the pores which in turn increased the
resistance to flow in this region. As the drying front advances into the core, brine
vaporization and salt precipitation decreased as most of the brine were drawn into
the inlet region by capillary backflow, leaving the remaining section of the core with
less amount of brine available for salt precipitation. When the core is almost
completely dried, brine vaporization and salt precipitation in around the effluent end
of the core are almost negligible.

To meet the global CO2 emission reduction target, large injection rates will be
required. Thus, after salt precipitation, there is continuous injection of CO2 into the
reservoir. The effect of drag forces on the deposited salt was studied by Sokama-
Neuyam et al. [108]. A Berea core sample was initially vacuum saturated with FW and
vaporized to complete dryness to precipitate salt into the pores. The liquid CO2

permeability of the core and pressure drop across two sections of the core were
measured with a pressure-tapped core holder. The core was then flooded with about
150 PV of supercritical CO2 at a constant injection rate of 2.5 mL/min. During this
period of CO2 injection, drag forces were expected to act on the precipitated salts.
Permeability and pressure drop across the same sections of the core was measured
after CO2 flooding. Figure 6 shows permeability change induced by the effect of drag
forces on precipitated salts at varying injection rates.

The net drag force exerted by supercritical CO2 on precipitated salts depends
strongly on the volumetric injection flow rate (v), increasing with increase in flow
rate. The precipitated salts are held to the pore walls mostly by gravitational and
electrostatic forces offered by the complex pore structure and rock minerals. If drag
forces overcome these attractive forces, the accumulated salts could be dislodged or
redistributed in the pores, altering the permeability as a result. The magnitude of
permeability change should therefore be proportional to the drag force which in tend
depends on the injection flow rate.

CO2 alternating Low Salinity Water Flooding (CO2-LSWAG) is a promising EOR
technique [37, 38, 109, 110]. Sokama-Neuyam et al. [97] investigated CO2 alternating

Figure 5.
The impact of the dry-out length (Ld) on CO2 injectivity impairment (β) induced by salt precipitation. Magnitude
of injectivity impairment increased when brine salinity was doubled from 75 g/L to 150 g/L but successive changes
in injectivity impairment was not influenced by change in brine salinity [107].
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low salinity water injection as a potential technique to mitigate salt precipitation
effects on CO2 injectivity. After salt precipitation, a slug of diluent was injected to
dissolve the precipitated salts, thus temporarily improving CO2 injectivity. The dilu-
ent used was low salinity water (LSW) which was prepared by diluting FW to lower
brine salinity. Figure 7 shows injectivity improvement obtained as a function of mass
fraction of salt (Xs) in the diluent brine.

In general, CO2 injectivity improved from 8.66 to 31.62% when the mass fraction
of salt in the diluent,Xs was decreased stepwise from 8.44 to about 2.11. The solubility
of precipitated minerals in the diluent LSW increased with decreasing brine salinity,
because, as the brine is further diluted, more free water molecules become available to
interact with the precipitated salts. AtXs ¼ 1:06, injectivity dropped significantly and
the experimental data deviates dramatically from the simulation results, signifying
additional injectivity impairment other than salt precipitation. At this point, the
diluent starts to interact chemically with the rock minerals. Interaction between rock
minerals and the diluent could induce clay swelling and colloidal transport, which
have the tendency to aggravate CO2 injectivity impairment.

Figure 6.
The impact of CO2 injection flow rate on the effect of drag on permeability after salt precipitation. Permeability
change is the difference between the core permeability after salt precipitation and before drag test and the
permeability after drag test [108].

Figure 7.
Effect of diluent brine salinity on CO2 injectivity change induced by alternate injection of supercritical CO2 and
LSW [111].
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5.2 Transport effects

The mechanisms of fines migration and the impact of particle transport on the
petrophysical properties of reservoir rocks have been previously researched. Khilar
and Fogler [112] presented the mechanisms of colloidal and hydrodynamic induced
release of fine particles in porous media. Muecke [113] investigated parameters con-
trolling the movement of fine particles within the pore spaces. They identified the pH
and salinity of formation brine, flow rate and temperature as some of the underlying
parameters. Khilar and Fogler [114] asserted the existence of a critical salt concentra-
tion below which the pore fluid could weaken the Van der Waal’s forces holding fine
particles to the pore walls. Gruesbeck and Collins, [115] investigated the effect of
hydrodynamic forces on the release and transport of fines. They identified a minimum
interstitial velocity for fines entrainment. The effect of two-phase flow and rock
wettability on fines entrainment has been experimentally investigated by Sarkar and
Sharma [116]. They found that, the wettability of the core could affect the extent and
rate of permeability impairment induced by migratory fines. Analytical models have
been developed by Sharma and Yortsos [117] to investigate the mechanisms of size
exclusion and quantify the effect of particle entrapment on rock permeability. Many
other studies of fines migration in porous media under various conditions have been
reported [118–120]. A thorough analysis of formation damage induced by migratory
fines can be found in Civan [121].

We have already discussed that geochemical CO2-brine-rock reaction could gener-
ate secondary minerals into the pore fluid [73, 122, 123]. In addition, CO2-brine
interactions could alter the pH of formation fluid which could induce the release of
formation fines from the pore walls [115, 124]. While flowing with the injected fluid,
the mineral particles could clog pore channels and impair injectivity. Whether
entrapment or piping of fines will dominate the flow depends on characteristics of the
generated fine particles, the porous medium and the permeating fluid in which the
particles are suspended [125–127]. Pore structure, the size and concentration of the
minerals and the hydrodynamic and colloidal conditions of the suspending
medium could also affect their impact on CO2 injectivity. Under radial flow condi-
tions, plugging effects could be limited to the near well region where fluxes are
highest.

The general mechanisms of fines mobilization in porous media have been well
researched and understood. However, the unique properties of supercritical CO2

including its gas-like viscosity and liquid-like density [128] coupled with the expected
high CO2 injection rates required to meet global emission reduction targets and the
drying effect of supercritical CO2 makes fines mobilization under CO2 injection con-
ditions a unique challenge that must be investigated separately. Adaptation and
extension of previous general findings on fines migration is required to understand
the mechanisms and impact of fines migration within the context of CO2 injection.

Sokama-Neuyam [80] conducted core-flood experiments to measure the effect of
dissolution on injectivity. A Berea sandstone core sample with known permeability
was initially saturated with FW, and then flooded with about 25 PV of carbonated
water at 80 bar and 60°C at constant injection rate of 0.25 mL/min to release and
mobilize fine particles in the rock. The permeability of the core after carbonated water
flooding was measured, and injectivity impairment index, β, was calculated. The
experiment was then repeated at injection flow rates of 0.5 mL/min and 1.0 mL/min.
Figure 8 shows injectivity impairment decreased with increasing carbonated water
injection flow rate.
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As injection flow rate is increased, the resident time of carbonated water in
the rock is shortened. The number of fines generated will then decrease as the
injection flow rate is increased. In addition, at high injection flow rate,
hydrodynamic forces could lift smaller particles out of the core with the effluent
fluid. The number of fines available to plug the rock, and therefore the chances of
injectivity impairment, will reduce as carbonated water injection flow rate is
increased. Up to 26% injectivity impairment was induced by mineral dissolution
and fines mobilization during carbonated water injection into the Berea
sandstone cores. Injectivity impairment decreased as injection flow rate was
increased.

Sokama-Neuyam et al. [129] attempted to quantify and compare the individual
effects of fines mobilization and salt precipitation on CO2 injectivity. Mono-disperse
colloid solutions were used to represent the pore fluid containing particles after
mineral dissolution. A Berea sandstone core sample was initially saturated with
mono-disperse colloid solution with average particle size of 0.08 μm and particle
concentration of 0.3 wt.% and flooded with about 40 PV of supercritical CO2 at
5 mL/min to complete dryness. The relative injectivity change, β, was calculated from
the permeability of the core measured before and after it was exposed to mineral
impairment. The experiment was repeated for particle concentrations of 0.5 and
1.0 wt.%. Figure 9 shows injectivity impairment induced as a function of composi-
tion of the pore fluid.

In Figure 9, while salt precipitation reduced injectivity by about 26.8%, particle
concentration of 0.3 wt.% impaired injectivity by 74.9% through fines mobilization.
About 1.0 wt.% of particles in the pore fluid almost plugged the rock. When CO2

invades the pores, the mono-disperse particles could plug the narrow pore channels
through bridging, surface deposition, or multi-particle blocking. As particle concen-
tration increases, the distance between suspended particles shortens, enhancing
multi-particle blocking of the invaded pores. On the other hand, precipitated salts coat
the pore walls to reduce the flow area. While salt precipitation reduces the flow area,
fines entrapment could plug and isolate the flow path, making them inaccessible to
fluid flow. The results suggest that, under linear flow conditions, fines mobilization
could induce severe CO2 injectivity impairment comparable to the impact of salt
precipitation.

Figure 8.
Effect of injection flow rate on injectivity impairment induced by fines plugging. Injectivity impairment decreased
with increasing carbonated water injection flow rate [80].
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5.3 The coupled effect of salt precipitation and fines mobilization

Preliminary theoretical studies suggests that fines mobilization could compound
CO2 injectivity impairment induced by salt precipitation [80, 101]. After salt precip-
itation, the deposited salt reduces the pore spaces, increasing the jamming ratio of
particles being transported in the flowing stream. A schematic diagram that summa-
rizes the role of mineral dissolution, salt precipitation and fines migration mechanisms
on CO2 injectivity impairment is shown in Figure 10. Salt precipitation increases the
susceptibility of the rock to fines entrapment. Sokama-Neuyam et al. [131], developed
a dynamic core-scale model based on experimental observations to investigate the
coupled effect of fines mobilization and salt precipitation on CO2 injectivity. The
effect of brine salinity, initial core permeability and the order of coupling were
studied. Figure 11 shows injectivity impairment induced by the combined effect of
particle entrapment and salt precipitation compared to the effect of only fines mobi-
lization.

Figure 9.
The relative impact of fines mobilization and salt precipitation on CO2 injectivity. Fines migration had a more
severe impact on injectivity compared to salt precipitation [129].

Figure 10.
Schematic diagram of mineral dissolution, salt precipitation and fines migration mechanisms during CO2 injection
into saline aquifer [130].
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Generally, injectivity impairment induced by particle entrapment increases with
average particle size in the inlet fluid, rp. For the base case (No salt), particles less than
the average pore radius (6 μm) did not induce significant injectivity impairment.
These particles generally piped through the pores as they have a jamming ratio less
than 1.0. As rp increases, more pores attain a jamming ratio greater than 1.0 and are
plugged and isolated. As more pores are plugged and isolated, the flow area available
to injected CO2 decreases, impairing the injectivity. Figure 11 also shows that coupling
particles entrapment and salt precipitation increases CO2 injectivity impairment sig-
nificantly with the severity of impairment increasing with initial brine salinity. The
deposited salt reduces the pore spaces and increases the jamming ratio. Particles that
could pipe through the clean pores would be entrapped after salt precipitation. Thus,
salt precipitation could compound the effect of fines mobilization on CO2 injectivity.

6. Challenges and opportunities

Reviewing the previous works on CO2 injectivity has thrown up many questions in
need of further investigation. Some of the highlighted concerns are as follows.

• Most of previous studies that have been made in the context of CO2 storage have
focused on salt precipitation. Little experimental work has been performed to
better understand near-well rock compaction, impact of temperature and
operational parameters (drilling mud, residual hydrocarbons in pores). To give
research-based advice on injectivity loss it is necessary to take geology and
geomechanics into account. These cannot be reliably assessed without studying
radial flow of CO2 (both injection and backflow) under true subsurface stress
conditions. Temperature issues should also be considered for the cases such as
injection of cold CO2 with potential to fracture the near-well rock and thus
increase the permeability.

• Further work is required to enable direct pore-scale, real-time visualization of
fluid-solid interactions with representative pore-geometry and realistic surface
interactions between injectant, reservoir fluids and the formation rock.

Figure 11.
Effect of fines mobilization compared to coupled effect of salt precipitation and particle entrapment [131].
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• Current research approach to understand the reaction mechanism of CO2-brine-
rock for CO2 sequestration are mainly limited to pure CO2. However, due to high
cost of gas purification, industrially sourced injection stream CO2 contain
impurities such as SO2 which when dissolved in formation water will increase
acidity beyond that of carbonic acid formed through CO2 dissolution alone and
may also have different reaction mechanism towards rock minerals present in
subsurface CO2 storage. Therefore, there is a need for a study to evaluate the
effect of CO2 and impurities in brine solution on chemical and physical rock
properties.

• Majority of the dynamic CO2 injection experiments are conducted within a
limited time considering the limitation of available equipment. Therefore, there
is an argument among the researchers on the sufficient CO2 solubility into the
brine and establishment of acidic environment that is critical in geochemistry
study. Any future work to extend the CO2 exposure time is highly recommended
to identify the extended scale accumulation, mineral dissolution, and fines
migration problems.

• Recent work on wettability during CO2 injection has focused on the wettability
changes of glass micromodel and shows that with increasing ionic strength,
contact angle increases with increasing residence time. However, with
understanding that fine particles released during CO2 injection, may have not
been exposed if the surface of the rock, its wettability may be slightly different or
remain unaffected. Investigating the wettability of the released fines particles
may provide insight on the behavior in which the fines particles migrate and
accumulate.

• When it comes to mechanical stability, initial studies have shown that cyclic
injection and shut-in may influence borehole deformation. This is probably
exacerbated if some drawdown is experienced upon shut in. Shut-in cycle
frequency effect on the amount of borehole deformation should be studied in
more detail.

• Available field data and observation reports indicate the occurrence of injectivity
loss. However, detail investigation analysis on the main issues that caused the
problem is limited to certain fields. While there are more than 20 active fields
worldwide, it should not be challenging to share their findings since the CO2

mitigation would require collaboration.

7. Conclusion

In this chapter, a review of the current literature indicates that dissolution, pre-
cipitation, and fines mobilization are the main mechanisms that cause CO2 injectivity
impairments especially in deep saline reservoirs. Dissolution of carbonate minerals
due to CO2-brine-rock reaction is dominant and could increase the porosity and
permeability of sandstone core samples. On the other hand, detachment, precipitation
of salt and clay minerals and deposition of fines particles would decrease the perme-
ability and even clog the flow paths despite net dissolution. The effect of these two
seemingly opposing processes on CO2 injectivity has been clearly demonstrated
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through numerous experimental studies supported by some field reports. However,
the results are case dependent and lack generality in terms of quantifying the
petrophysical damage.

There are many underlying parameters with positive and negative impacts on CO2

injectivity. It has been highlighted that injection scheme (flow rate, time frame),
mineral composition (clay content, sensitive minerals), particulate process in porous
media (pore geometry, particle, and carrier fluid properties), and thermodynamic
conditions (pressure, temperature, salinity, CO2, and brine composition) have sub-
stantial effect on fines migration during CO2 injection. However, there is abundant
room for further progress in determining the impact of different fluid-rock mecha-
nisms on CO2 injectivity.
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Chapter 6

Geomechanics of Geological
Carbon Sequestration
Yongcun Feng and Shui Zhang

Abstract

Geological Carbon Sequestration (GCS) is an effective way to fight against global
warming by capturing and injecting CO2 into geological formations to ensure
permanent storage as well as to prevent the environmental and health threats posed
by carbon dioxide emissions. Security has been a key factor in the social acceptance of
this technology, besides the issues related to economics. From a scientific point of
view, the safety issues during CO2 injection and long-term storage are highly related
to geomechanics. This chapter provides a basic knowledge of the geomechanical issues
involved in the GCS process to increase the understanding of safety issues and to
improve the social acceptance of the technology among researchers and those inter-
ested in the technology.

Keywords: geological carbon sequestration, trapping mechanisms, stress change,
caprock integrity, well integrity, induced seismicity

1. Introduction

To date, the application of GCS on a commercial scale is considered to be an
effective solution for reducing the greenhouse effect [1]. GCS projects are carried out
in highly permeable, porous formations at a certain depth, and CO2 is typically
injected in a supercritical state. It is necessary to ensure that the CO2 injected into the
subsurface does not or rarely leak within a very long time (at least 1000 years) for
large-scale applications and public acceptance [2–6]. The types of CO2 leaks are
classified as physical and chemical and the essence of these is the geomechanical issues
during CO2 injection and storage, such as excessive stress changes, fault activation,
damage to wellbore integrity, and caprock failure due to continuous injection and
long-term storage [7–12]. This chapter introduces the geomechanical issues involved
in the GCS process from the perspectives of the CO2 trapping mechanism, in-situ
stress changes, caprock performance, wellbore integrity, and induced seismicity.

2. Trapping mechanisms

In recent years, an increasing number of studies have focused on the short- and
long-term effects of CO2 injection into the subsurface. In most projects, CO2 is
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injected in a supercritical state which can be stored in a gaseous, liquid, or
supercritical state depending on the formation conditions. At the initial stage of
injection, CO2 will move toward the caprock layer due to the temperature-pressure
conditions and density difference, and will eventually be blocked by the caprock
layer. Then, the CO2 can be captured as residual gas when groundwater intrusion
occurs during the movement. In addition, CO2 can be dissolved in groundwater and
chemical reactions can occur by contact with rocks, which will contribute to CO2

capture. Therefore, there are four trapping mechanisms for CO2 in the storage
process, that is, stratigraphic trapping, residual trapping, solubility trapping, and
mineral trapping. These mechanisms are activated at different periods of the
sequestration, as shown in Figure 1. Stratigraphic trapping is in charge of the initial
CO2 storage. Residual trapping and dissolved trapping play an important role in the
transport of CO2. Mineral trapping is formed when the CO2 diffuses in the formation
and contacts the rock. At this time, CO2 is in the most stable state and the risk of
leakage is minimized [14–18].

2.1 Stratigraphic trapping

The stratigraphic trapping mechanism is determined by geological structure [19].
A complex geological structure is formed during the deposition of the formation, and
the locations with high and low permeability determine the fluid flow within the
formation. The CO2 injected into the formation will rise or move laterally until
reaching a low permeable or impermeable caprock because the density of CO2 is less
than that of the fluid formation. CO2 will be confined below the caprock in a super-
critical, liquid, or gaseous state. Physical traps for storing CO2 are formed by low-
permeability formations or structures. The typical structural trap includes an anticline
or a sealed fault, as shown in Figure 2.

Figure 1.
Relative importance of trapping mechanisms with time [13].
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2.2 Residual trapping

Residual trapping is a phenomenon in which CO2 is trapped in the pores of rocks
by capillary force. While the CO2 is injected, it will enter the rock pore space and
replace the original fluid. The difference in density between groundwater and CO2

causes an upward. Then, the groundwater re-enters the rock pore space and the
wetting phase (groundwater) will replace part of the weak wetting phase (CO2). The
replacement of CO2 by groundwater leads to a significant reduction in the percentage
of CO2 in the rock pores, which are eventually trapped in the small pores, as shown in
Figure 3. Thus, the isolated CO2 is trapped as a stable phase by a trapping mechanism
called residual trapping or capillary trapping [15, 21].

2.3 Solubility trapping

Solubility trapping is the dissolution of CO2 in the formation fluid to achieve CO2

storage. After injection, CO2 is dissolved in the fluid formation until reaching satura-
tion, due to the interaction of CO2, groundwater, and hydrocarbons. The density
difference between the fluid formation and CO2 causes the CO2 to migrate upward to

Figure 2.
Typical structural traps (reproduced from [20]).

Figure 3.
Schematic diagram of residual trapping (reproduced from [20]).
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contact more water formation that is not saturated. Meanwhile, CO2 dissolved in
the groundwater will slightly increase its density. Both of these phenomena increase
the exchange of CO2 and groundwater and accelerate solubility trapping. The solubil-
ity of CO2 depends on the temperature, pressure, and saturation of the formation
water [22].

2.4 Mineral trapping

Mineral trapping is a long-term trapping mechanism that involves contact and
reaction with stratigraphic minerals and organic substances after CO2 injection to
form a stable mineral phase, resulting in long-term storage of CO2. For example, the
forming of carbonate minerals reduces the porosity and permeability of the rock and
enhances the stability and integrity of the reservoir over time. The reaction rate of
formation minerals with CO2 depends on temperature, pressure, pH, and the concen-
tration of other substances. It is noted that the forming of carbonate mineralization is
a very slow process, as the reaction rates are usually very low, and therefore mineral
trapping will only become important on geological time scales [23].

3. Stress response

The geomechanical issues in the GCS process are all driven by changes in the
formation of pressure and ground stress. Therefore, it is important to first clarify the
characteristics of the stress response in the formation for investigating the
geomechanical issues.

3.1 Effective stress and stress path

3.1.1 Effective stress

The mechanical response of the rock is the result of the combination of pore
pressure and in-situ stress. Terzaghi (1996) proposed the effective stress principle for
describing the mechanical response of porous media. Effective stress is defined as the
stress applied on the porous medium or the total stress minus the product of the pore
pressure (fluid pressure) and the effective stress coefficient. In one-dimensional con-
ditions it can be expressed as follows [24, 25]:

σ0 ¼ σ � αPp (1)

where σ0 is the effective stress; σ is the total stress; α is the effective stress
coefficient; Pp is the pore pressure.

The three-dimensional condition is expressed as:

σ0ij ¼ σij � αPpδij (2)

where σ0ij is the index notation of the effective stress tensor; σij is the index notation
of the total stress tensor; δij is Kronecker’s delta, wheni ¼ j, δij ¼ 1; i 6¼ j, δij ¼ 0.

The effective stress coefficient, also called the Biot coefficient, can be calculated by
the following equation.
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α ¼ 1� Kdry

Km
(3)

where Kdry is the bulk modulus of the dry porous rock; Km is the bulk modulus of
the matrix mineral in the rock. In Terzaghi’s effective stress law α =1.

3.1.2 Stress path

The stress path, also known as the “stress history in the plane of maximum obliq-
uity” is a common concept in geotechnics and rock mechanics. It refers to the trajec-
tory of the stress path and stress history in the stress plane of stress space of a point in
the core under the action of external forces, and is generally divided into effective
stress path (ESP) and total stress path (TSP).

To understand the stress paths, consider a typical triaxial stress experiment in a
core (Figure 4a). At any time, the stress state in the core can be represented by a
Mohr circle (Figure 4b). It should be noted that during the triaxial experiments, the
pore pressure can be neglected so that the total stress is equal to the effective stress. In
triaxial compression tests, the maximum principal stress (σ1) is applied along the axis
of the cylindrical rock specimen, and the minimum principal stresses (σ2 and σ3) are
applied on the lateral surface of the specimen. It is necessary to supplement the Mohr-
Coulomb theory. Shear damage occurs at that point when the shear stress is equal to
the shear strength of the material in any plane. The shear stress (shear strength) on
the damaged plane depends on the normal stress on the shear plane and the properties
of the rock and is a function of the normal stress on the shear plane [27–29].

The coordinates on the Mohr circle when considering the effective normal and
shear stresses in the plane at an angle of 45o to the principal plane are calculated by
[30–32]:

The effective normal stress p0 ¼ σ01 þ σ03
2

(4)

The effective shear stress q0 ¼ σ01 � σ03
2

(5)

where σ01 is the effective maximum principal stress; σ03 is the effective minimum
principal stress.

Figure 4.
(a) Triaxial stress experiment schematic; (b) laboratory stress path schematic; (c) schematic of total stress circle
and effective stress circle (reproduced from [26]).
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Connecting the points corresponding to coordinates p0 and q0 on each Mohr circle,
as shown in line AB, is the stress path. In the formation conditions, the in-situ stress
generally refers to the total stress. The pore pressure separates the effective stress
circle from the total stress circle, as shown in Figure 4c, but they have the same
diameter. In GCS engineering, shear failure, fault activation, and caprock failure can
be determined by plotting the effective stress Mohr circle and effective stress path at a
point in the formation [32].

3.1.3 Stress path coefficient

Effective stress is the key parameter for determining whether or not damage will
occur in the rock. The injection of CO2 will lead to an increase in the pore pressure.
According to Eq. (1), the effective stress decreases, and the response to the Mohr
circle is shifted to the left, as shown in Figure 5. Assuming constant total stress, the
Mohr circle simply translates to the left until it intersects the failure envelope,
resulting in shear damage. However, the increase in pore pressure leads to the expan-
sion of the formation, which further leads to the change in total stress. The ratio of the
variation of the total stress and the variation of the pore pressure is the stress path
coefficient [33].

γv ¼
Δσv
Δpp

, γh ¼
Δσh
Δpp

(6)

where γv is the vertical stress path coefficient; γh is the horizontal stress path
coefficient; Δσv is the vertical stress variation value; Δσh is the horizontal stress
variation value; Δpp is the pore pressure variation value.

3.2 Effective stress variation law

During field construction, once fluid injection begins, the reservoir stress will
change with the rapid propagation of fluid pressure in the injection zone, causing the

Figure 5.
Trend of Mohr circle with increasing pore pressure at constant total stress.
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change in the reservoir stress field. In this case, the calculation of the effective stress
requires consideration of the stress path coefficients. In a formation with a wide lateral
distribution, the horizontal stress path coefficient can be calculated as [33, 34]:

γh ¼
Δσh
Δpp

¼ α
1� 2μ
1� μ

(7)

where μ is the Poisson’s ratio.
The horizontal stress path coefficient is less than 1 because is less than 1. However,

the vertical total stress can be considered to remain constant since the vertical formation
expansion is not constrained, that is, the vertical stress path coefficient is equal to 0. It
means that the horizontal total stress will change, while the vertical total stress remains
constant. At this time the maximum and minimum effective stress change differently,
Mohr’s circle will not only move but also the diameter will change, as shown in Figure 6.

4. Caprock integrity

The effective and shear stress in the formation continues to change during the
injection of CO2. The tensile or shear damage will occur when the effective or shear
stress reaches a certain critical point, forming fractures and providing leakage chan-
nels for CO2.

4.1 Failure type

Two types of failures can occur during the continuous injection process, that is,
tensile and shear failure. The effective stress continues to decrease to 0 as the pore
pressure increases during the continuous injection of CO2. Then it grows in the
opposite direction and changes from compressive stress to tensile stress. Tensile
failure will occur when the tensile stress exceeds the tensile strength of the rock. The
principle is the same as that of hydraulic fracturing. Therefore, it is necessary to
calculate the fracture pressure of the formation before injection, and then inject CO2

at a pressure lower than the fracture pressure. Typical fracture pressure calculation
methods can be found in hydraulic fracturing-related studies. The shear failure will

Figure 6.
Mohr circle variation considering stress path coefficients.
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occur when the shear stress at a point reaches its shear strength. The Mohr-Coulomb
criterion is used to determine whether a shear failure has occurred in the rock.

The maturity of hydraulic fracturing technology has made the determination of
tensile failure easier. And the existence of stress path coefficients leads to a more
complicated determination of shear damage. More importantly, the shear effect of
injecting CO2 varies in different fault regimes [35–39].

4.2 Normal fault regime

In a normal fault regime formation, as shown in Figure 7a, the maximum principal
stress is the vertical (overburden) stress and the minimum principal stress is the mini-
mum horizontal principal stress. In this stress regime, the initial Mohr circle of the
formation is shown in Figure 7b and the variation of the Mohr circle with the injection
of CO2 is shown in Figure 7c. The variation of the maximum effective stress is greater
as compared to that of the minimum effective stress when the pore pressure increases.
The phenomenon that can be observed is that the radius of the Mohr circle will decrease
and move slightly to the left, which implies the reduction of the shear stress. Therefore,
at the early stage of CO2 injection, the Mohr circle will move away from the damage
envelope and the stability of the caprock and fault will increase to some extent. The
shear stress decreases continuously with the injection of CO2 until the maximum and
minimum effective stresses are equal, and then the Mohr circle reverses [40, 41].

4.3 Strike-slip fault regime

In the strike-slip fault regime as shown in Figure 8a, both the maximum and
minimum principal stresses are in the horizontal direction. In this regime, the initial

Figure 7.
(a) Normal fault regime; (b) initial Mohr circle; (c) schematic of Mohr circle variation.

Figure 8.
(a) Strike-slip fault regime; (b) initial Mohr circle; (c) schematic of Mohr circle variation.
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Mohr circle of the formation is shown in Figure 8b. The maximum and minimum
effective stresses have the same variation and the diameter of the Mohr circle is
constant when CO2 is injected into the strike-slip regime formation because the
horizontal stress path coefficients are the same. However, the Mohr circle
rapidly moves to the left and closer to the damage envelope due to the reduction
of the effective stress, causing the formation to become unstable, as shown in
Figure 8c [42].

4.4 Thrust fault regime

In a thrust fault regime, as shown in Figure 9a, the maximum principal stress is
the horizontal stress, while the minimum principal stress is the vertical stress. In this
regime, the initial Mohr circle of the formation is shown in Figure 9b. The maximum
effective stress changes less than the minimum effective stress when CO2 is injected.
Therefore, the radius of the Mohr circle increases and rapidly moves to the left during
the injection process, and the shear stress increases (Figure 9c). The distance between
the Mohr circle and the damage envelope will decrease rapidly, and then the caprock
stability will decrease. Therefore, according to the trend of the Mohr circle, the
reservoir and caprock will be more stable in the normal fault regime than in the thrust
regime [40, 43].

In summary, the changes in Mohr circles are very different when CO2 is injected
into formations with different stress regimes. Generally, the formation is most stable
in the normal fault regime, followed by the strike-slip regime, and the least stable is
the thrust regime.

5. Well integrity

Well integrity is generally defined as the ability of a well to produce or inject a fluid
while preventing harmful fluid leaks to reduce the risk of uncontrolled leakage of
fluids formation throughout the life of the well. Well integrity is key to the success of
geologic carbon sequestration and CO2 enhanced recovery operations. Modern wells
are designed with multiple barriers to create a controlled injection or production
pathway and to isolate the fluid in the formation along with its depth. Wells will be
impacted by physical, chemical, and mechanical stresses, which can reduce the effec-
tiveness of the barrier and ultimately lead to loss of integrity. In CO2 injection areas,
these effects may be amplified because of high temperature and pressure variations in
the injection well, higher injection pressure, and reactions between the CO2-brine

Figure 9.
(a) Thrust fault regime; (b) initial Mohr circle; (c) schematic of Mohr circle variation.
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mixture with the well material. A well with compromised integrity may not be able to
prevent upward transport of injected CO2 and other formation fluids (e.g. brine,
hydrocarbons). The leaked liquid will become greenhouse gas if it is released into the
atmosphere and will contaminate drinkable groundwater resources if it leaks into
subsurface water formations [44, 45].

5.1 Leak path

The function of cement sheath in oil and gas wells is to seal formation fluids,
support and suspend casing, protect the wellbore, and provide a certain alkaline
environment to avoid casing corrosion and ensure wellbore integrity. However, after
carbon dioxide is injected into the subsurface, it will corrode the cement sheath and
casing under suitable humidity and pressure conditions cause problems, such as a
decrease in the strength of the cement sheath and an increase in its permeability.
Furthermore, the corrosion effect, cement hardening, and alternate injection pro-
cesses will impact casing and cement sheath strength and stress distribution in the
near-well region, exacerbating wellbore integrity failure. Figure 10 shows the CO2

leak path due to wellbore integrity failure [45, 47].

(1) Casing corrosion creating fractures (#1)

(2) Incomplete and inadequate cement pouring existing leakage paths (#2, #9)

(3) Flow upward through the annulus or naked well (#3, #4)

(4) Leakage along the thread of the casing connection (#5)

Figure 10.
Schematic diagram of leak pathways related to wellbore integrity (reproduced from [46]).
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(5) Leakage along formations damaged during drilling (#6)

(6) Casing-cement and cement-formation interface debonding resulting in
microfractures (#7, #12)

(7) Poor cement consolidation quality with permeability (#8)

(8) Fractures or gas channels in cement (#10, #11)

5.2 Chemical well integrity failure

Silicate cement is usually used as a sealing material when completing a well. The
reaction occurs when the cement comes into contact with CO2, resulting in the
degradation of the cement. The continuous reaction of cement with CO2 increases the
porosity of the cement matrix, which also allows chloride ions to pass through the
matrix causing corrosion of the casing [48, 49].

However, the consequences of the reaction between cement and CO2 are not
always harmful. The slight carbonation of CO2 can reduce the permeability and
porosity of the cement without causing failure of well integrity if the cement consol-
idation quality is excellent. However, a high degree of carbonation will certainly lead
to failure or fracturing of the cement structure, failing well integrity. The corrosive
effect of CO2 will be more pronounced if the cement quality is poor with existing
defects such as tiny pores or fractures [50, 51].

There are numerous mechanisms of chemical reactions impacting well integrity,
and it is necessary to clarify the CO2 and formation properties, and then the various
chemical changes during the interaction of cement materials, wellbore materials, and
carbonic acid can be further investigated.

5.3 Mechanical well integrity failure

Geomechanics is a key factor impacting well integrity with effects throughout the life
cycle of a GCS project. During the drilling, completion, and application of the well the
stresses in the wellbore, the cement sheath, and the near-well area keep changing. The
reasons include pore pressure changes due to injection, leakage, and diffusion, thermal
stress changes due to temperature differences, and in-situ stress changes due to tectonic
shifts or seismic activity. Among them, the stress change in the cement sheath is the most
significant. After the cement is poured, it will go through two stages of hardening (liquid
cement transforms into solid cement) and shrinkage (solid cement volume shrinks and
continues to harden). The change in cement rheology is more obvious during the hard-
ening process. However, in the post-hardening phase, the shrinkage of the cement not
only has a large effect on the stresses (because it is a solid shrinkage), but also the
shrinkage may lead to plastic deformation or cause debonding at the interface between
the cement and the formation or casing. In addition, the casing position may offset from
the center of the wellbore, resulting in uneven stresses on the casing and cement sheath,
increasing the risk of casing deformation and interface debonding. Thermal stresses are
particularly important when CO2 is injected into the subsurface, especially in the case of
cyclic loading, causing coupling between thermal stresses and other stress fields, promot-
ing fracture growth within the cement or debonding at the cement interface [46, 52, 53].

In conclusion, well integrity issues may be encountered during the entire GCS life
cycle due to the influence of multiple factors such as coupled stress-thermal-chemical.
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Therefore, it is necessary to take into account the combined effect of these factors in
GCS engineering for well integrity problems, which are generally studied using
numerical simulation.

6. Induced seismicity

From a safety and public perception point of view, a more unacceptable issue for
CO2 injection into the underground formation is the microseismic activity caused by
fault activity or surface uplift during the injection process. Sometimes the intensity of
induced seismicity will be perceived by humans. Slight shear sliding of fractures is
induced when the induced seismic magnitude is very low. It will be more beneficial
for CO2 injection if the fractures are confined within the reservoir, as fracture sliding
enhances permeability. However, microseismicity caused by GCS is difficult to con-
trol. Seismic events which can be sensed may have serious consequences such as
massive CO2 leakage, damage to injection wells, vertical surface displacement damag-
ing buildings or infrastructure, etc. For example, several of the largest seismic events
in the United States in 2011 and 2012 may have been caused by nearby disposal wells.
The largest of these was a 5.6 magnitude seismic that occurred in Oklahoma,
destroyed 14 buildings and injured two people. For the public, a perceptible seismic
event would cause serious panic. Therefore, it is important to minimize or avoid
seismic activity to ensure that geological energy projects such as GCS are carried out
[39, 54–56].

6.1 Key factors affecting induced seismicity

As shown in Figure 11 [54], the mechanism for inducing seismicity appears to be
well known, that is, weakening pre-existing faults by increasing fluid pressure. The
formation will release stored elastic strain energy when a fault slips, triggering seis-
micity. The fault will remain locked as long as the applied shear stress is less than the

Figure 11.
Schematic diagram of mechanisms for inducing seismicity [54].
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strength of the contact. The failure condition can be determined according to the
effective stress principle and the Mohr-Coulomb criterion.

Theoretically, the increase of fluid pressure should be the direct reason for
induced seismicity and it can be avoided by changing the injection rate and
controlling the formation pressure to avoid induced seismicity. Based on the
mechanism of induced seismicity, the possible reasons for seismic events caused by
GCS are clarified [57–59].

1.The pore pressure increases and the stress state changes when the fluid is
injected.

2.There is usually a temperature difference between injected CO2 and the
formation, which cools the formation near the injection well, causing thermal
stress. The magnitude of thermal stress is proportional to the stiffness of the
rock, so the thermal stress is more obvious when CO2 is injected into a hard
formation.

3.The parameter differences between the reservoir and the caprock result in
different responses to pressure accumulation and thermal stress.

4.Each microseismic event will result in shear slip as well as stress redistribution.
However, not all shear slips and the redistribution of stresses will cause
microseismic events.

5.Geochemistry, rock strength, fault strength, and heterogeneity of stress
field are all potential factors leading to local stress changes and triggering
microseismicity.

6.2 Seismic moment release

At present, the principle and calculation formula of subsurface injection-induced
seismicity proposed by McGarr [60] are widely used. The theory is based on the
following assumptions to calculate the upper bound seismic moment due to fluid
injection into geological formations.

1.There are seismogenic faults in the vicinity of the injection formation that are
prone to slip in the contemporaneous state of stress.

2.The stress on the fault is within the seismic stress drop of failure due to earlier
seismic activity.

3.The seismic rock mass is fully saturated before injection.

4.The induced seismicity is confined to areas weakened by fluid injection.

If a volume ΔV of liquid is injected into a fully saturated formation, the average
increase in pore pressure P can be calculated as follows.

ΔP ¼ 3λþ 2G
3

ΔV
V

(8)
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where V is the volume of the formation weakened by the injection; λ and G are
Lame’s elastic parameters, G being the modulus of rigidity.

And the upper bound to the cumulative seismic moment is given by:

X
M0 ¼ 2η 3λþ 2Gð Þ

3
ΔV (9)

where η is the coefficient of friction.
The analytical solutions that can accurately calculate the seismic magnitude are

difficult to obtain because of the complexity of the induced seismicity. Therefore,
more numerical simulations are used for seismic prediction, including the calculation
of activation potential using shear slip criterion, based on continuous medium
mechanics approach, through fault hydrodynamic approach, and discrete method
modeling approach. A seismic event of magnitude 3–4 with a radius of the damage
zone between a few hundred meters and one kilometer of the shallow formation can
be perceived based on field experience and extensive numerical simulation studies. It
is further demonstrated that high-level seismicity is induced only when the fault has
continuous permeability and the pressure is distributed over a sufficiently large fault
with simultaneous brittle fracture. In fact, even clearly perceivable seismic events may
not open new flow channels over the entire thickness of the caprock, that is, seismi-
cally induced flow channels are unlikely to cross a formation with multiple caprocks.

7. Conclusions

GCS is an important way to reduce carbon emissions. There are multiple trapping
mechanisms after CO2 injection into the subsurface, including stratigraphic trapping,
residual trapping, solubility trapping, and mineral trapping, and each of them plays a
role at different times. Geomechanical issues directly determine the success or failure
of GCS. The evolution of the in-situ stress and effective stress can be calculated from
the pore pressure variation and the stress path coefficient. Further, the integrity of the
caprock under different regime conditions can be evaluated based on the variation of
in-situ stress. Generally speaking, it is most stable in the normal fault regime, followed
by the strike-slip regime, and the most unstable is the thrust fault regime. In addition,
acidic fluids or gases can be formed after CO2 injection, corroding the wellbore and
cement sheath, creating multiple leak paths, and leading to failure of wellbore integ-
rity. For the general public, the top concern is whether the GCS project will cause
earthquakes. Fortunately, it has been identified based on the current studies that the
injection of CO2 does trigger microseismic events that can be perceived by humans,
but the magnitude of the earthquakes and the energy released would not bring dam-
age to buildings or organisms on the ground.
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