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Preface

Geochemistry is the exploration of the constitution, structure, processes, and
distribution of chemical elements in rocks and minerals, as well as their transport
into soil and water systems. This book discusses a wide scope of geochemistry topics,
including geochemical components and their impact on humans and the environ-
ment and the importance of geochemistry science to mining wealth. It includes six
chapters in three sections. Section 1, “Introduction to Geochemistry and Geochemical
Ingredients”, includes Chapter 1: “A Review on Elemental and Isotopic Geochemistry”.

Section 2, “The Importance of Geochemistry in Mining Wealth”, includes three
chapters: Chapter 2: “Geochemistry Applied to the Exploration of Mineral Deposits”;
Chapter 3: “Mineralogy and Geochemistry of Shales of Mamu Formation in Nigeria:
Effects of Deposition, Source Rock, and Tectonic Background”; and Chapter 4:
“Petroleum Geochemistry.”

Section 3, “The Environmental Geochemical Baseline Survey”, includes two chapters:
Chapter 5: “Prospectivity Mapping Using Stream Sediment Geochemistry along the
Orange River Catchment for Base Metal, Prieska, Northern Cape, South Africa”; and
Chapter 6: “Proterozoic Newer Dolerite Dyke Swarm Magmatism in the Singhbhum
Craton, Eastern India”

Each chapter contains illustrative figures and tables developed by the authors that
help approximate the main objectives or ideas of each chapter.

The editors wish to thank all the participants in this book for their valuable contribu-
tions. We also gratefully acknowledge the staff at IntechOpen, especially Author
Service Manager Ms. Sara Tikel for her continuous assistance in finalizing this work.

Hosam M. Saleh and AmalI. Hassan
Egyptian Atomic Energy Authority,
Cairo, Egypt
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Chapter1

A Review on Elemental
and Isotopic Geochemistry

Riyam N. Khalef, Amal I. Hassan and Hosam M. Saleh

Abstract

Geochemistry is the study of the development, and distribution of chemical
elements on Earth, which are found in rock-forming minerals and their byproducts,
as well as in living beings, water, and the environment. The elemental geochemical
variation of sediments is used to recognize the mechanisms controlling the estuarine
environment and serves as a baseline for assessing the environmental effect in the
future. Geochemistry is a unique field that deals with the study of mineral deposits.
It also addresses the interconnections between the structures of rock, soil, water, and
air, which vary according to different places. Furthermore, groundwater is the solely
accessible water supply in many desert basins, particularly in developing nations.
Geochemical indicators are proper instruments for addressing a diversity of hydro-
logical issues, particularly in arid and semi-arid settings. Thermodynamically, the
fugacity of oxygen (fO,) in solid earth varies by many orders of magnitude. Enstatite
chondrites can have high levels of hydrogen abundance, hydrogen, and nitrogen
isotope compositions like those of the earth’s mantle. The chapter deals with the basic
concept of geochemistry and its types, as well as the development of geochemistry.

It also explains elemental and isotopes geochemistry, human health, and medical
geochemistry.

Keywords: geochemistry, analytical geochemistry, elemental geochemistry, medical
geochemistry

1. Introduction

Christian Friedrich Schonbein, a German-Swiss scientist, coined the word
“geochemistry” in 1838 [1]. Geochemistry is the study of the chemistry of natural
earth materials, and chemical processes that occur within and on the earth’s surface
today and in the past. Geochemical investigations can thus cover a wide range of
minerals and analyses, and they can be carried out in a variety of situations, includ-
ing industrial, environmental, and educational [2]. The study of chemical processes
that occur in natural sources of earth materials such as rocks, as well as the evalu-
ation of their compositions and structures, is called geochemistry. Most geological
materials are composed of inorganic minerals. The earth has hundreds of natural
minerals [3]. Maybe the greatest explanation is that in geochemistry, we use chemi-
cal techniques to address geological issues; scientists use chemistry to comprehend
the earth and how it operates. The basic components of the earth are the core (both
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inner and outer), mantle, and crust. The latter is composed of igneous, sedimentary,
and metamorphic rocks. These rocks are frequently silicates rich in Mg and Fe.
Scientists may find rocks with these qualities as xenoliths in lavas; they are Mg- and
Fe-rich silicate rocks composed principally of olivine and pyroxenes [4]. Quartz,
feldspars, amphiboles, pyroxenes, olivines, biotite, garnets, clay minerals, and
calcite are among the naturally occurring minerals that make up most of the earth’s
crust. Except for calcite, all these minerals are silicates. Most rock-forming minerals
of the earth’s crust are made of Al, Si, and O. The fundamental primal material of
soil is rock, which is broken down by weathering to generate loose debris known as
soil parent material, the physical and chemical characteristics of which alter. Earlier
research has discovered that the soil parent material is a significant natural source of
heavy metals, determining the initial heavy metal level in the soil. Soils of various
sorts are found in many geological formations. Indeed, many kinds of soils can exist
within the same geological unit. Soil heavy metal contamination is distinguished

by its concealment, irreversibility, and long-term nature, which complicates heavy
metal pollution control [5].

Heavy metals (HMs) are naturally present in soils, and their quantity reflects
the composition of the parent rocks from which they are created. Excessive or
high-level concentrations of certain of these metals in soil offer major environ-
mental concerns, including health threats to plant, animal, aquatic, and human
life. Therefore, understanding the geochemical and mineralogical composition
of sediments may be required to predict the fate of discharged contaminants [6].
Owing to their typical coherent behavior and sensitivity to changes in pH, redox
potential, and adsorption/desorption processes, rare earth elements (REEs)
compositions are often used as a proxy in groundwater geochemical studies [7].
Geochemical technologies are used in the process of mass prospecting for mineral
resources. Their participation significantly improves the efficacy of geologi-
cal exploration activity and helps geological scientific-technical advancement.
Finding previously unknown mineral deposits needs a geochemical investiga-
tion. To emphasize the geographical relationship of geochemical patterns, create
elemental correlations, or extract geochemical anomalies induced by mineral-
ization, several approaches have been used to analyze geochemical exploration
data. In recent decades, there has been a lot of interest in the normal, lognormal,
power-law, multimodal, and sophisticated distribution laws of geochemical ele-
ment concentrations. Methods including classic statistics, multivariate statistics,
geostatistics, fractal/multifractal, machine learning, and deep learning algorithms
that follow distribution laws have been used to identify geochemical anomalies
associated with targeted mineralization [8].

Elemental geochemical characteristics and their ratios are extensively used to
evaluate paleoenvironmental conditions, ancient water compositions, paleotectonic
settings, and sedimentary rock origin.

This chapter describes the geochemistry of elemental and isotopes and their
impact on the environment and humans.

2. Analytical geochemistry

Analytical geochemistry generally focuses on 5 approaches: (1) major element
geochemistry; (2) trace element geochemistry; (3) mass fractionation determina-
tion; (4) age dating; and (5) radionuclides isotopes for geochemical probes. When
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geochemistry first began, the idea was to use conventional wet chemistry to identify
the bulk main elements. One of the most prevalent methods for classifying igneous
rocks was to use a total alkali versus silica) diagram. The classification of rocks is
straightforward yet crucial, although an exact determination of the primary constitu-
ents is necessary. X-ray fluorescence spectroscopy was created to replace the time-
consuming and difficult conventional wet chemistry, and it has been widely utilized
since then.

Geochemical analyses are performed for industrial, environmental, or academic
reasons; thus, involve a diverse range of materials and analytes of interest such as air,
volcanic gas, water, dust, soil, rock, or biological hard tissues (particularly ancient
biological tissues), as well as anthropogenic materials, such as industrial effluent
and sewage sludge [9]. The analytical approaches used in geochemistry are catego-
rized based on the physical principles into eight methods, as illustrated in Figure 1.
Methods like mass spectroscopy dominate fields like isotope geochemistry, despite
their wide range of sample types and machine preparation [11]. Whether the com-
position of rocks, glass chemistry or minerals is important in areas like sedimentary,
igneous rocks, metamorphic geochemistry, as well as other domains of geochemistry
directly related to petroleum research, a variety of analytical methods are frequently
used. The process of figuring out the chemical interactions that exist between mineral
grains is known as mineral analysis. To analyze major and trace elements, analytical
techniques with high precision such as X-ray spectroscopy, ionic radiation techniques,
and laser ablation processes are frequently used [12].

Aside from minerals, the study of fluid inclusions (small drops of fluid trapped
inside crystals during the initial growth of the solution or later) has aided in the
development of modern theories of ore origin, reproduction, formation, oil migra-
tion, accumulation, as well as our understanding of the importance of the liquid stage
in a variety of geological processes [13]. Fission path analysis is a specialized method

j Emission spectrometry methods
A — N

Miscellaneous methods

Figure 1.
Geochemical analyses modified from [10].
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for extracting information from minerals that analyses the signs of physical damage
caused by the spontaneous fission of the original nucleus to the crystal network.
When the rate of spontaneous fission is known, the accumulation of these fission
pathways can be used as a dating tool in other geological studies [14].

X-ray Fluorescence Spectrometer (XRF) is mostly used to analyze solid materials.
A 100 mg sample is diluted 10 times with a flux made of pure LiBO2 and Li2B407 and
melted into a glass bead in a Pt crucible [15]. Because the absorption of X-rays rises
with mass number, lithium borate is a good material for making the glass bead for
measuring the emitted X-rays [15]. The chamber is kept under a vacuum to reduce the
loss of secondary X-rays. The mass numbers of N2 and O2 in the air are greater than
those of Li or B. As a result, X-rays were absorbed or dispersed by these gases. Asa
result, X-rays were absorbed or dispersed by these gases. A vacuum is also wanted to
prevent the diffracting crystals from deliquescence. To correctly find the principal
elements, measurements of H,O (—), H20 (+), LOI (loss on ignition), and the ferric/
ferrous ratio (Fe(II)/Fe(III)) are necessary. The weight of absorbed water is denoted
by H20 (). The weight difference between the sample at room temperature and after
heating it to 105°C was measured. This is insignificant for hard silicate rock, but it
becomes significant for new deep-sea sediments. The weight difference between the
raw sample and that heated at 1000°C in a porcelain crucible is referred to as the LOL

3. The evolution of geochemistry

Geochemistry developed from the same metallurgy and alchemy roots as chem-
istry and emerged as a distinct subfield of chemistry and geology in the nineteenth
century [16]. Clarke Goldschmidt and Vernadsky’s works laid the groundwork for
the field’s subsequent development and progress in the 20th and 21st centuries [17].
Geochemistry has become an integral part of all aspects of earth and planetary
sciences over that time, greatly enriching our understanding of the nature and evolu-
tion of our planet [17]. Geochemistry is a modern science and belongs to the group
of earth sciences that studies the composition and geological history of the earth.
Geochemistry arose because of the accumulation of large numbers of geological and
chemical studies, and the urgent need to solve many of the issues associated with the
exploration of useful ores reservoirs [18]. The field of geochemistry has expanded, and
branches such as organic geochemistry have emerged. Organic materials are the cor-
nerstone of this branch of geochemistry means organic geochemistry in two main divi-
sions: a) oil chemistry, asphalt, coal, humic acids, and other organic components that
are found in sedimentary rocks; b) the role of organic processes and living organisms
in fixing inorganic elements. This type of study is sometimes called biogeochemistry.
Geochemistry also blends with other branches of science such as mathematics, physics,
and statistics and has become a quantitative trend in recent years. Thermodynamics
is considered the backbone of experimental geochemistry to predict the chemical
reactions between minerals [19]. As for statistics, it is possible to describe the chemical
composition of large groups of land units of the crust, even the interactions of igne-
ous rocks, at statistical rates. Geochemistry has also benefited from contemporary
methods in determining the properties of solid materials. These methods can be
divided into chemical analysis and structural analysis techniques. The latter includes
the technical method that extends to understanding the nature of chemical bonds. The
ancient chemical methods of analyzing minerals and rocks depended on using acids
and other chemicals to determine the proportion of major elements. There has been a
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tremendous development in this field, where the use of emission X-ray spectroscopy is
an alternative method for the analysis of major and trace elements [9].

Elemental geochemistry is concerned with studying the distribution of chemical
elements, their forms of existence, and their concentration rates in metals, rocks, and
earth’s mantle [20]. This branch has made it possible to reveal many facts about the
distribution of chemical elements.

Biogeochemistry studies the distribution of chemical elements and their con-
centrations in organic matter, the role of living organisms in the movement of these
elements, and their distribution in the earth’s various atmospheres [21]. Although
the weight of living organisms is estimated at 0.01% of the weight of earth’s crust,
they have a significant role in geological processes, which are called biogeochemical
processes. We cite as an example that iodine is obtained mainly from some types
of marine plants that extract it from seawater and concentrate it in their tissues in
proportions hundreds of times higher than its concentration in water. These processes
also include photosynthesis and the liberation of oxygen under the influence of solar
energy, which is stored in the form of fossil fuels (coal, oil, and gas). One of the
crucial topics in this science is the study of the biogeochemical provinces, which are
areas in which the concentrations of chemical elements change from their general
rates, increasing or decreasing [21]. It was found that there are at least thirty chemical
elements involved in the formation of these zones. The iodine-poor provinces, which
spread in high areas, the interior parts of the continents and others, the regions poor
in fluorine, which causes tooth decay, and the provinces rich in fluorine and volcanic
areas and the areas of the spread of apatite rocks, and usually, cause osteoporosis.

Isotope geochemistry studies the distribution of isotopes in the chemical elements
that make up natural bodies (rocks, metals, water, and organic matter) [22]. Another
aspect of this science is finding the absolute ages of bodies and natural phenom-
ena using radioactive elements such as uranium, thorium, and potassium (K40).
Cosmochemistry is concerned with studying the distribution of chemical elements
and their concentrations in celestial bodies, especially meteorites. It also interests
the effect of cosmic rays on the components of the earth’s atmosphere, especially the
gaseous atmosphere, which causes the formation of some elements such as carbon-14
[23]. Cosmological studies are helpful in verifying information about the origin and
development of the earth and the evolution of geological processes. Isotopes are
atoms of the same element with differing numbers of neutrons. Differences in the
number of neutrons among distinct isotopes of an element indicate that the isotopes
have different masses. Isotopes of the same element have the same number of pro-
tons. All isotopes of oxygen contain 8 protons, but an oxygen atom with a mass of 18
(denoted "®0) has two more neutrons than oxygen with a mass of 16 (*°0).

Nuclear reactions in stars determine the primordial isotopic compositions of
planetary systems. Radioactive decay, cosmic ray interactions, mass-dependent frac-
tionations that go with inorganic and biological reactions, and anthropogenic activi-
ties such as nuclear fuel processing, reactor accidents, and nuclear-weapons testing
can change isotopic compositions in terrestrial environments over time. Nuclides
(isotope-specific atoms) that spontaneously break down over time to generate other
isotopes are known as radioactive (unstable) isotopes. Radioactive isotopes release
alpha or beta particles, as well as gamma rays, during disintegration. On geologic time
scales, stable isotopes do not appear to decay to other isotopes, yet they can be gener-
ated by the decay of radioactive isotopes. Therefore, the main target of this chapter is
the geochemistry of elemental and isotopes and their impact on the environment and
humans. Fractionating processes cause changes in the stable isotope compositions of
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metals and metalloids. Radiogenic processes can cause metal stable isotope variations
in some elements, such as the radioactive decay of unstable to stable isotopes [24].
Strontium (Sr) and lead (Pb), both of which have four stable isotopes, are the most
important examples of environmental studies. For Sr., one isotope is influenced by
radiogenic processes (*'Rb, *’Sr decay), whereas the other three are only influenced
by stable isotope fractionation (e.g., *Sr/**Sr), allowing Sr. isotope signatures to be
used as two-dimensional tracers by investigating radiogenic processes and stable
isotope fractionation in parallel [25]. While radiogenic Sr. isotope variations have
been studied for decades and applied in many fields, such as ecosystem research,
natural water studies, and archaeology, stable Sr. isotope fractionation research is
still in its infancy. Three of the four stable isotopes of Pb are byproducts of radioac-
tive U-Th decay chains. As a result, stable Pb isotope fractionation in natural samples
cannot be detected because there is no ratio between two isotopes that is unaffected
by radiogenic processes [25]. Depending on the geochemical composition and age of
the source materials, relatively large Pb isotope variations between environmental
samples can be observed, and these are generally thought to outnumber potentially
occurring mass-dependent and nuclear-volume effects of Pb isotopes by a factor of up
t0 200 [26]. Natural (e.g., *°Pb,s) and anthropogenic nuclear processes produce some
radioactive metal isotopes (e.g., "*’Cs). Finally, metal stable isotopes used as enriched
tracers (or “spikes”) have a wide range of applications in environmental research [27].
Groundwater geochemistry studies the groundwater, which is a vital water
resource that must be protected to preserve its long-term viability. Aquifer resource
evaluation needs a right report on the origin, age, source, and migratory passages of
groundwater. To determine provincial impacts in an aquifer using just hydrogeologic
procedures, data from several wells, time-series analysis of water levels, discharge
monitoring, and permeability and aquifer boundary measurements are frequently
required. Deep under the Earth, water reduces the melting temperature of rock,
resulting in magma that forms the continents. Deep crustal fluids, such as chloride-
rich brine, transport gold, and other metals to create ore deposits. The water of the
ancient oceans served as a crucible for the evolution of early life, and freshwater is
the foundation of life on earth. Homogeneous hydrogeochemical reactions include
only one phase, whereas heterogeneous reactions involve two or more phases, such as
gas and water, water and solids, or gas and solids. In contrast to open systems, closed
systems can only interchange energy with the environment, not components. Multi-
tracer studies are often used to estimate hydrodynamic characteristics such as ground-
water flow, mixing patterns between different groundwater sources, and recharge rate
and such data are required to better water-resource management. However, in arid
areas, estimation of groundwater recharge remains complicated because of spatial
variability of rainfall and a low amount of recharge.

4. An insight into isotope geochemistry: history and importance

Because of their suitable geochemical and nuclear properties, isotopes are used
as tracers and chronometers to study a wide range of topics, including rock and
mineral chronology, reconstruction of sea-level changes, rock water interactions,
and magmatic processes [28]. Isotopic observations have revealed time scales of
mixing processes in the seas and atmosphere and the residence durations of marine
components and gases in the atmosphere. Isotope geochemistry is a branch of
geology that studies the natural fluctuations in the relative abundance of isotopes
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of certain elements [29]. Isotope ratio mass spectrometry measures variations in
isotope abundance and can give information about the ages and origins of rocks, air,
and water bodies, as well as their mixing processes. The geochemistry of radioac-
tive isotopes is concerned with Nucleosynthesis, Radiogenic, and Stable Isotopes
(Figure 2). Nucleosynthesis (i.e., the origin of elements) in stars can generate “new”
heavy isotopes like Proton-proton (H to He), Helium burning (He to C), s-process
(neutron capture), and p-process (proton capture). Plutonium isotopes, 239-Pu,
240-Pu, and 241-Pu are produced in nearly all nuclear reactors by neutron capture
on naturally occurring uranium 238-U [30].

The measurement of the age of the earth and our solar system is arguably the most
significant milestone in the use of isotopes in earth science. Isotope-based dating
methods are the gold standard and are utilized to confirm non-isotope-based dating
methods. Stable isotope tests of organic materials, and phosphate in bones and teeth
in recovered fossils, give evidence for dietary sources ingested by humans and other
animals.

The isotope geochemistry domain began after Henri Becquerel discovered a
radioactivity item in 1896 [31]. Within a few years, following this astounding find-
ing, Rutherford reported an exponential decline in radioactive material activity with
time and created the notion of half-lives, paving the way for the age determination of
natural compounds containing radioactive elements (Rutherford 1900) [31]. Soddy
coined the term “isotope” in 1913 (Soddy 1913). Soddy (1913) and Fajans (1913)
developed the principles regulating the transformation of elements during radioactive
decay at the same time (1913). Rutherford determined the first radiometric age of a
geologic sample on a pitchblende sample in 1905, and the ages of the number of other
minerals were later determined by Strutt (1905) and Boltwood (1907) using the U-He
and U-Pb techniques. The full 281 and **Th chain, which is still in use today, was
formed in 1913 [28]. The disequilibria between members of the U-Th series caused
by differences in the geochemical properties of different elements within the chain
opened a new field of study to investigate different geochemical processes like rock-
water interaction, dating of inorganic precipitates, detrital and biogenic sediments,
and archeological objects. One of the most important findings in this field was the
discovery of substantial fractionations of 281 and »*U in rocks, rock leachates, and
natural waters [32]. Protons, alpha particles, electrons, helium, nuclei of other ele-
ments, and subatomic particles are charged particles (including high-energy charged
particles) that make up cosmic rays. The high-energy charged particles that reach
the atmosphere interact with atmospheric components (e.g., N, O, Ar, and so on) to
form a variety of cosmogenic radioactive isotopes with half-lives ranging from a few

Nucleosynthetic » " Bty ;
. : : e
Isotopes _ roton-Proton- Helium burning- S process- P process

Radiogenic _ Radioactive decay- alpha emission- Beta emission

Isotopes

Stable

Isotope exchange- Mass fractionation- Kinetic effects
Isotopes

Equilibrinm effects

Figure 2.
Types of isotope geochemistry.
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minutes to millions of years [33]. Some cosmogenic isotopes (e.g., 14C, Be, 'Be) have
been used to quantify processes in earth surface reservoirs such as air-sea exchange,
atmospheric mixing, ocean circulation and mixing, scavenging, sediment accumula-
tion and mixing rates in aqueous systems, erosion rates, exposure ages, changes

in cosmic ray production rates, and human civilization history. Murphy and Urey
(1932), Nier and Gulbransen (1939), Dole and Slobod (1940), and Urey (1948) were
among the first to quantify stable isotopes in terrestrial materials, long before the dis-
covery of cosmogenic isotopes like ‘Be, °Be, and **C. Urey (1947) and Bigeleisen and
Mayer (1947) used statistical quantum mechanics and statistical thermodynamics to
give the theoretical underpinning for isotopic fractionation. Stable isotope geother-
mometry is used at low temperatures, that is, non-magmatic temperatures, due to the
dependency of the equilibrium constant on the inverse square of temperature. The
fractionations are often minor at temperatures over 800°C or thereabouts, making
precise temperature determination problematic [34]. However, even at temperatures
in the upper mantle (1000°C or higher), fractionations remain considerable, albeit
minor. Fractionation factors for minerals in the temperature range of 600° to 1300°C
were obtained experimentally and matched with theoretical estimates.

Radioactive and stable isotopes have consequences on humans, both directly and
as tracers of processes, that affect their well-being. Human activities such as nuclear
weapons, testing, and accidents have released certain radioactive isotopes into the
environment [35]. The majority are naturally formed, both from the earth’ original
composition and through the ongoing synthesis of U isotopes and Th by cosmic rays,
which produce a variety of radioactive daughters and *’K in biological systems and
the environment.

5. The elemental geochemistry

The elemental geochemistry of clastic sedimentary rocks offers critical informa-
tion for recognizing sedimentary histories, such as chemical weathering history,
nature and composition of sediment origin, sediment transit, and diagenetic history.
Geochemical apprehension of these challenges constrains many basic geological
topics, including paleoclimates, tectonic linkages, basin formation, diagenetic fluid
movement, and crust-mantle evolution. Geochemical apprehension of these concerns
constrains many basic geological topics, including paleoclimates, tectonic linkages,
basin formation, diagenetic fluid movement, and crust-mantle evolution. Experience
from the Mars Exploration Rovers Spirit and Opportunity, orbital spectroscopy,
and experiments with Mars-like compositions, demonstrate that such approaches
apply to sedimentary environments on Mars, where primary igneous compositions
and aqueous conditions may differ from our terrestrial experience. The elemental
geochemistry index is currently a reliable predictor of marine and lake habitats. The
variation in elemental geochemical characteristics indicates the lithofacies of the
shale and the sedimentary environment. Wang et al. [36] discovered that lake-water
depth fluctuates from deep to shallow in a high-frequency sequence unit, and element
ratios in shales shift regularly, particularly near the high-frequency cycle interface
[36]. Chemostratigraphy is the study of inorganic/organic chemical changes within
sedimentary sequences, depending on the rock’s elemental or isotopic composition
[37]. It is a significant device for the discovery and exploitation of unconventional
resources. A rock’s chemistry changes depending on its mineral makeup. Because
rock chemistry is so easily measurable, the rocks may be put in a chronostratigraphic
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sequence framework [38]. Because the Al,O;/TiO, ratio grows from 3 to 8 for mafic
igneous rocks, 8 to 21 for intermediate rocks, and 21 to 70 for felsic igneous rocks, the
ALO;/TiO, ratio of most clastic rocks is used to infer the source rock compositions
[39]. Source rock composition, length of weathering, climatic conditions, and rates
of tectonic uplift of the source location mainly controlled the chemical weathering of
source rocks. About 75% of the upper crust’s labile material comprises feldspars and
volcanic glass, and the chemical weathering of these components eventually culmi-
nates in the production of clay minerals [40, 41]. Ca, Na, and K are mainly eliminated
from source rocks during chemical weathering. The quantity of these elements that
survive in soil profiles and sediments produced from them is a sensitive indicator

of chemical weathering severity. If the alkali contents (K,0 + Na,0) and K,0/Na,0
ratios in silica clastic sedimentary rocks are devoid of alkali-related post-depositional
changes, then they are regarded credible indicators of the source material’s weather-
ing severity [42].

Recently, the sequential stratigraphy of shale has been studied in many regions
around the world. Those investigations revealed that, even in an environment con-
ducive to organic matter accumulation, the characteristics and distribution of source
rocks changed systemically both vertically and laterally. This alteration can vary from
a few centimeters to hundreds of meters and can be laminae to super-sequence [43].
The sedimentary environment and stratigraphic stacking patterns affect the transi-
tion, which occurs at both sequence and para-sequence scales. The primary unit of
characterizing organic matter enrichment is the para-sequence, and the interior rock
characteristics (or litho-faces/facies) of the para-sequence also underwent system-
atic modifications. Previous research has found a unique association between shale
formation division and its sequence hierarchy [43]. Previous studies found that the
high-frequency sequence separation of lake-facies sediments occurred mostly during
the deposition of coarse debris sediments [44]. Coarse-grained silt shows evident
lithologic alterations, making detection of progradation and retrogradation as well as
high-frequency sequence division simple. However, dividing shale sequence stratig-
raphy (particularly high-frequency sequence) is a tough task and a difficult point in
the study of high-frequency sequence. Previous studies found that the high-frequency
sequence separation of lake-facies sediments occurred mostly during the deposition
of coarse debris sediments [45]. Coarse-grained silt shows evident lithologic altera-
tions, making detection of progradation and retrogradation as well as high-frequency
sequence division simple. However, dividing shale sequence stratigraphy (particularly
high-frequency sequence) is a tough task and a difficult point in the study of high-
frequency sequence. The elemental geochemistry index is now a reliable indicator
for marine and lake ecosystems. The variation in elemental geochemical parameters
reflects the lithofacies of shale and the sedimentary environment [46]. Wang et al.
discovered that lake-water depth fluctuates from deep to shallow in a high-frequency
sequence unit, and element ratios in shales shift regularly, particularly near the high-
frequency cycle interface [36]. The periodic vertical change of organic geochemical
parameters in the lacustrine basin serves as a foundation for sequence stratigraphic
unit categorization and linkage. Jin et al. [47] discovered strong correlations between
the vertical change of geochemical elements and para-sequence cycle changes in lake-
facies shales, and the cyclic change of geochemical elements can also be used to clas-
sify the stratigraphy division of high-frequency sequences in shales. Their research
established the importance of employing geochemical components in high-frequency
shale sequence stratigraphic division studies, which has significant implications for
shale gas and oil exploration and production.
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6. Light elements in the earth

The light elements found in the earth’s core are yet unknown; however, they might
include silicon, oxygen, sulfur, carbon, and hydrogen [48]. Knowledge of the earth’s
building blocks, planetary accretion and core formation processes, and subsequent
chemical and thermal development of the core requires an understanding of the
nature of the light elements in the core. Hydrogen, carbon, oxygen, silicon, and sulfur
are possibly the primary light elements [49]. The earth’s core is mostly made up of
iron and nickel alloyed with lighter elements including oxygen, silicon, Sulfur, car-
bon, and hydrogen in amounts of 5-10 wt. %. Because oxygen is the most representa-
tive element on earth, it has been postulated as a possible main light element [50].

The density deficit of elements, such as silicon, sulfur, or oxygen was assigned.
Over the years, several researchers have investigated several elements lighter than
iron, such as silicon, sulfur, oxygen, hydrogen, and carbon, either alone or in com-
bination. The existence and significance of a freezing point depression at the inner
core boundary (ICB), on which major questions in geophysics and geochemistry
hinge, such as to what extent are light elements released at the ICB, thus inducing
compositional convection thought to power the geodynamic the temperature at the
ICB lower than the melting temperature [51]. When compared to pure iron, the
presence of significant amounts of low atomic number ‘light’ elements like sulfur,
silicon, oxygen, carbon, and hydrogen in the earth’s outer and inner cores result in a
density deficit. Core composition estimates may only be obtained indirectly due to
their inaccessibility, by combining results from high-pressure tests and theoretical
calculations with seismic data [51]. Restrictions on individual light element concen-
trations in the core might provide insights into the nature of earth’s building blocks
and the path of accretion. More oxidized material from the outer Solar System is
thought to have been added near the end of accumulation. Although the amounts of
Si, O, and H in the core are still constrained, they would be significant inputs into
such a scenario. Although core amounts of Si, O, and H are still constrained, they
would be important inputs in such a scenario [52]. The behavior of core-mantle
(metal-silicate) element partitioning is affected by metal composition, specifically
S, Si, and O concentrations. Recognizing the core, light element concentrations
would lead to a better understanding of earth’s core-mantle element partitioning and
core formation conditions. The presence of H in the core suggests that H,O was not
only delivered in the final stage of accretion but was also incorporated into core-
forming metals via a hydrous magma ocean. The upper bound of 900 ppm H in the
bulk earth corresponds to 8100 ppm H,0, implying that up to 35 times the current
ocean mass of water could have been brought to our planet. This high-water content
agrees with upper estimates for the number of oceans on earth derived from ab initio
calculations of hydrogen partitioning between silicate melt and liquid iron at core-
forming conditions.

Metal-silicate partitioning data should assist limit each light element’s concentra-
tions in core-forming metals and abundances in the bulk silicate earth (albeit uncer-
tainties remain due to unknowns regarding the degree of chemical equilibrium20)
(BSE) [52].

Recognizing earth accretion, core formation, and the maintenance of the earth’s
magnetic field requires constraining the core’s composition. The presence of signifi-
cant amounts of low atomic number “light” elements such as sulfur, silicon, oxygen,
carbon, and hydrogen in the earth’s outer and inner cores results in a density deficit
relative to pure iron. The following is a display of these elements:
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1. Oxygen

The oxygen fugacity of gas of solar composition is calculated using the procedure
H, + 120, H,0 after accounting for the oxygen connected to carbon in CO and other
less prevalent oxides. The bulk of the Solar System’s rocky planets, including earth,
developed with DIW five orders of magnitude bigger than that of solar gas, according
to meteorite research. Oxygen fugacity was likely strong during the early phases of
rock formation in the Solar System, as evidenced by significant levels of iron linked
to oxygen in silicates in chondrite meteorites. Sublimation of water-rich and/or
rock-rich dust at high dust/gas ratios may cause an increase in oxygen fugacity during
rocky body formation. In this regard, wed like to know if the mechanisms that cause
rock oxidation in the Solar System are replicated in other planetary systems, and if
rocky exoplanets exist as a result geophysical and geochemical characteristics of the
earth are shared [53]. Geophysical and geochemical characteristics of the earth are
shared. As a result, whether rocky exoplanets reflect or not, the earth’s geophysical
and geological characteristic is an open question. Carbonate oxygen and carbon
isotopes are often utilized as tracers of mineral precipitation temperatures and fluid
sources, and bulk rock techniques are typically used to study them. The oxygen and
carbon isotopic compositions of Wade Dima carbonates were examined utilizing two
complementary techniques, ranging from mm-scale micro-bulk-rock investigations
to m-scale in situ isotopic analyses [54].

In solid earth, the thermodynamic property of oxygen fugacity (fO,) varies by
many orders of magnitude. The capacity of fayalite-magnetite-quartz to link to
equilibrium, depending on the relative concentrations of ferric and ferrous iron, is
commonly portrayed. Arc magmas contain more Fe** (and hence greater estimated
oxygen fugacity) than mid-ocean ridge basalts, as well as a lot of water and other
volatile elements (e.g., S, C, F). They vary from MORB in that they have greater chal-
cophile (sulphur-loving) element concentrations and are typically found in Cu-Au-Ag
ore deposits [55].

Because large-scale oxygen isotope fractionation occurs only near the earth’s
surface, deviations from the average 50 of mantle-derived rocks, whether positive
or negative, are usually attributed to the presence of recycled crustal material in the
mantle source or the interaction of mantle-derived melts with crustal material during
ascent. Valley et al. [56] find that the 510 of magmatic zircons have remained rela-
tively constant (and similar to modern mantle) throughout time, back to 4.4 billion
years ago (4.4 Ga). This suggests that the §'°0 content of the mantle has stayed rela-
tively stable throughout the earth’s history. Upper mantle and crust melting produce
Hadean and Archaean zircons [57]. As a result, this composition of carbonate isotope
ratios may be a proxy for limnological conditions. Furthermore, the differential
accumulation of certain trace elements during source rock deposition may preserve
information about paleoclimate conditions during source rock deposition, which can
be used to categorize sedimentary environments [58].

2.Hydrogen

The core may contain the world’s largest H reservoir. The H partition coefficient
between iron and silicate, which melts at high pressures and temperatures, was
recently calculated by combining ab initio molecular dynamics with thermodynamic
integration, and it was proven that under core-formation conditions, H prefers to
partition into the iron liquid. The amount of water dissolved into the silicate mantle
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during core-mantle differentiation determines the optimal quantity of H in the core,
which is linked to water in the materials accreting to build earth and its accretion
processes. New research suggests that enstatite chondrites (EC), which are assumed
to be representative of the materials that formed the earth, may contain high levels of
hydrogen and have hydrogen and nitrogen isotope compositions similar to the earth’s
mantle [59].

Kerogen is described as the fraction of sedimentary organic constituents of sedi-
mentary rocks that are insoluble in common organic solvents. Kerogens are derived
from organic materials such as algae, pollen, wood, vitrinite, and structureless
material. Different kerogens have varying amounts of hydrogen concerning carbon
and oxygen. The hydrogen content of kerogen determines the oil vs. gas yields from
primary hydrocarbon-generating reactions [60].

The first hydrogen index (HI) of hydrogen-rich kerogen is higher, while the initial
hydrogen index of hydrogen-poor kerogen is lower. As a result, the early HI levels of
marine shales are linked to paleo productivity, terrestrial input, and preservation.
The photosynthetic intensity of phytoplankton in the photic zone influences paleo
productivity, which can be estimated using a range of geochemical proxies such as
organic P (Porg), and biogenic Ba (Babio), excess Si (EXSiO,), and trace elements.

In theory, inorganic geochemical techniques can be used to approximate the original
TOC contents and recover the original HI values of high to over-mature marine
shales. Because shale formation is so complicated, it’s crucial to consider all of the
influencing variables, such as the shale’s formation mechanism and depositional or
diagenetic settings, as these have varying effects on geochemical parameters. Examine
the inorganic proxies and use a preservation or redox perspective to compute the
original hydrogen index [60].

Much experimental research has been undertaken to examine the mechanisms of
hydrogen incorporation in olivine under various thermodynamic settings, because the
viscosity of olivine-rich rock may decrease as impurities such as H, Fe, or Ti are inte-
grated (e.g., pressure, temperature, fO,, fH,0, a SiO,, and chemical composition). A
new experimental approach involves doping olivine with a high proportion of atomic
impurity before or after hydration. While these studies reveal a distinct method of H
incorporation, the findings aren’t always applicable to the earth’s upper mantle [61].

3. Silicon

Silicon is the third most abundant element on the planet (atomic weight:
28.08553). (16.1% Si; since it is lithophile and reacts incompatibly with other elements
during mantle melting, the oceanic and continental crusts are richer in Si than the
mantle). In terrestrial conditions, silicon has a single valence state (Si**) and does
not produce volatile compounds. On the silicate earth, native Si is rare; instead, Si is
almost usually bonded to O as the SiO tetrahedron. Si is a crucial cation in the silicate
earth and is essential in the biosphere, with diatoms accounting for more than half of
ocean primary production. It is also a result of successful continental erosion, which
feeds the marine ecosystem. As a result, it’s not surprising that the early uses of Si
isotopes, which were within the scope of low-precision technology, were centered on
the earth’s supergene semiconductor environment [62].

At first, silicon was assumed to be a light component in the core. Since then, sili-
con has advanced to become one of the most promising materials. The earth’s mantle
has a higher Mg/Si ratio than chondrites (“missing Si”), which can be explained by
a large amount of silicon in the core. The absorption of Si into the core also explains
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why bulk earth has a higher Si isotopic composition than chondrites, but the explana-
tion for such a disparity in Si isotope composition and Si isotopic fractionation factor
remains a mystery. Furthermore, because silicon and iron are known to form a wide
solid solution, a Fe—Si alloy could approximate the density and compressional-wave
velocity of the inner core. Previous theoretical investigations and observations on the
Fe—Si binary system at 21 GPa, on the other hand, have shown that the variation in Si
concentration between coexisting liquid and solid is far too small to account for the
observed density rise at this temperature [63].

The first technique used to precisely identify silicon isotope compositions of inter-
est in geochemistry was gas source mass spectrometry. This method entails breaking
down the sample with HF, followed by a series of chemical conversion procedures
which vary across authors to generate SiF,, it can then be injected into a mass spec-
trometer with a gas source for isotopic analysis. Because sample breakdown and
subsequent purification usually result in isotopic fractionation, it is critical to develop
asilicon purification yield that is as near to 100% feasible. Following that, the Apollo
lunar sample return mission generated d30Si values that were repeated or quadrupled
and claimed to fall within an “average deviation” of 0.11 or better if sample fluorina-
tion with the F, gas was utilized [64].

Silicon could be a light element component for geophysical and geochemical
reasons. Lin et al. [65] used the Fe0.855i0.15 Fe-rich Fe-Si alloy as an example to
investigate the effect of a light element on the physical properties of Fe. This is done
for several reasons, including the ones listed below: (1) in the core, the abundance of
light element(s) is only 10% by weight. (2) Most light elements, such as oxygen and
sulfur, have limited solubility in Fe and form intermediate compounds with Fe (such
as FeO, FeS, and Fe;S;) over a narrow pressure-temperature range; (3) silicon read-
ily forms alloys with Fe under ambient conditions; and (4) Fe-rich Fe-Ni and Fe-Si
alloys adopt the hexagonal close-packed (hcp) structure at high pressures, imposing a
significant restriction on the crystal structure of the inner core [66].

Figure 3 depicts the general pattern of 30Si fluctuations in numerous geological
processes in terrestrial reservoirs. The fractionation of the silicon thermodynamic iso-
tope induced by low-temperature geological processes such as chemical weathering,
biogenic/non-biogenic precipitation, adsorption, and biological absorption is smaller
at elevated temperatures. Silicon isotope geochemistry provides critical geochemical
constraints for tracing bio-physicochemical processes in terrestrial environments,
mineral deposit formation, hydrothermal fluid activities, meteorite and planetary
evolutions, and a better understanding of the mechanisms underlying silicon isotope
fractionation in common geological processes [68].

Silicon (Si) is the second most prevalent element in earth’s lithosphere crust, and
itis used in a variety of geochemical and biochemical processes. This “Si biosphere”
is fed by chemical weathering, which produces secondary minerals with consider-
able negative Si isotope fractionation and a heavy Si fluid phase. The exact Si isotope
content of the protolith, i.e., the continental crust, is unknown; however, it can cur-
rently be determined using inductively coupled plasma mass spectrometry with many
detectors (MC-ICPMS). The exact and accurate analysis of all three stable isotopes
(28Si, 29Si, and 30Si) at high mass resolution has been made possible by these meth-
ods. Igneous processes cause minor isotope differences [69].

Silicon (Si) is a crucial nutrient for photosynthetic marine diatoms and, as a result,
indirectly influences the oceanic CO, storage capacity. Rivers transmit 85% of the
silicon dissolved (DSi) that enters the ocean (Figures 3 and 4). Chemical weathering
of continental silicate provides for 45% of the riverine dissolved load. Importantly,

15



Geochemistry and Mineral Resources

BSE 5°'Si= -0.29+0.08%o

3 2 1 Og 4 2 3 -4-5 -8
p— Modern sponge
Sugar - -
— ice Biological uptake
—_— Dimoms
“ Banana
Gl Ridivel Absorption process

Chemical weathing

formation
Quarz vein
[res—— Radolaianslicsousrocks O 111C8 precipitation
Gayserne
Tourmalinites -
Silcrute
O Siliceous marble and dolomite
Sificeous

Homstans Metamorphism

Figure 3.
Variations in silicon isotopes in nature as a consequence of host rocks, animals, and associated processes of
geology [67].

the Ca and Mg silicate rocks undergo chemical weathering. Affects atmospheric CO,
concentrations, thereby controlling climate throughout geological periods [70].

4. Aluminum

The modern-day global Si cycle is represented as just a cartoon schematic
(Figure 3). The fluxes’ magnitudes (in 1012 mol yr1) and corresponding 30Si values
(in percent) are displayed as the most common fractionations (e, %o). Inset panels
show the mechanisms involved in the production of biogenic silica (BSi) and clay
minerals. Lines represent particle fluxes, while solid lines indicate solute fluxes or
transformations. Details can be regarded as primary text [68].

Although the role of acidity in the behavior of Aluminum in the podsolization
hypothesis is not novel, it was not highlighted in the TACAD investigation. Soils
containing HBEF were assessed using the podsolization theory. The organic carbon
to organic Al ratios (C/A1) decreased as soil depth increased. The O,-horizon has
a C/A1 of 228 while the Bhs3-horizon has a C/A1 of 14. Because the solubility of
organic Al complexes decreases as the C/A1 decreases, the lower C/A1 in B-horizon
soils was interpreted as evidence of Al retention, as predicted by the podsolization
theory. In the Bhs 1- horizon, however, there was a small but significant loss of
inorganic Al. This mobilized Al was exported from the watershed rather than being
kept in the lower B-horizons. Significant deviations from the podsolization theory
were found in alkaline European locales. Dissolved Al concentrations increased
with soil type in the Netherlands. The depth (upper 40 cm) and inorganic Al spe-
cies accounted for more than 80% of dissolved Al in B-horizon soil solutions [71].

A common mineralogical characteristic of massif-type anorthosite complexes is
high-aluminum orthopyroxene megacrysts (HAOMs). Their primitive geochemical
characteristics (high Mg and juvenile isotope signature), high aluminum content
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Figure 4.
The modern-day global Si cycle is represented as just a cartoon schematic [68].

(up to 13 wt.% AlL,O;), and plagioclase (ilmenite, rutile, and garnet) resolution lamellae
due to low-pressure re-equilibration have all been interpreted as evidence of polybasic
crystallization history of their parent magmas. They also invented a widely used Alin-
Opx geobarometer to analyze the weather [72]. Despite the increasingly technical and
commercial importance, understanding of Ga’s geochemical behavior in the environ-
ment has still been limited. As a result, there is an urgent need to research identified Ga’s
geochemical cycle, especially in comparison to its geochemical companion aluminum
(Al). Gallium and aluminum are “geochemical partners” or “pseudo isotopes” because
they are both elements in Periodic Table Group 13. In this case, the term “geochemical
twins” is inappropriate because it relates to the geochemical interaction of two trace
elements (whereas Al, unlike Ga, is frequently a substantial element). Due to their equal
charge and ionic radius, Ga and Al demonstrate related geochemical activity in most
natural systems. Surprisingly, there have been few comprehensive investigations of the
Ga-Al combination’s geochemical behavior. The Ga/Al mass ratios (measured in g Gaper
kilogram Al; g/kg) derived from published concentration data appear to be comparable
for igneous rocks, sediments, and sedimentary rocks (basalts, granites, shales, loess,
deep-sea clay, typical upper continental crust) and cover a small range of 0.19 g/kg to
0.41g/kg [73].

7. Human health and medical geochemistry

Medicinal chemistry is the study of the dialectical interaction between chemical
components, human health, and the biosphere (geochemistry). In the important
tissues and bodily fluids, trace elements are found in trace levels [74]. The gut absorbs
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only extremely little amounts of vanadium that enter the body [75]. As a result, a liter
of water is insufficient to fulfill vanadium’s daily requirements. Vanadium is used in
the digestion and breakdown of carbohydrates, as well as the proper functioning of
the circulatory system. It controls how potassium, sodium triphosphate, and other
enzymes act [22]. Furthermore, receiving oxygen stimulates the hepatocytes. It also
has activities in the eyes, liver, kidneys, heart, neurological system, and blood insulin
management. As a result, vanadium is compared to insulin in terms of its ability to
digest blood sugar. Low amounts of this element in the body cause arteriosclerosis, dia-
betes, sagging muscles, stunted growth, and a range of other pathological signs [76].

In a variety of ways, cobalt is needed for the health and safety of the human body’s
effective functioning. It is found in vitamin B12, and it’s considered a catalyst in this
vitamin because it’s linked to proteins in the body. This vitamin is involved in several
processes, including ribose to deoxyribose conversion and methyl group transloca-
tion. Cobalt assists in carbohydrate and protein digestion [77]. The need for cobalt
in the diet is about 0.11-ppm (mg/kg) of dry matter, while recent recommendations
advocate boosting the diet up to 0.20 mg of Cobalt/kg dry matter, which appears to
improve animal productivity, particularly in dairy cattle [78]. It is also responsible
for monitoring the work of cells, growth, and the activity of red blood cells and bone
marrow, as well as the generation of amino acids, the formation of DNA, and the
important activities of the immune system, and neurological system, and digestive
system. Cobalt is largely found in bones and muscles, and vitamin B12 is a rich sup-
plier of it. Because 3 mg of this element is consumed daily and 85% of it is excreted
in the urine, the heart stores the majority of it [78]. As a result, it has become clear
that the chemical balance of living beings’ health is exceedingly sensitive, as minor
alterations in trace components can have huge implications for public health and
safety [79].

8. Conclusion

Metal biogeochemical cycling is frequently accompanied by stable isotope
fractionation in natural systems, which can now be quantified thanks to recent
analytical breakthroughs. As a result, over the last two decades, a new research field
called environmental isotope geochemistry has emerged, complementing traditional
stable isotope systems (H, C, O, N, and S) with many more elements from across the
periodic table.

The most significant principles of mass-dependent and mass-independent metal
stable isotope fractionation are discussed, as well as the magnitude of natural isotopic
variations for various elements. Redox transformations, complexation, sorption,
precipitation, dissolution, evaporation, diffusion, and biological cycling are all
discussed as mechanisms that might cause metal stable isotope fractionation in
environmental systems. The utility and limitations of metal stable isotope signatures
as tracers in environmental geochemistry are also examined, as well as future direc-
tions. As Supporting Information, a summary of analytical methodologies for metal
stable isotopes is provided, as well as an overview of the present state of research on
various elements. Incorporating the results of all experimental, theoretical, and field
study methods will enable the environmental geochemistry community to develop a
new tool for mineral isotope analysis to address important scientific questions.
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Chapter 2

Geochemistry Applied to the
Exploration of Mineral Deposits

John Luis Manrique Carrefio

Abstract

Geochemistry can be applied to the exploration of mineral deposits, for which it is
necessary to understand the fundamentals of geochemical prospecting, the geochem-
ical dispersion of elements based on their chemical properties. This chapter presents
the basics of geochemical prospecting including: element mobility depending on ionic
potential, pH, and Eh, with examples of Cu mobility during supergenic alteration of a
primary sulfide deposit, a brief overview of sampling/geochemical prospecting
methods, as well as a case study of the geochemical prospecting study carried out in
the vanadium (V), uranium (U), and zinc (Zn) sedimentary mineral deposit of
Puyango, Ecuador, in which anomalous and subanomalous values were detected in
rock samples of various pathfinder elements of V and U.

Keywords: geochemical prospecting, mineral deposits, ionic potential, mobility,
redox

1. Introduction

Geochemical prospecting is the earth science that applies the theoretical knowl-
edge of geochemistry with the aim of being able to locate mineral deposits, through
the study of the primary and secondary dispersion of the elements, performing studies
of lithogeochemistry, stream sediments, surface water, soil, and other methods [1, 2].

This chapter shows a review of the basic concepts of geochemical prospecting,
taking as an example the mobility of copper (Cu) in during supergenic alteration of a
primary sulfide deposit, depending on the ionic potential (charge/radius ratio of the
ion), the hydrogen potential (pH), and the redox potential (Eh) [1, 2]. It also includes
a brief description of methods (soils, lithogeochemistry, stream sediments, hydrogeo-
chemistry), as well as the case study of geochemical prospecting carried out, in a
sedimentary mineral deposit, in Puyango, Ecuador. In this study, anomalous and
subanomalous values of several pathfinder elements of vanadium (V) and uranium
(U) mineral deposits were detected, among which the following stand out: phospho-
rus (P,0s5>5.12 wt.%), nickel (Ni >1824 ppm) and, yttrium (Y >219 ppm), among the
most important and subanomalies of barium (Ba >1459 ppm) and lead (Pb >32 ppm).
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2. Mineral deposits

Mineral deposit is a mineralization (referring to an area of the crust where ores
were deposited) of sufficient size and grade (concentration), which under favorable
circumstances could be exploited with economic benefits, which has sufficient
reserves [3].

The concentration of the metals in the deposits varies widely in a range of few
parts per million (1-100 g/t or ppm) in noble metals such as platinum (Pt), palladium
(Pd), gold (Au), silver (Ag), at a low percentage (1-10 wt.%) for Cu, zinc (Zn), lead
(Pb), and higher grade or tenor (40-60 wt.%) for aluminum (Al), chromium (Cr),
iron (Fe), and aggregates.

Mineral deposits can be classified from the genetic point of view into five main
types: 1) deposits of magmatic segregation ((chromites, iron-titanium-vanadium
(Fe-Ti-V), nickel-copper (Ni-Cu) sulfides, platinum group elements (PGEs), dia-
monds, carbonatites)), 2) pegmatite deposits (( tin-niobium-tantalum (Sn-Nb-Ta),
uranjium-thorjum (U-Th), lithium (Li), rare earth elements (REE)), 3) hydrothermal
deposits (volcanogenic massive sulfurs Cu-Zn-Pb, SEDEX Ag-Pb-Zn, Mississippi
Valley type (MVT) Ag-Pb-Zn, epithermal Au-Ag, copper-molybdenum-gold (Cu-Mo-
Au) porphyry, 4) metamorphic deposits (polymetallic Skarn, graphite), 5) sedimen-
tary deposits ((placers, laterites, Banded Iron Formations (BIFs), Li brines, U in
sandstones, among others)) [3, 4].

3. Geochemical prospecting fundaments

It is mainly concerned with studying the enrichment or impoverishment of certain
chemical elements in the vicinity of mineral deposits [5]. Geochemical prospecting is
done by systematic measurements of one or more chemical parameters, usually at
trace concentrations, of naturally occurring materials in the Earth’s crust. The types of
samples that are collected include rocks, soils, gossan, river or lake sediments,
groundwater, surface water, steam or gases, and vegetation [5] (Figure 1).

Primary geochemical dispersion mainly affects the migration of elements of
economic interest due to processes, such as the formation and crystallization of
magmas and hydrothermal activity. At the local level, these processes can lead to
an enrichment or impoverishment of the elements, generating geochemical
anomalies [1, 5].

Halos are enriched or depleted in various elements as a result of introduction or
redistribution related to mineralization formation phenomena. The shape and size of
the halo are exceptionally variable due to the various mobility characteristics of the
elements in solution and microstructures in the rocks [1, 2].

The redistribution of chemical elements on or near the Earth’s surface due to
weathering, transport, sedimentation, and/or biological activity is classified as sec-
ondary geochemical dispersion. The secondary geochemical dispersion halo comprises
the dispersed remnants of mineralization, caused by surface processes of chemical and
physical weathering and the redistribution of the primary patterns. The halo can be
recognized in samples taken from soil, rocks, sediments, vegetation, groundwater,
and volatiles, at a distance of meters to tens of kilometers [2].

“Pathfinder” or “indicator or tracer” elements (Table 1) are characteristic param-
eters in geochemical prospecting. These are relatively mobile elements due to the
physical-chemical conditions of the solutions in which they are found [1].
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Figure 1.
Types of samples collected: rock, soil, and surface water (source: author).

Mineral deposit Metals/elements of Pathfinders
economic interest
Chromium Orthomagmatic Cr Cr, PGE, High Mg
(stratiform)
PGE Orthomagmatic (stratiform PGE (Pt, Pd, Ru, Re, Os) PGE, Cu, Ni, Cr, Ti, High Mg
mafic-ultramafic)
REE in Carbonatite REE, Nb, Th, U, Ti, Zn, Nb, Y, Ce, Mo, Cu, V, P,
Mn, S, La, Pb, Zr, Ba
Porphyry Copper Cu, Mo, Au Cu, Mo, Au, Ag, W, B, Sr, High S
VMS Cu, Zn, Pb Cu, Zn, Co, Ag, Nj, Cr,
Epithermal Gold Au, Ag, Cu Au, As, Sb, Hg, Ag, Pb, Zn
SEDEX Zn-Pb Zn, Pb Cu, Pb, Zn, Ba
Sandstones Uranium U U, V, Mo, Se
Phosphates P, REE (by-product) P,N,F,C, U
Lateritic Nickel Ni, Sc or Co (by-product) Ni, Co, Cr
Table 1.

Examples of pathfinders in some types of mineral deposits.

The ionic potential is the charge/radius ionic ratio, which together with the pH and
Eh allows us to understand the mobility of chemical elements during geochemical
dispersion, being important parameters for geochemical prospecting [1, 2]. Ions with
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ionic potential less than 3 can be soluble in water, for example: alkaline cations

(Li*, Na*, K*), alkaline earth cations (Ca**, Mgz*), transition metal cations (Fe**, Cu*,
Cd?*, Zn?*, Pb?*). lons with an ionic potential between 3 and 12 will be insoluble under
certain pH conditions, examples: Fe**, A’ Si**, Zr**, Pb**, REE?*, Th**, Nb>*.

Ions with ionic potential greater than 12 will form soluble cations or anions, examples:
p>* (phosphate), As*, S (sulfate), Se®*, U®* (uranyl), Mo®".

An example of secondary geochemical dispersion can occur due to Cu sulfide
weathering and erosion, in which surface waters percolate to primary sulfide deposits,
oxidizing many ores and producing solvents that dissolve other minerals. The chemi-
cal reaction observed below describes the oxidation process of chalcopyrite (Cu ore)
in waters rich in oxygen and carbon dioxide, producing goethite (gossan), Cu**

(in solution), sulfate, sulfuric acid, and carbonic acid [3, 5]:

CuFeS; + O, + H,0 + CO,_Fe(OH), + Cu®" + SO4* + H,S04 + H,CO3 (1)

Cu®**in oxidizing environments and with acidic pH (<4) is a soluble cation; therefore, it
can be leached from the mineral deposit in surface waters and underground waters. If the
pH is higher, various secondary minerals can be formed such as: chalcanthite (CuSOy,),
azurite (Cu3(CO5),(OH),), malachite (Cu,(CO3) (OH),), including tenorite (CuO) at
alkaline pH. This process is known as supergenic sulfide alteration and may be useful in
geochemical prospecting for Cu sulfide mineral deposits [3, 4].

3.1 Geochemical anomalies

The purpose of geochemical prospecting studies is to find geochemical anomalies,
which are abnormal chemical patterns in a region. For this, the background values,
threshold, subanomalies, and anomalies must be established, which are statistically cal-
culated from the data. The “background” values are characterized by the normal range of
concentration of elements in regional perspective rather than localized mineral occur-
rences. It is significant to establish the background value of the area against anomalies
due to the accumulation of economic minerals, if any, they can be identified [1, 5].

The arithmetic mean (average) is obviously skewed by some high scattered values.
The most frequent value (median) tends to be within the relatively narrow range and
is considered to represent the normal or background abundance for that particular
element in that area.

The “threshold” (Eq. (2)) value is defined as the probable upper limit or lower
limit of the background value, at some statistically precise confidence level. Any
sample that exceeds this threshold is considered possibly abnormal and belongs to a
separate population. The following equation is usually used to calculate it:

Threshold = Background (median) + standard deviation 2)

The subanomaly is calculated using the background + twice the standard deviation,
while the anomalies are calculated with the background plus three times the standard
deviation.

4. Geochemical prospecting methods

In general terms, they can be classified into the following types depending on the
sampling stages, the nature of the terrain, the signal associated with the
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mineralization, the type of analytical instrumentation available, and finally, the time
and cost allowable for the program [5]:

Pedogeochemistry (soil sampling).
Lithogeochemistry (rock sampling).
Sampling of fluvial sediments.

Sampling of heavy minerals.
Hydrogeochemical sampling.
Geochemistry of radiogenic isotopes.
Geochemical sampling of glacial sediments.
Vegetation sampling.

Gas sampling.

Some of the afore mentioned methods are described below:

4.1 Soil sampling

Soil is the unconsolidated product of weathering. It is usually found at or near its
source of formation such as residual soils. It can be transported over long distances,
forming alluvial soils. It is widely used in geochemical prospecting and often produces
successful results.

Anomalous element enrichment from underlying mineralization may occur due to
secondary dispersion in overlying soil, weathered product, and groundwater during
weathering and leaching processes. The dispersion of the elements can be large,
forming an exploration target larger than the actual size of the deposit.

4.2 Lithogeochemistry

Rock sampling is useful during regional work to recognize favorable geochemical
provinces and favorable host rocks to host mineral deposits. Most of the epigenetic
and syngenetic mineral deposits show primary dispersion around the mineralization,
due to the presence of abnormally high values of the trace elements.

Lithogeochemistry aims to identify primary dispersion, diagnosis of other geo-
chemical characteristics, and association of trace elements, which are different in
sterile rocks.

Rock outcrop can be sampled directly by breaking up a small hand sample using a
geological hammer or hammer and chisel. Generally, 1-3 kg is a suitable sample size
(mass). Sampling is based on the analysis of fresh rocks or individual minerals.
Sampling is conducted on a uniform grid across a geologic terrain that includes
various rock types from fresh outcrops, wall rocks, and core samples.

4.3 Sampling of fluvial sediments

River sediment sampling is the most widely used in all reconnaissance and detailed
study of watersheds. Many minerals, particularly sulfide minerals, are unstable in the
weathering environment, breaking down as a result of oxidation and other chemical
reactions. The process will produce secondary dispersion of both minerals and trace
elements. Elements will move in solid form and in solution greater relative distances
within the basin drainage.
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The mobility of different elements will vary significantly, between fine-grained
particles and, eventually, in detrital rock fragments, clay minerals, organic and inor-
ganic colloids enriched in ore minerals, and in pathfinders, which are deposited
downstream.

The optimum size fraction varies in different environments, and generally 80
mesh size is recommended. Samples are generally collected in natural sediment traps
along streams.

4.4 Hydrogeochemical sampling

There are two types of water sources, i.e., groundwater and surface water; they
have very different chemical and physical properties. Groundwater is produced in
springs and wells. It has a better potential in geochemical prospecting especially if it is
acidic (low pH) by dissolving and transporting metallic elements such as Cu, Pb, Zn,
Mo, Sn, S, U, Ni, and Co more than in surface waters, due to chemical weathering and
oxidation followed by leaching.

Surface water from streams, rivers, and oceans has less dissolving power, and fine-
grained sediments absorb much of the metals carried by the water. River water
samples and sediment samples are collected simultaneously for analysis.

Water samples are easy to obtain. About a liter of water is collected and stored in a
special container. Metal solubility decreases with increasing pH 4-7. Therefore, the
pH is recorded at the time of sampling and other physicochemical parameters (Eh,
temperature, salinity, total dissolved solids, among others). Suspended solids are
filtered before analysis.

5. Case of study: U, V, Zn sedimentary mineral deposit of Puyango,
Ecuador

Here, the outcome of a preliminary study on the geochemical prospecting of a set
of rock samples of the Puyango sedimentary deposit in Ecuador is presented, focusing
on the quantification of certain trace elements in whole rock samples. Analytical
techniques such as X-ray fluorescence and inductively coupled plasma mass spec-
trometry were used. The chemical obtained data were used to determinate and quan-
tify the concentrations for the majority and some particularly economic trace chemical
elements such as U, V, and Zn.

5.1 Geology of Puyango sedimentary deposit

The study area is a part of the Alamor—Lancones basin [6] and is located between
the Amotape Tahuin Block of Paleozoic age to the west and the Celica continental
volcanic arc to the east [7]. This Late Cretaceous basin is of marine origin, composed
of a turbiditic sequence, whose siliciclastic sediments were supplied from the west,
and the vulcanoclastic sediments were supplied from the east [8]. The Chirimoyo and
Guineo micro-watersheds are geologically located in the Early Cretaceous Ciano,
Zapotillo, and Cazaderos (Figure 2) sedimentary formations initially identified as
belonging to the Alamor group [9], but later detailed studies in the Cazaderos Forma-
tion have differentiated the sequences from various sedimentary environments, iden-
tified informally, such as Bosque de Piedra and Puyango Formations [8]. At present,
they are identified according to the outcropping site as Quebrada Los Zabalos Unit
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Figure 2.
Geological map of Puyango sector (source: author).

and Puyango Unit (Figure 2), maintaining the Zapotillo and Ciano Formations
identified in the first instance [10].

Rocks of Paleozoic age initially identified as Metamorphic Series Tahuin by
Kennerley (1973) [9], now defined as Amotape—Tahuin Block, within which the
Tahuin Semipelitic Division [11] comprises the informal units, El Tigre and La Victo-
ria. The El Tigre unit is exposed to the north of the study area characterized by
sedimentary rocks and low-grade metamorphic sequences, with immature medium-
grain sandstones (La Victoria unit) interbedded with fissile shales of brown color and
meta-sandstone from fine-grained.

The Early Cretaceous sedimentary rocks are formed by the Quebrada los Zabalos
unit that lies to the north, overlying discordant contact with the El Tigre unit. It is
constituted by basal layers of silicified fine-grained sandstones, thick conglomerates
with subangular clasts of metamorphic composition and volcanic, coarse volcanic
sandstones, very compact fine sandstones containing incrusted fossil trunks, and
volcanoclastic middle sandstones containing outcrop fossil trunks [10]. The Puyango
Unit occupies a strip of E-W direction. The rocks of this unit are chemical sediments
made of black limestones and bituminous limestones interspersed with calcareous
sandstones. The Puyango Unit (Figure 2) through paleontological interpretations is
attributed to early to late Albian age [12, 13]. It is considered that the Puyango unit is
of a platform environment below the wave train allowing the deposition of calcium
carbonate in an anoxic environment, the sandstones are interpreted as distal turbi-
dites. The Unit is found discordantly to the Quebrada Los Zdbalos Unit. The unit is
strongly deformed, and the erosion of the Pre-Campanian makes it difficult to
determine its thickness (approximately 300 m) [10].
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Late Cretaceous rocks are attributed to the Ciano Units made up of fine-grained
sandstones, limonites, and shales. The Zapotillo Unit that overlies the Ciano Unit is
made up of black shales and grawacas, flysh type. The Cazaderos Unit is found out
discordantly to the calcareous rocks of the Puyango unit to the north and south to the
rocks of the Ciano and Zapotillo units, while in the eastern part, they discordantly
cover the metamorphic rocks of the El Tigre unit. The unit consists of brown,
medium-grained sandstones, black shales interspersed with siltstones, and is attrib-
uted to an environment of turbiditic forearc sequences due to its fossiliferous content
[8], indicating this faunal association of a late Campanian to Maastrichtian age.

5.2 Method

Rock samples were collected in outcrops, approximately 1 kg of fresh material per
sample, 30 samples in were taken in Puyango sector, Ecuador, some rock replicas were
taken for internal verification. The samples were dried at 105 °C for 24 hours in the
oven, then they were cut, crushed, and pulverized. The chemical analyses were made
in Actlabs, Canada, carried out using the analytical package: Code 4LITHO, Major
Elements Fusion ICP(WRA)/Trace Elements Fusion ICP/MS(WRA4B2), detecting
the following elements (with its detection limits or lower limits): Si (0.01 wt.%), Al
(0.01 wt.%), Fe (0.01 wt.%), Mn (0.01 wt.%), Mg (0.01 wt.%), Ca (0.01 wt.%), Na
(0.01 wt.%), K (0.01 wt.%), Ti (0.01 wt.%), P (0.01 wt.%), Zr (2 ppm), Sr (2 ppm),
Cr (20 ppm), Ba (2 ppm), Y (1 ppm), Rb (2 ppm), Ni (20 ppm), Zn (30 ppm), Pb (5
ppm), V (5 ppm), U (1 ppm), and Th (1 ppm). XRF was used for internal verification
of samples, using the USGS reference material code SGR-1b (Green River Shale), in
the Laboratory of Analytical Geochemistry of the Department of Geosciences of the
Universidad Técnica Particular de Loja, Ecuador.

5.3 Results

The statistical parameters were calculated: minimum, maximum, mean, median,
and standard deviation (Table 2), according to which black bituminous limestones
have the mean U content of 27 ppm, reaching the maximum value of 266 ppm
(Figure 3b), while the mean content of Ni is 331 ppm, reaching the maximum value of
2937 ppm. As for V and Zn, the mean values are 1897 ppm V and 1048 ppm Zn, with
maximum values of 6837 and 4704 ppm, respectively (Figure 3a). The content of
another element of economic interest, yttrium (Y), widely ranges, reaching the max-
imum value of 257 ppm (Figure 3b).

To calculate the background value, the median of the values was used, for the
threshold the median + standard deviation was used, for the values of subanomalies
the median + twice the standard deviation was used and, finally, to calculate the
anomalies, the median + three times the standard deviation (Table 3).

5.4 Final considerations

The calculations in the dataset in rock samples of Puyango sector, Ecuador,
identify anomalies of U (>158 ppm), V (>6440 ppm), Zn (>3959 ppm), P,0s
(>5.12 wt.%), Ni (>1824 ppm), and Y (>219 ppm), among the most important and
subanomalies of Ba (>1459 ppm) and Pb (>32 ppm). All of these elements are
pathfinders for U in sedimentary mineral deposits.
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Element Min Max Mean Median Stand Deviation
SiO; (wt.%) 7.27 60.19 20.75 15.97 13.72
AlLO5 0.69 21.13 4.65 2.95 5.30
Fe,03 0.23 9.23 2.03 1.22 2.48
MnO 0.01 0.09 0.02 0.01 0.02
MgO 0.38 1.51 0.69 0.63 0.27
CaO 0.76 49.77 37.38 41.53 12.98
Na,O 0.04 1.05 0.24 0.21 0.21
K,0 0.17 3.05 0.84 0.57 0.75
TiO, 0.07 0.95 0.27 0.22 0.23
P,05 0.07 5.92 123 0.43 1.56
Lor” 6.05 40.62 31.23 32.82 9.11
Zr (ppm) 3 234 59 40 62
Sr 121 1528 877 963 377
Cr 20 586 184 174 125
Ba 4 1612 670 620 420
Y 14 257 63 51 56
Rb 7 152 38 25 37
Ni 29 2937 331 229 532
Zn 58 4704 1048 713 1082
Pb 5 40 17 15 9
123 6837 1897 1538 1634
1 266 27 8 50
Th 1 17 4 2 6

"Min: minimum; Max: maximum; Mean; Median; Standard Deviation in wt.% (SiO5 to LOI) and in ppm (trace
elements).
% Loss on ignition at 1000°C.

Table 2.
Statistical parameters of the chemical composition of the Puyango deposit rocks.

Background Threshold Subanomalies Anomalies
Si0, (wt.%) 15.97 29.69 43.41 57.13
ALO; 2.95 8.25 13.54 18.84
Fe,03 122 3.70 6.18 8.66
MnO 0.01 0.03 0.05 0.07
MgO 0.63 0.90 1.16 1.43
CaO 41.53 not apply not apply not apply
Na,O 0.21 0.42 0.63 0.83
K0 0.57 132 2.08 2.83
TiO, 0.22 0.45 0.68 0.91

37



Geochemistry and Mineral Resources

Background Threshold Subanomalies Anomalies
P,0s 0.43 1.99 3.55 5.12
LOI 32.82 not apply not apply not apply
Zr (ppm) 40 102 164 225
Sr 963 1340 not apply not apply
Cr 174 299 424 550
Ba 620 1040 1459 not apply
Y 51 107 163 219
Rb 25 62 99 135
Ni 229 761 1293 1824
Zn 713 1795 2877 3959
Pb 15 24 32 not apply
1538 3172 4806 6440
8.1 58 108 158

Table 3.
Geochemical anomalies in the data set.
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Figure 3.

(a) Box plot of trace elements contents (Ni, Zn, and V); and (b) Box plot of trace elements contents (Y and U) in
Puyango deposit.

6. Conclusions

Geochemical prospecting is an important tool in the early stages of exploration of
mineral deposits, since it allows delimiting anomalous areas that could be favorable
for the discovery of a mineral deposit of economic interest.

To carry out a geochemical prospecting study, it is necessary to know the geo-
chemical fundamentals that control the mobility of the different elements: ionic
potential (charge/radius ratio of the ions, physicochemical parameters such as Eh and
pH, among others).

When a mineral deposit is formed, some elements (pathfinders) will be dispersed
to a greater extent, which can be used as tracers of the deposit.

Data from a case study of geochemical prospecting of the sedimentary mineral
deposit of V, U, and Zn from Puyango, Ecuador, in which anomalous and
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subanomalous values of several pathfinder elements associated with elements of eco-
nomic interest were detected, among which stand out: P,Os (>5.12 wt.%), Ni (>1824
ppm), and Y (>219 ppm), among the most important and subanomalies of Ba (>1459
ppm) and Pb (>32 ppm).
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Chapter 3

Mineralogy and Geochemistry
of Shales of Mamu Formation in
Nigeria: Effects of Deposition,
Source Rock, and Tectonic
Background

Segun A. Akinyemi, Olajide F. Adebayo, Henry Y. Madukwe,
Adeyinka O. Aturamu and Olusola A. OlaOlorun

Abstract

Study of lithofacies identification, geochemical characterization of shales is
vital to the provenance, paleoweathering, and tectonic setting reconstruction. The
combination of morphological analysis, bulk chemical analysis and in-situ multi-
element analysis was used to investigate the provenance, source area weathering,
and depositional setting of outcropped Maastrichtian shale sequence of the Mamu
Formation, Anambra Basin in Nigeria. Ten representative shale samples were exam-
ined by scanning electron microscopy/energy dispersive spectroscopy (SEM/EDS).
Geochemical analysis was performed by X-ray fluorescence (XRF) Spectroscopy and
Laser Ablation-Induced Coupled Plasma Mass Spectrometry (LA-ICPMS) techniques.
The structural and morphological development of kaolinite in the outcropped shale
samples of Mamu Formation is due to mechanical disintegration during transporta-
tion and re-deposition. Major oxides such as SiO,, Al,O; and Fe,O; constitute greater
than 86% of the bulk composition. The weathering indices suggest highly weathered
source materials. The plot of Cr versus Ni indicated the studied samples are Late
Archean shale. Binary plots of trace elements suggest derivation from acidic or felsic
sources rather than intermediate or basic source rocks. Ternary plot of Na,O + K,O,
Si0,/10 and CaO + MgO indicated multiple sources such as felsic igneous rocks or
recycled residues of quartz-rich. Tectonic discrimination diagram depict a typical
Passive Margin field.

Keywords: mineralogy, geochemistry, provenance, tectonic-setting, depositional history,
formation
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1. Introduction

The Mamu Formation (Middle-Upper Maastrichtian) in the Anambra Basin is
categorized by fossiliferous dark gray, indurated, and fissile shale. In addition, it is
typically overlain by the intercalation of sand and shale facies sequence with coal
inter-beds previously deposited under surface marine settings [1]. Selected stud-
ies have examined the Mamu Formation, Anambra Basin based on the following;
stratigraphic/biostratigraphy [2-5], sedimentology and depositional environments
[6], sequence stratigraphy [7, 8], palynology [1, 9-11], coal characterization [12-14],
petroleum potential [15-17], palynofacies and kerogen analysis [18], geochemical
indicator [19-21] and ichnology and lithofacies [22].

Some authors have indicated that analysis of the major elemental geochemistry of
sedimentary rocks is useful in discerning its tectonic background [23, 24]. However,
trace elements such as; La, Y, Sc, Cr, Th, Zr, Hf and Nb, mostly combined with TiO,
are suitable for determining the provenance and tectonic settings. This is attributed to
the comparatively poor mobility throughout sedimentary deposition and short habi-
tation periods in seawater [25, 26]. The study by Armstrong-Altrin et al. [25] reported
that all sedimentary rocks principally derived from Precambrian terrains could be
predisposed to variations from the source materials. The comparative distribution
of immovable elements showed diverse concentrations in felsic and basic rocks. For
example, the immobile elements La and Th (enriched in felsic rocks) and Sc, Cr, and
Co (basic rock compared to felsic rock enriched) are employed to understand the rela-
tive contributions of felsic and basic origins in shales derived from diverse tectonic
locations [27, 28]. Akinyemi et al. [19] reported the paleoenvironment reconstruction
of the outcropped Matrichtian shale along Auchi-Igarra road using redox sensitive
inorganic elements and mineralogical approach. However, the provenance, tectonic
setting and paleoweathering of the Maastrichtian Mamu Shale Formation exposed at
Auchi-Igarra Road, Edo State in Nigeria is hitherto not documented in the literature.
Therefore, the main objective of the present study is to identify the source rock
characteristics (i.e. provenance), source area weathering, and tectonic background
through primary and immobile trace elements.

2. Geological setting

The Anambra Basin is located from longitudes 6.30 E to 8.00 E and from the
latitudes 5.00 N to 8.00 N. It is a syncline that trends from NE to SW as part of
Central African Rift System. The basin was established in reaction to the widening
and settling of major crustal blocks through the Early Cretaceous plate partition-
ing of South America and Africa [29]. The movements were restarted through
additional activity on the Lower Tertiary plate subsequent to the alternation in the
Upper Cretaceous rift. The proposed rift model was based on the evidence gathered
by geomorphic, stratigraphic, structural, and paleontological research in literature
[30-32]. The development of the basin denotes the third evolutionary sequence of
the Benue Trough and its related basins when the Abakaliki Trough was elevated to
the Abakaliki Anticlinorium whereas the Anambra Platform was transformed into the
Anambra Basin [33, 34]. This transformation gave way to the westward transposition
of the depositional axis of the troughs.

The sedimentation trend of the Anambra Basin is categorized by unstable dep-
ocentres. The basin consists of nearly 6 km of dense Cretaceous/Tertiary sediments
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and is the structural connection from the Cretaceous Benue Trough to the Tertiary
Niger Delta [35]. The basin is a portion of the lower Benue Trough comprising the
post-deformational Campanian—Maastrichtian to the Eocene sedimentary strata.
Sedimentation in the basin started with the Campano—Maastrichtian marine and
paralic shales of the Enugu and Nkporo formations superimposed by the coal seams
of the Mamu Formation. The fluivo-deltaic sandstones of the Ajali and Owelli
sandstones are located in the Mamu Formation, which mostly comprises of its
equivalents. The marine shales of the Imo and Nsukka formations were deposited in
the Paleocene; superimposed by the tidal Nanka sandstones of the Eocene age. The
downdip towards the Niger Delta, Akata Shale and Agbada Formation account for the
Paleogene equivalents of the Anambra Basin [1].

3. Materials and method
3.1 Sampling method

The outcrop of the Maastrichtian shale is located at coordinates 07°05'.071” N and
06°14'.826" E at 162.72 m above sea level (Figure 1). About 500 g of each sample was
obtained at a sequence interval of 0.2 m from the shale. After collection, the samples
directly stored in zipped lock polyethene bags for preservation at ambient temperatures.
Next, the shales were oven dried at 60°C for 12 h. On cooling, the each sample was milled
into a homogeneous powder using an agate ball mill. Next, the crushed shales character-
ized by scanning electron microscopy/energy dispersive spectroscopy (SEM/EDS) tech-
nique. Geochemical analysis was performed by X-ray fluorescence (XRF) Spectroscopy
and Laser Ablation-Induced Coupled Plasma Mass Spectrometry (LA-ICPMS).

3.2 X-ray diffraction analysis
The nine representative samples collected from the Maastrichtian shale of Mamu

Formation were characterized to determine bulk mineralogy by X-ray diffraction
(XRD). A detailed analytical procedure is reported in Akinyemi et al. [19].
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Figure 1.
Map showing the location of the study area.
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3.3 SEM/EDS analysis

The surface morphology of the nine samples was determined by scanning electron
microscopy (SEM). The SEM is an FEI Nova NanoSEM (Model: Nova NanoSEM
230). The EDS analyses were determined at 20 kV and 5 mm working distance. The
EDS detector is an Oxford X-Max (large area silicon drift detector) operated with the
INCA- (INCAmicaF+ electronics and INCA Feature particle) analysis software.

3.4 XRF and LA-ICPMS analyses

The composition of the metal oxides in the nine samples acquired at various
heights in the Formation was determined by X-ray fluorescence (XRF) spectroscopy.
The major oxides detected during XRF were; SiO,, TiO,, Al,O;, Fe,03, MgO, MnO,
Ca0, Na,0, K,0, Cr,0; and P,0s. However, the composition of the trace elements in
the samples was examined by LA-ICP-MS. The trace elements determined include; Ni,
Cu, Zn, Ga, Rb, Sr, Y, Zr, Nb, Co, V, Pb, Th, U, Ti, Cr, Ba, La, Ce, Nd and P). The XRF
and LA-ICP-MS tests were performed at the elemental analysis laboratories of the
Stellenbosch University in South Africa. The techniques for sample preparation and
ICP-MS analyses are as described in Akinyemi et al. [19]. The precision of the findings
is presented as comparative standard deviation (in %) which is 5% for most of the
elements analyzed with the LA-ICP-MS technique. The geochemical results from XRF
were regularized to 100% volatile-free before plotting the data.

3.5 Loss on ignition determination

The loss of ignition (LOI) was examined through the experimental techniques
reported in Ojo [36]. The LOI was determined by first weighing an empty porcelain
crucible, before adding 1 g of the dry mass of each sample to the crucible. Next,
each sample was oven dried at 120°C for half an hour (30 min). The crucible and the
sample were subsequently transferred to a furnace pre-heated to 1000°C for about
45 min. On completion, the samples were cooled in desiccators and weighed repeated
until a constant weight was reached.

4. Results and discussion
4.1 Mineralogy and surface morphology

The base of the Mamu Formation is mainly dominated by quartz and kaolinite
with minor traces of hematite, as described in literature [19]. The hematite in the base
of the shale profile shows the oxidizing diagenetic setting for deposition. However,
the upper portion of the profile is characterized by quartz and kaolinite with minor
quantities of halloysite and grossite. Figures 2 and 3 present the results of the SEM
micrographs of the samples taken at the basal and upper part of the lithosection of the
outcropped Mamu Shale.

The SEM investigation of samples taken at the basal and the upper part of the
outcropped shale section show a mixture of sizes and morphologies of kaolinite in all
the samples. As shown in Figure 2a, the quartz particles are spherical to rounded and
exfoliated. The kaolinic particles are rolled with rough edges and some individual’
particles have lamellar shape indicating a terrigenous origin (Figure 2b and c).
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Figure 2.

SEM photomicrographs of samples taken at basal part of outcropped shale of Mamu Formation. (a) Spherical
quartz particle, rounded corners, and exfoliation, (b) rolled and rough edged kaolinite particles and (c) lamellar
kaolinitic crystals.

Bortnikov et al. [37], reported that terrigenous kaolinite is consists of lamellar par-
ticles and remains of differently preserved vermicular crystals. Kaolinite particles are
arranged face to face and individuals show well defined crystalline pseudo-hexagonal
and rough edges indicating detrital origin (Figure 3b and c). Figure 3c shows the
face to face arrangement patterns of kaolinite particles in which larger platelets are
surrounded by smaller ones suggesting bimodal origin (i.e. both terrigenous and
authigenic varieties). Therefore, structural, and morphological growth of kaolinite in
the outcropped shale samples of Mamu Formation is attributed to mechanical disinte-
gration during transportation and redeposition.

4.2 Bulk composition and geochemical classification

The chemical composition and ratios of selected major oxides of the studied sam-
ples are shown in Tables 1 and 2, respectively. The major oxide components are SiO,,
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Figure 3.

SEM photomicrographs of samples taken at upper part of outcropped shale of Mamu Formation. (a) Authigenic
quartz particle and face to face arrangement of kaolinite particles, (b) face to face arrangement patterns of larger
platelets of kaolinite surrounded by smaller ones and (c) pseudo hexagonal and rough edges kaolinite particles.

Al O; and Fe,0; while other oxides occurred in minor quantities. The average con-
tents of SiO,, AL,O; and Fe,0; are 64.84 wt%, 19.79 wt% and 2.22 wt%, respectively
(Table 1). The ratios of SiO, to AL,O; ranged between 1.96 wt.% and 26.95 wt.% with
an average value of 5.29 wt.%. The TiO,/AL,0; ratios varied between 0.04 and 0.08
with an average value of 0.07. The K,0/Na,O ratios ranged from 1.96 to 24.67 with

an average value of 16.50 (Table 2). The ratios of Fe,O; + MgO to K,0 + Na,O ranged
from 1.57 to 14.31 with an average value of 3.31. The plot of log (Si0,/A1,03) versus
log (Fe,05/K,0), based on Herron [42], clearly shows the studied samples majorly fall
within the shale field with one sample within the greywacke field and another in the
Fe-sand field (Figure 4). This exceptional trend of the two samples is attributed to
the relatively high Fe,0; contents in samples taken at 0.0 m and 0.2 m depths.

The major oxides were compared with the average values of shales worldwide [43],
Average North American Shale [44, 45], Average Post-Archaean Australian Shale, and
Upper Crust (data from Taylor and McLennan [46]). As observed, the average SiO,,
AL Os, and TiO; in the studied samples is higher than Average World Shale, PAAS,
NASC, Upper Crust [45]. Conversely, the average Fe,0;, CaO, MgO, MnO, Na,O, P,0s
and K,O contents in the studied samples is below the Average World Shale, PAAS,
NASC, Upper Crust (Table 3) [45]. The average trace element such as Ba, Cu, Ni, Zn,
and U in the studied samples is lower than shales from various regions of the globe
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Figure 4.
Chemical classification of the Mamu shale sequence based on log (SiO,/Al,0;) vs. log (Fe,0,/K,0) diagram of
Hervon [42].

Oxides Present study AWS PAAS NASC ucC Turekan and Wedephol [47]
Sio, 64.17 58.90 62.80 64.80 66.00 58.5
ALO; 20.23 16.70 18.90 16.90 15.20 15
Fe,0; 216 6.90 722 5.65 5.00 4.72
TiO, 1.28 0.78 1.00 0.70 0.50 0.77
CaO 0.04 220 130 363 4.20 31
Cr,0; 0.02 — — — — —
K0 0.99 3.600 3.700 3.970 3.400 31
MgO 0.24 2.60 220 2.86 2.20 25
MnO 0.01 — 0.11 0.06 0.08 —
Na,O 0.07 1.60 1.20 114 3.90 13
P,05 0.10 — 0.16 0.13 — 0.16
LOI 10.90 — 6.00 — — —
H,0" — — — — —
Total 100.16 9328  104.59 99.84 100.48 89.15

Average Shale Worldwide [43]; Average Post-Archaean Australian Shale [48]; NASC = Average North American Shale
(data from [44]); UC = Upper Crust (data from [48]); Turekan and Wedephol [47].

Table 3.
Major oxides of Maastrichtian Mamu shale sequence compared with worldwide shales.

(Table 4). On the other hand, the average concentrations of Ce, Co, Nb, Rb, S, V, Y,
Zr, Th, Cr, Laand Nd in the studied samples is higher than shales from various areas
of the globe (Table 4).

49



Geochemistry and Mineral Resources

Traceelements  Presentstudy ASW  *PAAS  *NASC ucC Turekan and Wedephol [47]
As — — — 284 1.50 —
Ba 245.8 580 650 636 580
Ce 183.0 — 80 66.7 64 —
Co 54.3 19 23 25.7 10 —
Cu 11.0 45 50 — 25 45
Nb 26.7 — 19 13 25 —
Ni 16.2 68 55 58 20 68
Pb 150.9 22 20 — — —
Rb 524 140 160 125 112 —
Sr 95.7 300 200 142 350 300
\4 2127 130 150 130 60 130
Y 47.8 — 25 35 22 —
Zn 274 95 85 — 71 95
Zr 3289 160 210 200 190 160
Ga 25.0 — — — —
Th 151 — 14.6 123 10.7 —
U 0.7 37 31 266 2.8 —
Ti 9475.0 — — — — —
Cr 138.8 920 110 125 35.0 —
La 72.0 — 38 311 30 —
Nd 778 — 32 274 26 —
P 4504 — — — — —

Average Shale Worldwide [43]; Average Post-Archaean Australian Shale [48]; NASC = Average North American Shale
(data from [44]); UC = Upper Crust (data from [48]); Turekan and Wedephol [47].

Table 4.
Comparison of average trace element contents with other worldwide shales.

4.3 Source area weathering

Several authors have recommended that the chemical composition of clastic
sedimentary rocks is mainly reliant on the composition and weathering settings in the
area of the source rock [49, 50]. The study by Nesbitt and Young [50] examined the
extent of weathering of a clastic sedimentary rock by computing the chemical index
alteration (CIA) which is defined as:

CIA=100x Afzo3 )
ALO, +CaO" + Na,0+K,0

This weathering index is mostly valid when Ca, Na, and K declines with increas-
ing weathering intensity [51]. In Eq. (1), CaO* is the concentration of CaO fused in
the silicate portion of the shales examined [40]. However, the CaO correction from
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the carbonate influence was not performed for the samples examined in this study
due to lack of CO, data. Therefore, the computation for CaO* from the silicate por-
tion requires adopting Bock et al. [52] hypothesis. Based on the assumption, the CaO
values are only valid when CaO < Na,O. However, if CaO > Na,O, it is probable that
the CaO concentration is equivalent to Na,O [52]. The outlined technique is the basis
for the measure of the weathering intensity and the ratio of the lesser aluminous
compound to feldspar [53]. The Chemical Index of Weathering (CIW) proposed by
Harnois [39] is similar to the CIA except for the exclusion of K,O in the equation:

CIW =molar x 450, )
ALO,; +CaO+ Na,O

For CIA and CIW, the values are deduced in the similar to the unweathered upper
continental crust (~50) and for greatly weathered constituents (~100) with com-
prehensive elimination of the alkali and alkaline-earth metals [26, 54, 55]. Typically,
small values of CIA (50 or less) may reflect cool and/or dry conditions [40]. In this
study, the values of CIA for shale samples ranged from 91.75% to 95.57%, or 94.57%
on average. Similarly, the values of CIW varied between 95.60% and 99.67%, or
99.13% on average. The CIA and CIW standards for the examined shale sequence
indicate highly weathered source constituents. This observation is corroborated by
the previous study by Ejeh [20].

The chemical weathering intensity is typically computed according to the
Plagioclase Index of Alteration [40] in molecular proportions:

PIA = molar x( ALO, +K,0 jx 100 3)
Al,O, +Ca0O" + Na,0-K,0

The term CaO* represents the CaO residing exclusively in the silicate portion. The
unweathered plagioclase typically has a PIA value of 50. In this study, the PIA for the
shale samples ranged from 95.40% to 99.67% with an average value of 99.08%, which
indicates highly weathered source constituents.

The Mineralogical Index of Alteration (MIA) is a weathering index computed
from the equation [41];

PIA =2x(CIA-50) 4)

The MIA values from 0 to 20% are designated as incipient i.e. just starting,
20-40% (weak), 40-60% (moderate), and 60-100% as strong to a great degree
of weathering. The MIA values for shale samples examined ranged from 91.19% to
99.34%, with an average value of 98.25%. Therefore, the MIA for shales showed a
great amount of source weathering constituents.

Figure 5 shows that the studied samples plots are near the “A” vertex above the upper
continental crust (UCC) line, which indicates a high extent of weathering. Nesbitt
etal. [49] used the ternary diagrams of Al,0;-(CaO + Na,0)-K,O (the A-CN-K), and
Fe,05 + MgO-(CaO + Na,O + K;0)-ALO; (the A-CNK-FM) to deduce weathering trends.
Onboth the A-CN-K and the A-CNK-FM diagrams in Figures 6 and 7 respectively,
all the sediments indicated an extreme weathering history. The studied samples plot
evidently suggest different contents of A0, CaO, Na,0, and K;O in a region examined
compared to the Average World Shale, PAAS, NASC, and UC indices. The studied
samples plot near the high contents of AL,O; suggests a relatively high intensity of
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A

Kaolinite, Gibbsite, Chiorite

Muscovite

Figure 5.
Ternary diagram showing the weathering trend of the studied samples (all in molar proportions); Al,O5-
CaO + Na,0-K,0 (A-CN-K). Fields from Gu et al. [56].
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Figure 6.

Al,0;-(CaO + Na,0)-K,0 plot of sediment samples (after [49, 50]), compared to data for post-Archean average
shale (PAAS) and upper crust (UC) given by Taylor and McLennan [48]; and north American shale composite
(NASC) given by Gromet et al. [44].

weathering. This implies that substantial content of the alkali and alkaline earth ele-
ments were detached from the shales in this study [57].

4.4 Chemical maturity and paleoclimatic condition

Suttner and Dutta [58], suggested the plot of SiO, versus AL,O; + K,0 + Na,O to
infer the paleoclimatic condition of the source region. The studied samples mainly fall
within the semi-arid condition at the source area (Figure 8). Therefore, the prevalent
dry settings of the source region will slow down the weathering process and thereby
impede chemical maturity.
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Figure7.

Triangular Al,O;-(CaO + Na,O + K,0)- Fe,0, + MgO plot of the curvent sediment data (after [49, 50]) in
comparison with post-Archean average shale and upper crust (data from [48]) and north American shale
composite (data from [44]).

100
a0
80
70

60

/

. 50 7 {semi-Arid) e
=
P ’
2 /
un

30 7 s

/ ARID
20
y
10
5}
0 5 10 15 20 25 30

AL O+K,0+Na,0 (%)

Figure 8.
Chemical maturity and paleoclimate of the Mamu shale sequence expressed by bivariate plot of SiO, versus
ALO; + K,0+ Na,O (after [58]).

4.5 Provenance

Major element geochemistry could offer empirical evidence on the rock composi-
tion, source rock, along with the outcome of sedimentary techniques like sorting
and weathering [26]. The outlined properties provide evidence of the source rock
attributes and definite patterns of historical sediments [59, 60]. Therefore, itisa
common practice to infer the origin of deposits and sedimentary rocks [61-66]. The
two variable plots of Na,O versus K,O reveals the studied samples are rich in quartz,
which shows felsic sources (Figure 9). The ternary diagram shows the plots of the
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Figure 9.
Bivariate plot of Na,O versus K,O of the Mamu shale sequence showing quartz content, after Crook [67].
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Figure 10.
Plot of Na,O + K,0, SiO,/10 and CaO + MgO to illustrate possible affinities of the samples to felsic, mafic, and
ultramafic vocks (after [48]).

studied samples in the SiO, are distant from the basalts, ultramafic, and granitic
regions (Figure 10). This submits that the felsic igneous or metamorphic or recycled
rocks rich in quartz deposits derivation are evident.

Similarly, the composition of zircon is used to describe the nature and content
of source rock [68, 69]. The study by Hayashi et al. [68] recommended that TiO,/
Zr ratios can distinguish the three different felsic, intermediate, and mafic types of
source rock. The TiO, versus Zr plot (Figure 11) indicates that the samples examined
are mostly plotted in the intermediate field although few lie within the felsic and
mafic zones. The origins of a sedimentary rock suite can be computed through the
K,0 versus Rb ratios, which are mostly identical to the standard Upper Continental
Crust values [70]. The Cr/V-Y/Ni ratios could also provide estimations of the specific
composition of chromium over other ferromagnesian elements [26, 71].
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Figure 11.
TiO,-Zr plot for the Mamu shale sequence [68].

Figure 12 shows the plots of studied samples in the acidic/intermediate composi-
tion zone with one sample located in the basic composition zone. The Cr/V ratio
describes the enrichment of Cr regarding additional ferromagnesian elements.
However, the Y/Ni ratio appraises the connection amongst the ferromagnesian minor
elements (denoted by Ni) and the HREE using Y as a substitute [26]. The Y/Ni ratios
typically range across values from midway to the felsic calc-alkaline rocks (Figure 13).
The sediments resulting from ultrabasic origins typically have high Cr/V ratios above
1 and low Y/Ni ratios below 1 [71]. The Cr/V ratio ranged from 0.52 to 0.99, or 0.66
on average. However, the Y/Ni ratio was from 1.1 to 9.6 with an average value of 4.79,
which suggests felsic compositions in the source materials.

Figure 14 reveals that the source rocks for shales examined are Late-Archean.

The residues reveal minimal scatter along with trace Cr constituents, which indicates

10 ¢ T —
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L Compositions
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Figure 12.
K,O versus Rb plot. Fields after Floyd and Leveridge [72].
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Figure 13.
Cr/V-Y/Ni plots for the sediments showing the lack of ultrabasic sources (after [26]). Ultrabasic field of sands
derived from ultrabasic rocks, after Ortiz and Roser [73].
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Figure 14.
Cr—Ni plot for the studied samples showing the plots in the late-Archean field [48] and fractionation from source
rocks to the sediments.

depletion and homogenization could have occurred in the course of transportation

or weathering. Floyd etal. [70], applied immovable elements such as TiO, and Ni to
deduce the original lithological structure of rocks. The technique was also employed to
separate unformed residues of magmatic origins from standard mature sediments. The
studied samples are plotted within the zone of an acidic or felsic source (Figure 15).
According to Cullers and Berendsen [74], the Th/Co versus La/Co ratios are used to dis-
tinguish the source materials of sedimentary rocks. The shale samples examined in this
study are plotted mainly in the upper continental crust and one sample each show close
proximity to basaltic and granodioritic zone respectively (Figure 16). This observation
agreed with the previous study conducted by Ogbahon and Olujinmi [76].

4.6 Tectonic evolution

The discrimination diagrams of major elements can be used to describe or distin-
guish rocks based on the tectonic setting was suggested by several authors [23, 24, 77].
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Figure 16.

Source rock discrimination diagram for Mamu shale sequence (after [74]), in velation to average values of
granites, basalts, granodiorite [75] and upper continental crust [46, 48].

Roser and Korsch [24] suggested four tectonic discrimination diagrams based on the
SiO, as the x-axis and K;0/Na,O as the y-axis. As shown in Figure 17, the studied sam-
ples indicated Passive Margins tectonic field. Furthermore, the tectonic discrimination
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Figure 17.
Tectonic discrimination plot for the Mamu shale sequence (after [24]).
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Figure 18.

Si0,/AL,0; vatio versus K,0/Na,O ratio plot for Mamu shale sequence. Fields and boundary lines (after Maynard
et al. [78]; Roser and Kovsch [24]). A1 = arc setting, basaltic and andesitic detritus; A2 = evolved arc setting;
ACM = active continental margin; PM = passive margins.

diagram of K;0/Na,0 as the x-axis and SiO,/AL,O; as the y-axis similarly depicted
studied samples in the Passive Margins zone (Figure 18). This trend is supported by
the previous study done by Ogbahon and Olujinmi [76]. The residues from the passive
margin are fundamentally rich in quartz and derived from established continental
regions, placed in intracratonic basins or on passive continental boundaries [24].
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5. Summary and conclusion

In this study, the structural and morphological evolution of kaolinite in the samples
is attributed to mechanical disintegration during sediment transportation and
redeposition. The shales of the Mamu Formation show considerable variation with
regards to major oxides, trace, and rare earth elements. The abundant major oxides
showed that SiO,, Al,0; and Fe,0; constitute more than 86% of the bulk chemical
composition. The plot of log (SiO,/Al,03) versus log (Fe,03/K,0) indicated that the
samples examined are majorly within the shale field. The weathering indices such as
CIA, CIW, PIA and MIA indicated highly weathered source materials. Provenance
indicated heterogeneous sources for the studied clastic sediments. The examination of
geochemical parameters such as Th/Co versus La/Co, TiO, versus Ni, Cr/V versus
Y/Ni and TiO, versus Zr suggest the samples could be the result of acidic or felsic
sources and not intermediate or basic source rocks. The Cr versus Ni plots indicated the
studied samples are Late Archean shales. In the provenance discrimination diagrams
based on major and immobile elements, the outcropped shale samples show geochemi-
cal markers in agreement with the source rocks of intermediate structure, whereas the
tectonic discrimination diagrams indicate Passive Continental Margin field.
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Chapter 4

Petroleum Geochemistry

Mei Mei and Barry Katz

Abstract

Petroleum geochemistry has entered its second period of growth. The first period,
largely associated with conventional oil and gas, occurred in the 70s and 80s when
the classic works on source rock characterization, biomarkers, depositional systems,
and petroleum generation, including kinetics and basin modeling were the focus.
The second period began slightly after the turn of the century as a consequence of
the “unconventional resource” revolution and the interest in distressed resources
developed, the focus turned to non-hydrocarbon contaminants, new interest in
hydrocarbon expulsion and retention, identification of tight rock pay zones, and the
development of organic porosity. This chapter will discuss source rock characteriza-
tion and formation, petroleum generation, expulsion, and retention, correlation
among hydrocarbon accumulations and to their source rock(s), and organic porosity.

Keywords: source rock, characterization, deposition, petroleum generation, retention,
expulsion, migration, geochemical inversion, correlation, petroleum geochemistry, oil,
biomarker, organic porosity

1. Introduction

There are five components to a petroleum system - hydrocarbon charge, reser-
voir, seal, trap, and overburden [1]. When assessing exploratory risk each of these
elements is directly assessed except for overburden, which is incorporated into the
different risk elements (e.g., overburden is incorporated into charge through ther-
mal maturity, seal and reservoir through porosity and permeability reduction asso-
ciated with compaction). The absence of any of these elements brings the chance of
exploratory success to zero. Hydrocarbon charge is considered the most important
component of any petroleum system evaluation [2] because there is no alterna-
tive. In frontier regions and play extensions, post-drill assessments have indicated
that the absence of hydrocarbon charge is a disproportionate cause of exploratory
failure [3, 4]. Significant improvement in exploration efficiency was reported when
geochemistry was taken into consideration as compared to simply assessing oppor-
tunities by trap size alone [5]. Fundamental to understanding hydrocarbon charge
is clarity on its components which include the source rock presence and quality,
generation process (maturation), and alteration (e.g., biodegradation, thermal
cracking, phase segregation).

The importance of the organic matter to the formation and accumulation of
hydrocarbons was fundamentally established by (1) the identification of porphyrins,
a chlorophyll derivative, in shales, coals, and crude oils [6], and (2) the observation
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of threshold level of total organic carbon (TOC), approximately 1.5% as a mean of
petroliferous basins, rather than the 0.35% of non-petroliferous basins of the Russian
Platform [7].

Since these works, and especially over the past five decades, there has been consid-
erable advancement in the foundational understanding of hydrocarbon charge. There
have effectively been two major periods of advancement in petroleum geochemistry.
The first growth episode occurred, in part, as a result of advances in analytical meth-
ods as well as insights into the controls on source rock development and the processes
of hydrocarbon generation, expulsion, migration, and alteration. During this period
the application of gas chromatography/mass spectrometry (GC/MS) became routine
for the assessment of source rock depositional setting and thermal maturity; and basin
models became commonplace, requiring an understanding of the kinetics of hydrocar-
bon generation. The second growth period came with the increase in the importance
of self-sourced petroleum systems and tight rock resources. During this recent phase,
the focus has been on the identification of landing zones, hydrocarbon expulsion and
retention, hydrocarbon cracking, and the development of organic porosity.

This overview discusses the identification, characterization, and formation of
hydrocarbon source rocks, the generation process, the characterization of produced
fluids including post-accumulation alteration processes, hydrocarbon migration, and
establishing genetic relationships among hydrocarbon accumulations, and to their
source rock(s), and organic porosity.

2. Source rock identification and characterization

It is important to establish a consistent definition of source rock. A source rock is
arock that contains sufficient quantities of organic matter that after having achieved
the appropriate thermal maturity will generate and expel sufficient quantities of
hydrocarbons to result in an accumulation. At this point issues of commerciality are
not considered because they are dependent on logistics, the presence of prior infra-
structure as well as commodity price.

Petroleum source rocks are atypical and are not uniformly distributed either
stratigraphically or spatially [8]. The mean value for organic carbon in fine-grain
sedimentary is ~0.7 wt.% with a standard deviation of 0.3 wt.% as established using
a statistical approach and more than 15,000 fine-grained rock samples worldwide [9].
It was then noted that source rocks should display above-average TOC levels estab-
lishing a threshold TOC of 1.00 wt.% (Figure 1). However, a review of data from a
number of world-class source rocks such as the Kimmeridge Clay (North Sea Basin),
Green River Formation (western United States), Pematang Formation (Central
Sumatra Basin, Indonesia), Bucomazi Formation (Lower Congo Basin, Angola),
Hydria-Hanifa Formation (Saudi Arabia), Maykop Formation (South Caspian Basin,
Azerbaijan), Shublick Formation (Alaska) and Kazhdumi Formation (Mesopotamian
Foreland Basin, Iran), all contained significant stratigraphic intervals where organic
carbon contents exceeded several weight percent organic carbon. This indicates that
source rocks, in fact, typically contain TOC levels that significantly exceed the 1.0%
wt.% TOC threshold.

It has also been suggested that there is an upper limit for TOC that limits a source
rock’s effectiveness. It is suggested that at TOC levels of 12 to 15 wt.%, oil is retained
within the source rock limiting its effectiveness [10]. This upper limit may also
partially explain why most coals do not act as an effective source [11].
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Figure 1.
Global distribution of total organic carbon within fine-grain sedimentary rocks. Insert vepresents the organic
carbon measured at the type locality of the Kimmeridge clay (United Kingdom), after Bissada 1982 [9].

It was, however, established early that not all organic matter is the same with
respect to hydrocarbon generation and that the assignment of source rock potential
based on organic carbon is insufficient. Similar quantities of organic matter can have
yields that range over several orders of magnitude depending on the type of organic
matter and the thermal maturity (Figure 2). This question of yield was approached
using the total generation potential (free hydrocarbons + generatable hydrocarbons:
S1 + S2) as determined using Rock-Eval pyrolysis. A threshold of 2.5 mg HC/g rock
[9] was considered for a possible oil-prone source rock (Figure 3). This threshold was
established as outlined above for organic carbon. A physical reason for this threshold
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Figure 2.

Comparison of residual generation potential (S2) of samples with similar total organic carbon content. Note that
for the same TOC, hydrocarbon yield can vary by order of magnitude.
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Figure 3.

Global distribution of total generation potential of fine-grain samples containing a minimum of 0.5 wt.% TOC.
Insert represents the total genevation potential measured on samples greater than 0.5 wt.% TOC at the type
locality of the Kimmeridge clay (United Kingdom), after [9].

also appears present. This reported threshold is consistent with the previously
reported minimum of 825-850 ppm hydrocarbons thought to be required for expul-
sion to occur [10]. A rock having a total generation potential of ~2.5 mg HC/g rock as
it approaches the main stage of hydrocarbon generation approaches a free hydrocar-
bon content consistent with this threshold. Thresholds for possible gas-prone source
rocks are less well-defined, in part, because of their different expulsion mechanisms
[12]. Oil expulsion requires that the pore network becomes saturated, and the rock
becomes over-pressured. In contrast, gas expulsion can occur through diffusion
which simply requires a concentration gradient once the sorption capacity of the
source is achieved [13] or in solution within a liquid hydrocarbon phase.

The atomic H/C and O/C ratios were used to define three primary kerogen types as
an explanation for the observed differences in hydrocarbon yield and product charac-
ter [14]. This van Krevelen diagram has been modified to provide more specific guid-
ance on product characterization (i.e., oil yield) [15] and visualized here in Figure 4.

Type I kerogen was defined using the Green River Formation and algal kerogens
and has the greatest hydrocarbon yield for a given mass resulting from the abundance
of hydrogen. When mature type I kerogen will yield principally oil with a lesser
amount of gas. The kerogen structure contains abundant long-chain hydrocarbons
[16]. This type of kerogen is principally derived from algal material and often appears
associated with marine and lacustrine carbonate depositional systems.

Type II kerogen displays lower atomic H/C and higher atomic O/C ratios than
Type I organic matter. It produces both oil and gas upon maturation and was defined
using the Schistes Carton Formation (lower Toarcian, Paris Basin, France) and
Silurian shales of North Africa. The kerogen structure is much more diverse than
Type I kerogen due to the diversity of the organic material that led to its development,
which includes algal material, plant cuticle, spores, pollen, and resin, which may be
microbially reworked. Although often considered to represent a marine depositional
system, such kerogen was found to also dominate in siliciclastic-dominated lacustrine
systems, such as the Pematang Formation of Central Sumatra.

Asimplied, the difference in organic matter type between a clay-rich mudstone
and a carbonate source rock rest with one of the foundational differences in the
development of these two rock types. Carbonate rocks are generally considered to be
autochthonous with both the mineral and organic matter forming at or very near to
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Figure 4.
Conventional van Krevelen diagram based on the atomic H/C and O/C ratios. Relative oil and gas yields have
been added.

the depositional site. In contrast, clay-rich mudstones are derived from both inorganic
and organic material that is transported to their depositional site, reflecting the
provenance of the drainage basin, with the lesser autochthonous contribution.

A subset of Type II kerogen is Type II-S, which contains greater than 6% organic
sulfur [17]. This differentiation is important because the C-S bond is weaker than the
C-C bond and generation proceeds at lower levels of thermal maturity, producing
products with greater amounts of asphaltenes and resins.

Type Il kerogen was defined using Cretaceous shales from the Douala and
Western Canadian Sedimentary basins. It has lower H/C and more elevated O/C ratios
than Type II kerogen. It produces the lowest amounts of hydrocarbons per unit mass
and yields principally gas. The kerogen structure is envisioned to be dominated by
interconnected aromatic rings, with shorter chain hydrocarbon elements. Although
this type of organic matter is often associated with vitrinite (a wood derivative) it may
also be derived through the poor preservation (oxidation) of marine organic matter.

As a consequence of thermal maturation and the generation of products including
organic acids and hydrocarbons both the atomic H/C and O/C ratios decrease. In the
case of Type I kerogen, there is a rapid decrease in the atomic H/C ratio and a mod-
est decrease in O/C ratio with increasing thermal maturation. In contrast, there isa
rapid decrease in the atomic O/C ratio and a modest decrease in the atomic H/C ratio
for Type III kerogen. These changes result in an inability to differentiate among the
different kerogen types using their elemental composition at more advanced levels of
thermal maturity and alternative means are required for such kerogens.

Subsequently, a fourth kerogen type has been defined, which represents residual
organic matter [18]. It displays very low atomic H/C ratios and highly varied atomic
O/C ratios. This material is largely inert and incapable of yielding any significant
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amount of hydrocarbons. It is dominated by inertinite. This material commonly forms
through prolonged transport, very slow sedimentation rates leading to long exposure
times, or forest fires.

The aforementioned approach to organic matter characterization requires the
isolation of kerogen from the rock matrix. This is a time-consuming process that
utilizes hydrochloric and hydrofluoric acids as well as requiring relatively large sample
volumes. An alternative was proposed that was rapid and required only grinding
as sample preparation and did not require large sample volumes. This method was
Rock-Eval pyrolysis, where the sample was heated in an inert atmosphere. Two of the
measured parameters are used to calculate the hydrogen index (S2*100/ TOC) and the
oxygen index (53*100/TOC, where S3 represents the CO, yield) are substituted for
the atomic H/C and O/C ratios, respectively (Figure 5).

Although these indices have become routinely accepted for kerogen characteriza-
tion there are some limitations that are known to exist and should be considered when
interpreting the data. For samples with very high generation potentials, the use of
the standard sample size may result in the saturation of the flame ionization detector,
which produces an apparent reduction in S2 yield and consequently the hydrogen
index making the sample appear more gas-prone than would be implied if elemental
analysis on isolated kerogen was used. In addition, several studies have shown that
there are mineral matrix effects. These effects are especially notable for samples with
lower organic carbon contents. It is suggested that for samples with less than 2 wt.%
TOC hydrocarbons are retained by the rock matrix, especially in clay-rich samples.
This retention reduces the apparent generation potential and the derived hydrogen
index [19]. It was also observed that the oxygen index was sensitive to the presence
of carbonate minerals, especially siderite. These effects cause the organic matter to
appear more gas-prone than in kerogen isolates. Alternative means of correcting the
oxygen index for the presence of siderite-derived CO, have been proposed [20, 21],
however, these approaches alter the value proposition, which was a rapid and simple
means to assess generation potential, organic matter type, and thermal maturity.
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Figures.

Modified van Krevelen diagram based on the rock-Eval parameters the hydrogen and oxygen indices. Arrows
represent changes in parameters as a function of increasing thermal maturity, increasing carbonate (especially
siderite) content, and decreasing organic carbon.
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Figure 6.

Alternate means of characterizing ovganic matter utilizing the hydrogen index and Tmax. Arrows represent
changes in parameters as a function of increasing thermal maturity and decreasing ovganic carbon.

An alternative approach to organic matter characterization without the possible
oxygen index complication relies on the relationship between the hydrogen index and
Tmax (Figure 6). This approach is still limited at lower TOC values.

Alternative pyrolysis approaches have been developed that provide additional
information. The first adds gas chromatography to the pyrolysis unit and is known
as Py-GC. This analytical approach provides a more detailed understanding of the
products generated beyond a simple assessment of oil- and gas-proneness [22, 23].
A chromatogram of isolated kerogen through Py-GC with vented free hydrocarbons
below 320°C (equivalent to Rock-Eval S1 peak) and then pyrolyzed up to 600°C is
produced from what essentially was the Rock-Eval S2 peak (Figure 7). These chro-
matograms provide information on such geochemical properties as waxiness, relative
abundance of naphthenes, and aromatic compounds. The relative abundance of
C;-Cs, C4-Cy4, and Cys” in the Py-GC was used to assess the oil and gas-proneness of
different types of kerogens [23].

Another thermal extraction-pyrolysis innovation has been developed, which has
a more complex temperature ramp and is designed to better characterize the free
hydrocarbons present in the rock, where the free hydrocarbons are broken down
into four fractions (thermal extraction <350°C), representing C4-Cs, Cs-Cig, C11-Cio,
and Cyo-Cj¢ (the four oil fractions in Figure 8). The K-1 peak in Figure 8 represents
pyrolysis of kerogen at 350-600°C. The Petroleum Assessment Method (PAM) was
developed to better assess the nature of the hydrocarbons present in self-sourced
petroleum systems [24].

Part of the assessment of the validity of a geochemical assessment is a determina-
tion as to whether a sample has been stained (natural processes) or contaminated
(anthropogenic processes). This assessment is based on the relationships between the
abundance of free hydrocarbons (S1) and the total organic carbon content (Figure 9),
and the relationship between Tmax (temperature of maximum hydrocarbon yield)
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Figure7.
Pyrolysis-gas chromatograms of A - Green River Formation (Utah, United States); B - Kimmeridge Clay (United

Kingdom); C - Talang Akar Formation (Indonesia); D - Banquereu Shale (Atlantic Canada).
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Figure 8.
Representative PAM pyrolysis of Devonian Shale (Western Canadian Basin,).
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Figure 10.
The relationship between Tmax and the production index is used to define the presence of staining or
contamination.

and the transformation ratio (S1/(S1 + S2); Figure 10). These assessments do not
differentiate between natural and anthropogenic hydrocarbons additional analyses
would be needed for this differentiation.

The S1*100/TOC (OSI; oil saturation index) ratio was proposed for identifying
potentially productive zones, with values greater than 100 mg HC/g TOC being zones
of interest [25]. This approach is essentially limited, however, to wells not drilled with
an oil-based drilling fluid system.

There has been some recent work that has also led to questions on the validity of
source rock assessment and characterization when organic-based drilling fluids are
used. Organic-based drilling fluids are becoming more commonly used because of
their greater stability at higher temperatures and improved hole stability when shales
are water-sensitive [26]. It was reported that the often-used solvent pretreatment of
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contaminated samples does not permit an assessment of the original in situ characters
of the rock [27]. The reported organic carbon, generation potential, hydrogen, and
oxygen indices were all impacted by the contamination by the drilling fluid and the
solvent extraction of the contaminated samples.

3. Source rock depositional controls

As a consequence of the uniqueness of petroleum source rocks, it has been gener-
ally accepted that they form under somewhat distinct sedimentary conditions. It was
suggested that nearly half of the known source rock systems lack modern analogs
(e.g., anoxic epeiric seaways and anoxic oceans [28]). In general, there have been
three principal schools of thought on source rock deposition: 1) enhanced organic
preservation, often associated with anoxia; 2) enhanced primary productivity, often
associated with oceanic upwelling or riverine transport of nutrients; and 3) sedi-
mentation rate, often associated with either rapid removal of the sediment from the
various microbial zones or through the concentration of organic matter through a lack
of dilution by sediment (i.e., a condensed section). Arguments have been presented to
support each as a stand-alone model.

The enhanced preservation model is largely based on the argument that anoxic
environments, where oxygen consumption exceeds supply, favored preservation
[29]. Such settings are associated with stratification, reduced circulation, water body
isolation, or estuarine flow. The primary argument for this was the presumed rela-
tive inefficiency of anaerobic processes, which slows decomposition [30]. However,
activity levels of anoxic and oxic microbial communities have been shown to display
similarities [31]. It appears that the absence of meibenthos and macrobenthos may
be more important than microbial rates because they are more efficient consumers
of organic matter compared to microbes [32] and also provide a means to irrigate the
sediment through bioturbation [33]. Similarly, the absence of alternative oxidizers
such as sulfates also leads to more efficient preservation. This limits the source rock
potential of evaporitic settings once gypsum precipitation is initiated, and sulfate
reduction may occur. Another argument for enhanced preservation was associated
with settling or exposure time within the oxic portion of the water column. It was
observed that there were order of magnitude reduction in organic matter preservation
efficiency from the shelf to the central ocean basin as a result of exposure time [34].
Further reports suggest that settling time could be reduced through the pelletization
process, where the increase in particle size and the incorporation of mineral matter
increased the settling rate with added protection coming from the mucilaginous cover
that the pellets have after passing through the digestive system [35]. It should be
noted, however, that stratification may limit nutrient renewal and lead to oligotrophic
conditions, suggesting limited autochthonous input and that under such circum-
stances terrestrial input may be favored.

The primary productivity model was based on the general concept that elevated
amounts of organic matter would be incorporated into the sedimentary record if
productivity was high [36]. Higher levels of productivity are associated with regions
of nutrient renewal such as coastal upwelling, seasonal water body turnover (which
is especially common in lake systems and temperate water bodies), as well as riverine
input. Numerous publications attempted to highlight areas of high productivity
through time through paleoclimate and paleocirculation modeling (e.g., see [37]). In
the modern ocean, there are numerous regions of high productivity, however, that
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lack significant organic carbon in the sediment. This is clearly documented in the
Southern Ocean where an intense upwelling system has been established but is also
aregion where freshly-oxygenated bottom waters are present. Here the sediment
appears dominated by siliceous tests and TOC is minimal, (typically below 1.0 wt.%)
as a result of organic carbon’ brief residence time of 15 to 150 years [38]. Attempts to
correlate regions of modeled high productivity have had limited success. In part, this
is because of factors beyond nutrient availability that influence productivity such as
turbidity. For example, the suspended load of the Mississippi River results in limited
light penetration at the river’s mouth. The region of elevated productivity is thus
shifted further offshore to where the sediment has salted-out.

The discussion on the role of sedimentation rate follows two paths. Early arguments
suggested greater potential for organic matter preservation when sedimentation rate
was high [39]. It was suggested that rapid sedimentation would reduce the time spent
within the various microbial zones ranging from oxidation through sulfate reduc-
tion and eventually methanogenesis. This concept appears supported by the positive
correlation between sedimentation rate and total organic carbon [40, 41]. The specific
relationship appears to differ among lithologies. However, when the sedimentation
rate exceeds approximately 20 m/MY, the organic carbon content begins to decrease as
aresult of dilution by sediment. An increase in carbon content with an elevated sedi-
mentation rate can only occur if the level of primary productivity increases. In contrast,
it’s suggested that source rocks are associated with condensed sections, where dilution
by sedimentary material has been minimized. An often-cited example of a condensed
section source rock is the Shublick Formation in Alaska [42], which also appears to be
associated with elevated productivity as suggested by the presence of phosphorites [43].
Not all sediment starved areas develop oil-prone source rocks. It was reported that for
a condensed section deposited under oxic conditions such as the Upper Jurassic/Lower
Cretaceous of SE France the section is bioturbated and TOC values are less than 0.25%
[44]. The influence of sedimentation rate was also noted as part of the preservation
model, where more oil-prone material was associated with higher sedimentation rates
and inert material was preserved with slow sedimentation rates [29].

In addition to the three working models, it is also important to understand that
the reactivity of organic matter is not uniform. It was noted that under oxic condi-
tions planktonic material would degrade more rapidly than the remnants of vascular
plants because of chemical differences [38]. Algal amorphous material was easier

Fine Grained Source Rock Flow Chart]

High
Productivity

Medium | High
Little to no Limited
volume, 3 source
no source potential
potential

Figure 11.
Workflow to assess the probability of source rock presence and quality based on primary productivity,
preservation potential, and sedimentation rate [46].
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to decompose than structured organic matter [45]. This was, in part, a result of the
greater surface area of amorphous organic material.

It was reported that the three single factor models proposed were insufficient and
that a more robust model requires the integration of the three taking into consider-
ation the interplay among them (Figure 11, [46]).

4. Petroleum generation, retention, and expulsion

Organic matter in source rocks are composed of extractable organic matter (EOM)
- bitumen and insoluble organic matter including oil/gas prone kerogen and inert
carbon. Under sufficient thermal stress, petroleum is formed incrementally from the
decomposition of kerogen and secondary cracking of generated petroleum molecules.
This process can be simulated as a series of parallel first-order reactions following the
Arrhenius Law. A simple reaction of an initial reactant X with mass x generating a
product Y with mass y can be represented by:

k
XY,
2% g (1)
k= Ae E/RT (2)

where t is the reaction time, k is the reaction rate, A is the frequency factor, E is the
activation energy, and R is the universal gas constant 8.314 JeK 'emol .

Laboratory anhydrous and hydrous pyrolysis are used to simulate the processes
of natural petroleum generation, retention, and expulsion [23, 47-53]. Burnham
systematically documented integration of kinetics and pyrolysis methods to simulate
petroleum generation reactions [54]. As shown in Figure 12, it is observed that (1)
Type I kerogen generates petroleum over a narrower oil window to decompose a more
uniform composition; (2) Type II-S kerogen enters oil-window earlier with lower
reaction activation energies to breakdown weaker bonds; in contrast to (3) Type II and
Type Il kerogens that react with an extended and elevated range of reaction activation
energies, respectively, to breakdown mixed kerogens with more complex structures.

In most cases, source rocks contain mixed kerogens. Compositional kinetics was
developed to simulate a series of reactions from mixed types of kerogens to form
complex petroleum compositions and the secondary cracking of products [56-58].
Figure 13 shows an example of petroleum primary generation and secondary cracking
reactions. Figure 14 shows how these reactions work in a closed system through mod-
eling calibrated with Vaca Muerta Formation data [56]. It shows that (1) asphaltenes
and NSO-bearing polar components are formed in the early oil window at 0.5-0.7%R,,
(2) followed by secondary cracking of these components and continuous cracking
of kerogens forming saturated and aromatic hydrocarbons in the main oil window at
0.7-1.3%R,, by then, asphaltenes, NSO-bearing polar components, and large (C;s,)
aromatic compounds are fully cracked; (3) Beyond 1.3%R,, large (C;s,) saturated and
small (C¢-Cy4) aromatic hydrocarbons start cracking, forming light oils (dominant
light saturates) and gas hydrocarbons, (4) until 2%R, where all liquid components are
fully cracked to gas and eventually forming dry gas - methane.
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Figure 12.

Comparison of activation energy distributions for hydrocarbon generation of four representative different kerogen

types (modified after [55]).

Petroleum primary generation and secondary cracking reactions

Definition of reaction components

KER1 - CO; + H,0
KER2 —» MO1 + MO2 + MO3 + HO2 + HO3

COK1 + COK2 + COK3
HO3 — CH, + CHX + LO1 + LO2 + MO1 + MO2 + MO3 + HO2 +
COK1 + COK2 + COK3
HO2 - CH, + COK3

MO2 —» CH, + CHX + LO1 + LO2 + COK1 + COK2 + COK3
MO1 — CH, + CHX + LO1 + LO2 + COK1 + COK2 + COK3
LO2 - CH, + COK3

LO1 - CHy + CHX + COK1 + COK2 + COK3

KER3 — CH, + CHX + LO1 + LO2 + MO1 + MO2 + MO3 + HO2 +

MO3 — CH, + CHX + LO1 + LO2 + MO1 + COK1 + COK2 + COK3

KER1 = immature kerogen, labile biomarkers and early gas prone
KER2 = early mature kerogen, asphaltene prone

KER3 = mature kerogen, oil and gas prone

HO3 = nonvolatile polars = immature asphaltenes

HO?2 = dealkylated polyaromatics = mature asphaltenes

MO3 = volatile polars = resins

MO2 = C,c-Cy aromatics

MO1 = C.-Cy; saturates

LO2 = C,-C,, aromatics

LO1 = C¢-Cy, Saturates

COK2 —» CHX CHX = C,-C;alkanes
CHX — CH, + COK3 COK2 and COK1 = semicoke, overmature gas-prone kerogen
COK1 — CH, COK3 = inert carbon
Figure 13.
Schematic reaction mechanism of petroleum primary genevation and secondary cracking with 17 species (modified
after [56]).
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Simulation of petroleum primary genevation and secondary cracking in a closed system using calibrated
compositional kinetics based on Vaca Muerta Formation data (adapted from [56]).

Natural petroleum systems in the subsurface are semi-closed systems with not
only petroleum generation/cracking reactions, but also retention and expulsion.
Kinetics and retention models are incorporated into basin modeling together with
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Basin model showing petvoleum generation, retention, and expulsion through time and temperature changes, a
Vaca Muerta Formation example (adapted from Mei [56]).

other necessary geochemical and geological inputs to simulate and quantify petro-
leum generation, retention, and expulsion in subsurface [56, 59, 60]. Figure 15
shows an example of petroleum generation, retention, and expulsion of Vaca Muerta
petroleum system through time and temperature.

Organic matter and clay minerals in source rock have a high sorption capacity for
petroleum [61-63]. As shown in Figure 15 using the Vaca Muerta Formation as an
example, the initially high sorption capacity decreases through petroleum generation
and sorption with increasing time and temperature. Until the quantity of generated
petroleum exceeds source rock sorption capacity, major petroleum expulsion occurs
at about 0.85-1%R, and 120-140°C. This process associates with increasing pore
pressure, permeability, and organic porosity. The sorbed components can be further
cracked with elevated temperature over time. When thermal maturity is increased to
above 1.3%R, and 160°C, intensive petroleum cracking creates volume expansion and
excess pore pressure, which in turn induces rock fracturing and the second stage of
major expulsion. Tectonic uplift decreases pressure and temperature, which tem-
porarily stops petroleum generation and expulsion. Continuous burial can result in
further cracking and expulsion.

5. Petroleum migration

Within this study, migration is considered the movement of hydrocarbons within
a carrier system once they have been expelled from the source rock. This includes the
initial movement to the trap as well as any remigration that may occur following the
initial accumulation as a result of tectonic movements or the subsequent addition of
hydrocarbons.

Hydrocarbon migration is considered the least understood aspect of the petroleum
system. This, in part, is a result of our limited ability to observe migration and that
we typically see only the results of migration (i.e., the position of the accumulations
[64]). Migration is driven by buoyancy, which is controlled by density differences
between the migrating hydrocarbons and pore fluids, largely controlled by brine
salinity and API gravity [65]. Hydrocarbon migration can occur laterally, vertically, or
a combination of the two.
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Structural patterns establish general hydrocarbon migration patterns. Regions of focusing and dispersion are
identified.

Lateral migration occurs in stratigraphic proximity to the source, but over signifi-
cant distances potentially exceeding 100 km, with accumulations developing beyond
the limits of the generative kitchen. A single stratigraphic unit may contain multiple
accumulations. The flow paths or migration patterns are, in general, controlled by
structural patterns, where hydrocarbons may be focused or dispersed as shown
in Figure 16. Regions of focus are preferred sites for exploration, while dispersive
regions are to be avoided [66]. Flow paths are established at the base of low perme-
ability layers. These flow patterns may change through time as a consequence of
structural evolution. Carriers may include permeable beds, fracture networks, and
certain unconformity surfaces. Depending on the availability of hydrocarbons an
examination of structural patterns may also aid in the identification of migration
shadows, as well as opportunities for fill and spill establishing up-dip hydrocarbon
charge potential. These migration patterns can be altered by strong water movement
and the distribution, character (including variability in permeability), and extent
of the carrier beds. Sheet sands provide potentially the longest and least controlled
migration patterns, whereas isolated reef bodies such as those of the Michigan Basin
provide no continuity and are not effective carriers.

Vertical migration provides a means of transferring fluids across stratigraphic
horizons. Accumulations develop above or near the active source. Stacked reservoirs
with a common source exist. Surface seepage is common. Although the lateral move-
ment in such systems can be limited, vertical fluid movement can be quite significant,
on the order of several kilometers [67, 68].

There are examples where multiple generative kitchens can focus on a common
trap. In some cases, these oils may remain distinct, and in others where the oils may
mix. Situations exist where sealing faults are present within a structure and no mixing
occurs. Such is the case in the Minas field (Central Sumatra, Indonesia) where distinct
oils are present on the two sides of the Main Minus Fault Zone.

Migration may be episodic, potentially as a result of fault movement as in the
case of deep-water Nigeria, where unaltered oil is introduced into a shallow reservoir
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where the oil pool has undergone biodegradation [69] or largely continuous and
potentially in near real time such as at Eugene 330 Field in Gulf of Mexico [70].

Remigration or dysmigration may result in the loss of hydrocarbons, the repo-
sitioning of the remaining hydrocarbons, and changes in oil character (e.g., phase
segregation). Remigration may take place as a result of fault movement or structural
inversion.

6. Geochemical inversion and correlation

Integrating geochemical inversion, oil to oil and oil to source rock correlations,
basin modeling, and regional geology is important to understanding the petroleum
system and significantly reducing the risks of petroleum exploration [71, 72]. For
clarification, geochemical inversion entails utilizing diagnostic molecular and isotopic
characteristics of petroleum collected from seeps, various types of rock samples, and
produced fluids to infer (1) the organic-matter type and thermal maturity of the source
rock as well as that of the oil or gas at time of generation [72]; (2) the depositional envi-
ronment (salinity, redox conditions, and lithology) of the source beds [73]; (3) the age
of the likely source rocks [74]; (4) accumulation history; and (5) secondary alteration
such as biodegradation [75] and migration after expulsion from the source rocks with
anomalous or mixing signatures [76-78]. In addition, petroleum to source correlation
entails comparison of the geochemical markers in source-rock candidates with equiva-
lent markers in the petroleum to better understand oil origin and migration history.
Furthermore, basin modeling entails analyzing the geological and thermal settings for
a stratigraphic sequence in a basin to understand the burial and thermal histories of the
source bed, and to deduce the probable occurrence of petroleum generation, expulsion,
and migration relative to reservoir deposition and trap formation.

To understand whether an oil accumulation is charged from the direct contact
source rock or migration from deeper or downdip kitchens, it is critical to understand
source rock maturity based on maturity indicators in source rock and calibrated basin
modeling. Maturity indicators such as vitrinite reflectance (R,) and spore-color ther-
mal alteration index (TAI) are commonly measured using microscopic technologies.
Uncertainties include (1) indicators that are based on terrigenous organic matter that
are commonly deposited in fluvial deltaic environments or transported to marginal
marine settings in post-Silurian age. However, oils generated from aquatic kerogen
(amorphous alginate and exinite) in marine or lacustrine environments or older
source rocks contain limited or no higher plant materials such as vitrinites to measure
R,, or spores and pollen to measure TAI. When bitumen exists, bitumen reflectance
can be used to estimate vitrinite reflectance [79, 80], although discrepancies in
derived vitrinite reflectance are common using different algorithms. (2) Recycled
vitrinite may not experience the same thermal history as the primary kerogen. (3)
Even with the same thermal history, different types of kerogen may achieve differ-
ent extents of maturity via different kinetics. Therefore, it is important to develop
direct measurements of thermal maturity for aquatic kerogens and correlate them to
the thermal maturity standard R, [81]. Transmission light spectroscopy and Raman
spectroscopy show promising results [82].

In addition, to infer oil origin, identify oil families (oil to oil correlation), and
correlate oil with possible source rocks, it is important to analyze and interpret the
chemical compositions of oil and bitumen in source rock(s) when available. Crude oil
and bitumen are complex mixtures of organic compounds consisting of four major group
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types: saturated hydrocarbons, aromatic hydrocarbons, resins, and asphaltenes (SARA).
Among these compounds are numerous trace components such as biomarkers that are
organic compounds derived from ancient living organisms (algae, bacteria, and plants),
that can provide source-diagnostic information and relatively resistant to alteration.

To analyze biomarkers in oil and rock samples, SARA group-type separation is used
to prepare saturated and aromatic fractions of oils for GC-MS analysis. This sample
preparation is required to avoid coelution interference and enhance the sensitivity
and accuracy of the analytical method [83-86]. Recent advancements using modern
analytical technologies such as GC tandem triple quadrupole mass spectrometry
(GC-QQQ-MS/MS) and 2D-Gas-chromatography/time of flight mass spectrometry
(GC x GC-TOF) with enhanced analytical resolution enabled simultaneous analysis
of diverse trace components in whole oil and minimized volatile loss during sample
preparation [87-89]. Sometimes, many of the biomarkers are absent or occur at much-
reduced abundance as a result of alteration. New proxies using alteration-resistant
compounds such as diamondoids have been investigated [90-92]. Diamondoids are
saturated hydrocarbons with cage-like (bridged cyclohexane) structures. They are
derived from the structural rearrangements of saturated hydrocarbons catalyzed
by Lewis acids (chemical species with an empty orbital that is capable of accepting
an electron pair; commonly associated with clay minerals and thermal cracking).
Diamondoids are resistant to many alteration processes, particularly stable at higher
maturity, and can be used to indicate advanced thermal maturity and cracking.

The analytical results of relative abundances of chemical compositions such as
biomarker ratios are commonly used as geochemical indices. The concept, history, and
guidelines for geochemical data interpretations with case studies using global samples
were systematically documented in the Biomarker Guide [93]. In brief, alteration,
source facies, and maturity are interpreted using multiple intact and diagnostic signa-
tures. These interpretations can then be compared with source rock data in a geologic
context. Figure 17 shows examples of geochemical interpretations using GC-MS m/z
191 traces of intact terpanes. Figure 17(a) and (b) are two examples of carbonate
sourced oil. Figure 17(a) is a low maturity oil from the Triassic carbonate platform in
Sicily with characteristics of (1) abundant extended homohopane H35 equal to or more
than H34 indicating anoxic water bottom, (2) presence of abundant gammacerane (G)
indicating stratified water column which is commonly associated with hypersalinity
from carbonate or evaporative settings, and (3) abundant C24 tetracyclic terpane rela-
tive to C26 tricyclic terpane indicating a carbonate or evaporite depositional environ-
ment. Figure 17(b) is a high maturity oil from a Late Jurassic to Early Cretaceous
carbonate source rock from Guatemala with characteristics of (1) abundant norhopane
(H29) relative to hopane (H30) and (2) relatively higher amount of Ts than Ts indicat-
ing carbonate depositional environment. In contrast, Figure 17(c) shows a Tertiary oil
from the Niger Delta (similar examples see [94]). Specifically, the presence of abundant
oleanane (O) indicates terrigenous organic matter inputs in post-Jurassic age and is
most associated with Tertiary age, and the stair-step pattern of homohopanes with rela-
tively lower abundance of H35 than H34 indicates a suboxic environment commonly
associated with clastic facies. The interpretation above is an example of geochemical
inversion. In addition, oil-oil and oil-source correlation are to compare the similarities
and differences of geochemical characteristics of oil and source rock. To confirm a
genetic relationship, multiple available geochemical characteristics (biomarkers such
as terpanes, steranes, and isoprenoids, bulk components such as alkanes and aromatics,
and others like elements, isotope ratios, and API gravity, etc.) should be interpreted
comprehensively in the context of reasonable geological scenarios.
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Figure 17.

Examples of GC-MS m/z 191 traces show different oil biomarker (terpane) distribution patterns and indications
for different sources (Triassic carbonate oil data is from [89], Jurassic-Cretaceous carbonate oil and Tertiary
deltaic oil are from Geomark database).

7. Organic porosity

With respect to shale, resource plays geochemistry plays a role in establishing
source rock potential as well as reservoir potential. Within unconventional reservoirs
three porosity types have been characterized: 1) interparticle pores; 2) intraparticle
pores; and 3) organic pores. The importance of pore type varies among the different
shale plays [95]. Organic porosity is the porosity that has developed or exists with the
kerogen, bitumen, and/or pyrobitumen present within the shale play. Organic porosity
within plays such as the Barnett Shale (Forth Worth Basin, Texas) and the Longmaxi
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Formation (Sichuan Basin, China) provides important storage capacity. These pores,
because of their small size (often less than 1 pm), are potentially more important for
gas systems [96] although organic pores may play a limited role in some oil plays.

Organic pores may be primary, associated with the kerogen’s initial structure, or
secondary, where it is hosted in bitumen or pyrobitumen as a function of generation
and alteration. The assignment to primary and secondary pores may be complicated
because the visual differentiation between the kerogen and bitumen is not simple.
The means to differentiate between kerogen and bitumen pores were proposed in the
literature [97, 98].

Organic pores display multiple morphologies, bubbly, spongy, or fracture/
crack-based pores as shown in Figure 18 [99]. These forms have different forma-
tion mechanisms and associations. For example, the bubbly pore type seems to be
largely associated with the oil window and maybe artifacts of water droplets [100].
While cracks and fractures may form through devolitization of solid bitumen [101]
or volume changes [102]. The distribution of pores further suggests that the nature
of the organic matter, as well as the relationship with the mineral matrix, may play a
controlling role. Some of the pores may reflect the initial kerogen character.

Thermal maturity is one of the key controls on organic porosity. The specifics
remain poorly understood and are evolving. Porosity has been observed in immature
kerogen (e.g., Eagle Ford Shale [100]), with amorphous kerogen being inherently
porous, while the cell structure of vitrinite may also provide primary pores. There is
some evidence that as the shales enter the oil-window there is a reduction in observed
porosity. This is thought to be a result of the generation of bitumen and oil, which fills
pre-existing pore space [103], although there are contradictory data that indicates that
porosity may begin to develop within the oil-window [100], not at the onset of genera-
tion but at a slightly higher thermal maturity (Ro between 0.8 and 0.9% [104, 105]). It
was suggested that the pore generation begins with the onset of hydrocarbon genera-
tion and increases through the oil-window, with a decreasing rate of organic-pore gen-
eration in the gas-window and terminating at 3.5%R, [106]. These changes in porosity
reflect the release of volatiles and the restructuring of the organic matter. It was noted
that changes in porosity are not monotonic [107]. It was further suggested that there is
an evolution of the porosity type as maturity increases [108]. Pores may coalesce with
increasing maturity causing an increase in pore size and complexity. At advanced levels
of thermal maturity, there is also some evidence that pores size decreases [109].

Figure 18.
SEM photomicrographs of organic matter from the Kimmeridge clay (United Kingdom): A - bubbly organic pores
and B - spongy organic pores [99].
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In addition to thermal maturity, organic richness has been considered an impor-
tant controlling factor in the availability of organic pores. In general, a positive
correlation appears to exist between organic porosity and carbon content for TOC
levels less than 5.5 wt.% [110]. At the higher levels of organic enrichment, the lack
of a correlation may be a result of pore collapse facilitated by greater organic matter
connectivity and a less-developed mineral framework. It should also be noted that
the greater the organic matter network, the greater the potential for interconnectivity
within the organic pore network.

The nature of organic matter is also considered a controlling factor in organic
porosity. For example, in humic kerogen, there appears to be little organic pore devel-
opment beyond what was initially present [111]. In contrast, porosity increases can
be observed in solid bitumen. It was suggested that the ratio of bitumen to kerogen
was a key factor in determining organic porosity [112]. The greater the solid bitumen
content the greater the organic porosity.

8. Summary and future work

Since the 1970s, numerous geochemical studies have been conducted around the
world, including improvements in analytical methods, the establishment of data
interpretation guidelines, analogs for geochemical inversion and correlation, and
improvements in fundamental understanding of petroleum generation, retention,
expulsion, and migration. Application of geochemical characterization and interpre-
tation plays a significant role in reducing risk in petroleum exploration. Nevertheless,
many interpretation ambiguities and uncertainties still exist due to complex and
unclear subsurface conditions. As advanced analytical data and greater volumes of
data become available, integrating geochemistry, geology, data analytics, and model-
ing may help to further understand petroleum systems with fewer ambiguities and
uncertainties. This integration will establish new concepts, workflows and improve
estimates of unknown values in time and space.
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Chapter 5

Prospectivity Mapping Using
Stream Sediment Geochemistry
along the Orange River Catchment
for Base Metal, Prieska, Northern
Cape, South Africa

Nthabiseng Mashale

Abstract

The Areachap Terrane, which is part of the Namaqua Sector of the Namaqua-Natal
Belt in the Northern Cape Province, host volcanic-hosted Zn-Cu deposits at volcanic
centres. The primary objective was to map Volcanogenic Massive Sulphide (VMS)
mineralisation, determine the heavy metal contents of sediments, locate the source of
anomalies and delineate targets for follow-up studies. Nine thousand three hundred
and fourteen stream sediments samples collected were analysed using XRF. The ele-
ment associated with their respective lithostratigraphy was calculated using spatial
joint analysis tool. ArcGIS was used to display uni-elements maps and relevant multi-
element maps. The delineated potential VMS mineralisation target is considered for
further follow-up study. The M23 and M24 anomalies are delineated for Cu_Ni
mineralisation. M23 and M24 anomalies are sourced from ultramafic debris
transported from the Ghaap Group; however, this potential target will require follow-
up studies for verification. The correlation between the Cu-Pb-Zn anomaly with alkali
elements (Nb, Zr, Th, and U) and REEs (in Table 9) suggests there is a possibility that
the M26-M29 anomaly is alkali-granitic genetic origin. The As, Ba, Ce, Cr, Cu, Hf, Nd,
Ni, Rb, Sr., S, V, Zr and Zn contents showed a heterogeneous spatial distribution,
reflected by high coefficient of variation and large standard deviation.

Keywords: geochemical signature, mineralisation, base metals, uni-elements maps,
multi-element maps, follow-up study

1. Introduction

The Republic of South Africa (RSA) is known to be among one of the world’s most
active mining countries. RSA hosts several deposits such as gold deposits in the
Witwatersrand basin, diamond deposits in Kimberly, Platinum group elements (PGE)
in the Bushveld Complex and Manganese deposits in the Griqualand West Basin,
all to which, to some extent they control the economy of the country [1].
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The Namaqua-Natal Metamorphic Province, particularly the Namaqua Sector has
proven to be the remarkable mineralised sector in the country hosting Copperton
deposit, which according to [2], and [3] is one of the world’s giant Volcanic Hosted
Massive Sulphide (VHMS) deposit.

The Namaqua-Natal Metamorphic Province (NNMP) is a tectonostratigraphic
province that stretches 1400 km across South Africa, it extensively outcrops in the
Northern Cape Province and Kwa-Zulu Natal Province and referred as Namaqua and
Natal Sectors respectively and in Namibia. NNMP embrace igneous and metamorphic
rocks formed or metamorphosed during the Namaqua Orogeny at 1200 Ma-1000 Ma.
It is 400 km wide and has borders with the Kaapvaal Craton to the north and Pan-
African (Gariep and Saldania) belts in the west and south [4, 5].

The Namaqua Sector of the Namaqua-Natal Province is subdivided into a number
of distinct, discontinuity-bounded domains: Richtersveld Subprovince, Bushmanland
Terrane, Gordonia Terrane, and Kaaien Terrane (Figure 1; [6]). The Location of the
study area is in western degree of the 2922 Prieska sheet, Northern Cape Province,
South Africa (Figure 1).

The small portion of Kaapvaal Craton is part of the study area (Figure 1).

The preserved basin on the Kaapvaal Craton, which is the part of the study area of
this research, is Griqualand-West basin. The westernmost of Griqualand

West basin exposures at the eastern edge of the Kheis Belt, thrust and fold belt

that post-dates younger Olifantshoek red beds. In its extreme, south the
Griqualand-West strata are truncated by later dextral shearing on the Brakbosch and
Brulpan faults [6].

Geochemical data combined with mineralogical and other additional data sets such
as geologic maps, mineral distribution, geophysical methods, among others, provides
a foundation for classifying and evaluating mineral resource endowment and natural
hazards. A mineral resource produces diagnostic textural, geologic, geophysical, and
geochemical signatures when exposed at or near the surface of the earth. Geochemical
exploration is based on outlining such dispersion halos and in the present study that
will be done by chemical analyses of stream-drainage sediments.

There is different between regional and detailed surveys in terms objective, size of
area being surveyed, sampling density, type and of material sampled. Ginsburg [7]
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Figure 1.
Mayp of Southern Africa showing Pan-African orogenic belts, NNP, Kheis Province and Kaapvaal craton [6].
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recognised three scales of geochemical mapping and surveys depending on purpose
and objective, namely, reconnaissance, prospecting and detailed. Regional survey can
be conveniently discussed based on the number of stream sediment samples taken per
square kilometres [8].

Regional geochemical mapping has been part of the core mapping function of the
Council for Geoscience (CGS) since the 1970s. The Regional geochemical mapping
program follow a systematic approach focussed on providing high quality- and high
density datasets that will contribute to resolving issues relevant to modern South
African geological society, namely, exploration, geological mapping, groundwater,
environmental studies, and geological modelling. The principal objective of this geo-
chemical orientation survey is to define the patterns of primary and secondary dis-
persion occurring in the study area particularly those of economically and
environmentally interesting elements.

1.1 Research problem

The stream sediments composition of the research are is poorly understood.
Mobility of the different elements varies considerably because of factors such as
adsorption and Eh-pH conditions. Stream sediments programs worldwide had dis-
covered numerous deposits.

1.2 Justification

The geochemical patterns obtained from this study will enable to link elements
deficiencies and abundances with the underlying geology, structures and known min-
eral occurrences and mines. This will assist in tracing the source of anomalies

encountered on stream sediments and delineate targets for follow-up studies within
the Orange River catchment area.

1.3 Objectives of the study
1.3.1 Main objectives

The primary aim of this study is to map the VMS mineralisation potential of the
Prieska area using the stream sediment data, determine geochemistry of stream sedi-

ments within the Orange River catchment area. This will enable the recognition of
anomalies within the catchment area and trace their sources.

1.3.2 Specific objectives
The following specific objectives need to be met:

* To determine the solid geochemistry of the sediments from Orange River
catchment

* To determine heavy metals content of the sediments

* Locate the source of anomalies and delineate targets for follow-up studies.
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1.4 Hypothesis

* Geochemical and mineralogical anomalies of the sediments in the Orange River
can be determined

* Metal content of stream Orange River sediments was introduced in solution
* Sources of resulted anomalies within the Orange River catchment can be traced.
1.5 Regional reconnaissance stream sediments survey history around the world

Large areas may be successfully explored using stream sediments geochemistry for
indications of individual mineral deposits, groups of occurrences, or favourable geo-
logical environments. Sampling density ranges from one sample per 1 km? to one per
25 km? depending upon the type of target and drainage characteristics, and inherent in
the reconnaissance concept is the need for more detailed sampling to determine the
significance of regional anomalies [9, 10]. The government agencies, Council for
Geological Survey and mining companies are mostly responsible to carry out Regional
stream sediments surveys. Successful stream sediments surveys conducted around the
globe.

The Geological Survey of Zambia in Africa employed regional and provincial
scale geochemical mapping in systematic geological mapping. Analyses were for
20 elements by semi quantitative XRF. The Institute of Mining Research at the
University of Zimbabwe (formerly known as Rhodesia) had been active in regional
geochemical research projects since 1976. Some of the studies done by the institute
include a regional stream sediment reconnaissance of 1350 km? of the Sabi Tribal
Trust Land at a density of one sample per km” [11], and a survey of 1664 km? near
West Nicholson, Zimbabwe, at same density [12] employing multi-element in both
cases. In southern Africa, most mining companies devote a greater effort to regional
soil sampling than to drainage reconnaissance and it had been estimated that more
than 95% of samples collected by the major companies in 1973 were taken from
soil grids [13].

In Australia, during 1976, there was a low level of activity as only 4250 stream
sediments were collected; the number was expected to decline in 1977. Nevertheless,
in the more favourable humid zones most mineral exploration companies make fixed
use of regional stream sediment sampling since stream sediments are of limited use in
the more arid regions because of low density of drainage and dilution by the wind-
blown material. Two size fractions approach may be employed in arid regions, minus-
120 mesh and minus-4-plus —16 mesh with coarser fraction containing gossan frag-
ments and multiple grains cemented by metal-rich iron hydroxides [10].

In southern British Columbia portion and Yukon during 1976, Stream sediments
sampling took place over an area of 75,000 km” (Cameroon, 1976). According to
Meyer et al. [10], Smee and Ballantyne [14] reported that the British Columbia
portion of the program covered 46,800 km? at a mean density of one sample per
13 km? and in the Yukon 2200 stations were sampled over an area of 28,490 km?,
giving the same degree of coverage. More than 90% of stream sediment activities of
the Geological Survey of Canada and Federal-Provincial Uranium Reconnaissance
Program that commenced in 1975 are related. Rose and Keith [15] concluded that
stream sediments were preferable to water for reconnaissance drainage surveys for
uranium for eastern Pennsylvania.
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2. Methodology

Several techniques including geological mapping and stream sediments geochem-
istry were used to investigate stream sediments geochemical patterns of the Orange
River catchment prospecting area in order to accomplish the goals and objectives set
out for this study. A descriptive methodology is summarised in the below flow chart
(Figure 2). The steps followed in order to achieve the objectives of this study are
desktop study, reconnaissance survey, fieldwork, laboratory work, data analysis and
interpretation, discussion, conclusions and recommendations.

2.1 Desktop study

In order to acquire first-hand information about the study area. Prior to field visit,
the information from previous work on geology, nature of mineralisation and previ-
ous exploration conducted in the Orange River catchment prospect is studied. Infor-
mation is sources from Books, unpublished technical reports, geological reports,
topographical maps, journals and internet sources.

2.2 Fieldwork

A reconnaissance survey was undertaken prior to detailed or actual fieldwork. Dur-
ing this, a snap survey of geology, vegetation, and accessibility of the study area was
undertaken. The aim is to locate the ground, target areas indicated by outcrops of

Deskt{:[) Study | Phased
: (Geslogical Mapping and stream sediments
Reconnaissance e
sawmpieng)
Survey
\J/ Phase 2
Fieldwork (Follow-up stream sediments sampling)
Laboratory Work (Sampie Phase 3
Preparation and Analysis)
Resampling for verification

Analysis of Stream

Sediments Sampling DRl

Data Target generation,
presentation Discussion,

T

and Conclusion,
interpretation Recommendations

Figure 2.
Flow chart indicating methods and procedures applied during the study.
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different lithologies. The general attitudes of lithologies at the prospects, rock outcrops,
and quantity of samples and duration of fieldwork were established. Additionally, a
thorough study of topography, vegetation, pedology, drainage patterns and characteris-
tics of rocks was also to gather as much information as possible in the study area. Stream
distribution was also assessed which drain into the Orange River catchment prospect.

Field observations were transferred to a base map before being digitised using
ArcGIS 10.3.1. The observations were transferred to a field base map; using diverse
colours to discriminate the streams distribution mapped in the area. The spatial extent
of each lithology and lithology contacts as well as stream distribution were trace on the
map. Field notes includes describing the coordinates and nature of contact with other
rock types and soil colour where there is limited outcrops.

2.3 Laboratory work

The sample analysis was conducted by the Council for Geoscience (CGS) labora-
tory in Pretoria. Sieve shaker, drying oven, atomic absorption spectrometry (Perkin
Elmer Analyst 400, AAS), PANanalytical-Axios XRF were used for sample prepara-
tion and analysis.

2.3.1 Sample preparation

This section describes the methods used to prepare stream sediments samples
collected from the Orange River catchment prospect for laboratory analysis.

2.3.1.1 Drying and milling

Samples are oven dried at 105-110 °C. Once completely dry, samples were first
sieved through a 2 mm sieve to remove gravels and organic materials and subse-
quently sieved through a — 125 pm fraction size and milled to 85% -75 pm. The milled
samples were placed in labelled sample bags ready for analysis.

2.3.2 Sample analysis

The prime requirement for mineral exploration survey is the availability of analyt-
ical procedures capable of high precision, low detection limit and acceptable accuracy.

2.3.2.1 Stream sediments geochemical analysis using XRF

The PANanalytical-Axios XRF was used for geochemical analysis of stream sedi-
ments. The milled samples roasted at 1000 °C for at least three hours in order to
oxidise Fe2+ and S and to determine loss of ignition (LOI). Glass disks for XRF
analysis were prepared by fusing 1 g sample and 8 g of flux (35% LiBO2 and 64.71%
Li2B407) at 1050 °C for major element analysis. Major element oxides (SiO02, TiO2,
Al203, Fe203t, MnO, MgO, CaO, Na20, K20, P205 and Cr203) and trace element
(Ni, Cu, Co, As, Zn, Pb, Cr, Ba, Sc, Sr., V, Th, U, Y, Zr) were analysed.

Trace element analysis was achieved by mixing 12 g milled sample and a 3 g Hoechst
wax and then pressing into a powder briquette by a hydraulic press with the applied
pressure at 25 ton. The glass disks and wax pellets were analysed by PANalytical-Axios
XRF. XRF has the advantage of being non-destructive, multi-elemental, fast and cost
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effective compared to other competitive techniques such as Atomic Absorption Spec-
trometry (ASS) or Inductively Coupled Plasma Spectrometry (ICP OES).

X-rays are produced by irradiating a sample with high energy photons produced
by primary X-ray tube. When a high energy primary X-ray collides with an atom, an
electron can be ejected from a low energy level creating an electron vacancy. When an
electron from a higher energy level fills the vacancy, a secondary X-ray is created
characteristic of that element. XRF analysis devices can be largely categorised into
wavelength-dispersive X-ray spectrometry (WDX) and energy-dispersive X-ray
spectrometry (EDX). WDX disperses the fluorescent X-ray generated in the sample
using dispersion crystal and measures it using a goniometer, resulting in a large size.
The detector in EDX on the other hand, has a superior energy resolution and requires
no dispersion system, which enable downsizing of the device. Interaction of X-rays
with sample creates secondary diffracted beams of X-rays related to inter-planner
spacing in the crystalline powder according Bragg’s Law:

nl = 2dsinf 1)

Where: n is an integer, A is the wavelength of X-rays; d is the inter-planar spacing
generating the diffraction and is thef diffraction angle.

The XRF was calibrated by identification of optimum conditions of several variable
factors for each element, like identifying correct elemental peak and background,
pulse height, collimator mask, counting time, dead time, followed by matrix and
inter-element interference corrections. This was achieved by repeated analysis of
certified reference material and correcting the variables to yield elemental concentra-
tion close to known values. This included 12/76 (amphibolite standard).

The weighted inverse distance interpolation (IDW) method was used to convert
point XRF data into continuous geochemical maps using ArcGIS, the IDW parameters
used were: power = 2, maximum neighbours = 15, minimum neighbours = 10, cell
Size = Maximum of Inputs.

2.3.3 Quality control and quality assurance

It is vitally important that an analysis is precise but the accuracy is not generally so
crucial, although some indication of accuracy is needed for most purposes in mineral
exploration [16]. Quality assurance program should aim to assess the quality and
accuracy at all stages of measurement process, from site selection and sampling
through sample handling, preparation and analysis. Subsequently, a quality control/
quality assurance See Table 1 for the results of the reference material and lower limit
of detection for each element. The glass disk R422 was analysed firstly with the
calibration standards and then every 12 hours during analysis of the sample. The three
sediment reference material GSD-9, GSD-11 and GSD-14 were repeatedly analysed
every 30 samples to evaluate the precision of the analysis, Table 1 summaries the
results of the reference material and each lower detection limit of each element.

The statistical tests of standard samples repeatability can be based on replicate
assays of a certified standard in one laboratory or, conversely, inter laboratory ana-
lyses. Blank samples for materials that have very low grade of a metal of interest are
usually inserted in a batch of samples being processed. The main purpose of using
blanks is to monitor laboratory for a possible contamination of samples, which
are mainly caused by poor housekeeping, and insufficient thorough cleaning of
equipment.
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2.3.4 Data processing and evaluation

Analytical data processing aims, firstly, at reducing random and/or systematic
errors resulting from field survey and/or laboratory analysis, and secondly, at identi-
fying whether the data contain some useful information indicating the source, path-
way and trap of coal concentrations in the study area. The careful analysis of such
data, using standard computer software packages, is an important and affordable way
of adding value to an exploration programme.

2.3.4.1 Statistical data analysis

Statistical methods have been widely applied to interpret analytical data sets and
define anomalies. However, such methods need to be used cautiously since the data
are typically and spatially dependent on each sample site and a range of different
processes that may have influenced the element abundance measured. The data are
also imprecise because of unavoidable variability in sampling methods and media and
the level of analytical precision.

Moon [16] indicated that the aim of mineral exploration is to define
significant anomalies. Anomalies are defined by statistically grouping data and
comparing these with geology and sampling information. Strong anomalies
detected may be for instance due to a combination of factors such as sampling and
analytical errors, or contaminations which do not represent mineralisation. The
absence of anomaly on the other hand may not necessarily mean the absence of
mineralisation in the area of study. Such absence may be due to low rate of
weathering in the area, buried or blind mineralisation, or dilution between source
and sample site [17].

The use of descriptive statistics helps us to simplify large amounts of data
into a simpler summary. Numerical and graphical methods are the two commonly
used methods. Numerical method enables one to compute statistics such as
mean and standard deviation while, graphical methods are better suited than
numerical for identifying patterns in the data sets. The numerical and graphical
methods complement each other and it is therefore wise to use both. Consequently,
histograms, and summary statistical information were used in this study to
identify patterns in data sets. According to Riemann et al. [18], a graphical
inspection of analytical data is necessary as the first step in data analysis. The best
means of statistical grouping data is graphical examination using histograms and
box plots [19, 20].

3. Data presentation and interpretation

The geology map retrieved from the CGS database, was compiled on ArcGIS
software (Figure 3). The area is comprised of the Transvaal Sequence, Olifantshoek
Supergroup, Kaaien Terrane, Areachap Group and Karoo Supergroup. The Transvaal
Sequence is confined to the north-central part of the Kaapvaal Craton [21]. It
overlies the Witwatersrand foreland basin (Supergroup) and is overlain by Bushveld
Complex [21]. The three basins — the Transvaal basin, and Griqualand West basin, in
South Africa, and the Kanye basin in Botswana basins are preserved on the Kaapvaal
Craton [21].
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Figure 3.
The Geology of the Prieska map.

3.1 Univariate stream sediment geochemistry

The geochemical data was transformed into a raster data with a cell size of 1 km
using weighted inverse distance interpolation method. A maximum of four points
were used to calculate a value for each cell location. First, the raster maps of the uni-
elements were visualised in ArcGIS and compared to the underlying geology and
known base metal occurrences. Univariate statistical methods was used to extract
information from a data set of values for a single element, frequency histograms are
created using GIS geostastical analyst tool, to examine the frequency distribution
and identify the type of distribution, the all elements Histograms are on none
transformation.

The only elements that correlates (Table 2) importantly with the known base
metals occurrence in Prieska area as discussed in this section. The copper, lead, zinc,
gold and silver minerals are associated with Volcanogenic Massive Sulphide (VMS)
deposits. Prieska area is underlain by the Areachap Terrane, known to host VMS and
Sedimentary exhalative deposit (SEDEX) deposits, including the mined out
Copperton deposit, approximately 10 km southwest of the Prieska town. The
Areachap terrane is overlain by up to 100 m of Karoo sediments that limited historical
exploration.

The elemental distribution maps are plotted using the Jenks natural classification
system. The elemental population is classified into five break points;

1. The first break is minimum to mean value, and

2.Second break is from mean to (mean plus standard deviation) value, the first two
break are regarded as a background value, values above the threshold calculates
Table 3 are anomalous,
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3.From the threshold to mean + 3*standard deviation value is highly anomalous and

4. The fifth break is the value from mean + 3*standard deviation value to maximum
value.

The primary aim of the exploration target generation is twofold; to generate new
areas for exploration activity where favourable geology and no mineral occurrences are
coincident, and secondly a rethink in areas of known mineralisation on the possibilities
of other styles or models of mineralisation. The geology of Prieska area and the geo-
chemistry was joined using the Analysis tool spatial joint; the aim is to calculate
the mean values of Uni-element of the lithostratigraphic unit. Table 4 below refers to
the lithostratigraphic unit with their associated elements. Based on [22] the five Fuzzy
operators are useful for combining exploration datasets, Fuzzy AND, OR, Algebraic
product, algebraic sum and y-operator. In this study Fuzzy OR operation was applied to
combine maps of relevant indicator elements associated with the geology (Table 4).

The elements of the highest mean averages associated with the Spioenkop Forma-
tion is the Cu, Ga, Zn and Rb (Figure 4). Cu and Zn correlates very strong at the
correlation coefficient of 0.97. The distribution of the two elements strongly corre-
lated with the known VMS Copperton deposit. Figures 5-7 displays a Fuzzy OR
overlap multi-element map of Cu, Ga, Zn and Rb. The map index poorly delineate
Spioenkop Formation, the second dispersion occur in Uitdraai Formation, Jacomyns
pan Formation, Globershoop, and Spioenkop Formation. The observed mineralisation
potential areas are M1 and M2. The M1 anomaly is associated with the known mine
area named Copperton Deposit, Prieska mine, the M1 anomaly is overlaying the
Kalahari and Dwyka Group The Prieska Cu_Zn is known as the VMS deposit, the most
common commodities or minerals exploited in this area are the Zinc, Copper and
Sphalerite. The Mine known as a medium scale abandoned mine. The M2 anomaly is
in close vicinity to the Orange River catchment, the anomaly is overlaying the
Campbellrand subgroup. Campbell Rand Subgroup belongs to the Ghaap Group. The
base mineralisation have been recorded in Ghaap Group is Pering deposit far

Geology (Ilthostratigraphy) Elements
Zeekobraat W, Fe
Spioenkop Cu, Ga, Rb, Zn
Uitdraai \%
Waterkop Ba
Ongeluk lava Formation Co, Ni
Prieskaspoort Cr, S, Sr., Mg
Koegas Group Nd, Pb, Th
Jacomyns Pan Ag
Kalahari Group Sn
Builsand Hf, Mo, Nb, Sc, Ta, U
Boegoeberg Dam Zr, As
Asbestos Hill Ce

Table 4.

Relevant indicator elements associated with the geology.
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Figure 4.
Fuzzy OR overlay multi-element map index of Cu, Ga, Zn, and Rb.
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Figure 5.
The Fuzzy OR overlay map for Cu_Zn index.
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Figure 6.
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Figure 7.
The Fuzzy OR overlay of Zr_Nb_U_Th_Hf Ta.
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northeast about 150 km from the study area. The Host rocks to Zn-Pb mineralisation
on the Ghaap Plateau are stromatolitic dolomites, with minor oolitic dolomites, chert
and carbonaceous shale beds of the Campbell Rand Subgroup (Gutzmer, 2006). The
occurrence of the M2 potential mineralisation zones requires follow-up studies.

There is a very strong correlation between the Co and Ni, and moderate to
strong correlation between Co and Cr indicator elements. The correlations of
Co-Ni-Cr are the indicator of mafic- ultramafic geological index. The strong correla-
tion between Co and Ni can also indicate the base metal mineraization. The Ni-Co
covers the sulphides and oxides of interest (Co-Ni-Cr) in ultramafic rocks. Co-Ni is a
pathfinder of Ni-Cu.

The anomaly M3 - M7 (Figure 8) are Co-Ni high values. The M3 potential
mineralisation area to the west of Prieska town covers the Dwyka Group, this
mineralisation is at the very close vicinity to the Orange River catchment (primary
stream) dominant mostly to the south of the catchment. The Co-Ni anomaly (M3) to
the north of the Catchment is similar to the Cu-Ga-Zn-Rb anomaly M2, these anomalies
cover the Campbellrand Subgroup at the same area, and therefore this outline the new
potential of base metal mineralisation The M4 anomaly overlay the Dwyka Group,
Asbestos Hills and the Skalkseput Granite. The M4 anomaly trends to the north-west
following the Skalkseput Granite lithology, at the M7 the Co-Ni anomaly covers the
Skalkseput Granite and is associated with the known occurring Uranium commodity.

The M5 Co-Ni anomaly is in close vicinity with the known small Copper occur-
rence. The anomaly is evident in and around the Orange River Catchment. This will
require follow up study to confirm the parent source of the anomaly, because of its

-
29*10'0"S

CLASSES
B iz-
- -
-0
[61-120
I 21395

Figure 8.
The Fuzzy OR overlay multi-element map index of Co and Ni.
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close vicinity with the known Cu occurrence the Co-Ni correlation may possibly
indicate the Base (Cu_Zn) mineralisation. Unlike the M7 anomaly associated with
Spioenkop Formation and Ongeluk lava Formation. The M6 anomaly overlay the
Ongeluk Lava Formation, and Asbestos Hill.

The elements of the highest mean averages associated with the Brulsand are the
Hf, Mo, Nb, Sc, Ta, and U. The Hf, Sc, Mo, Nb, and Ta are transition elements and
most of are typically treated as being immobile during metamorphic processes and
therefore can be useful in understanding the effects of metamorphism. U strongly
correlates with Hf, Ta and Nb, and moderately correlates with Mo. The M8
potential mineralisation (Figure 9) consist of isolated cluster of potential
mineralisation zones overlying the Asbestos Hills Subgroup, Koegas Group, Kalahari
group, Olifantshoek Supergroup. M9 is associated with known metals occurrences;
Cu and U, the isolated cluster of anomalies towards the know Prieska Copperton
mine. The M9 potential mineralisation zones on the west of Orange River catchment
overlies the Draghoender granite/gneiss, Skalkseput granite, Uitdraai Formation and
Zeekoebaart Formation. Granitic rocks rich in pyrochlore, euxenite, brannerite,
thorite yield soils rich in Nb, Ta, Ti, rare earths, Sc and Zr, are enriched in dark heavy
minerals. The radioactive species originally contained in the parent rocks form a major
fraction [23]. The Sc, U, Nb, and Ta are indicators of uranium-bearing minerals in
granitic, syenitic, magmatitic, pegmatitic and aplitic bodies and complexes. Strauss and
Elsenbroek (2006) found in a study on South African alkali and carbonatite complexes
that Nb is by far the strongest and most common indicator for these complexes in soils
followed by Zr.
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Figure 9.
The Fuzzy OR overlay of Mo, Nb, Sc, Ta, and U.

118



Prospectivity Mapping Using Stream Sediment Geochemistry along the Orange River Catchment...
DOI: http://dx.doi.org/10.5772 /intechopen.101785

3.2 Stream sediment exploration target generation: economic geology synthesis
map of Prieska area

The following geochemical indices are potential target generators for the Prieska
area based on the predominant geology in the area coupled with the single element
distribution patterns. The Cu_Zn for VMS Zn_Cu deposit, Ni_Co_Cr ultramafic Ni_Cr
(£Cu) deposit and Zr_Nb_U_Th_Hf _Ta for the heavy mineral placer deposits. First,
new raster files for each index element is created by using of the inverse distance
weighted interpolation (IDW). Then the indices were calculated using the fuzzy
overlay OR function from ARCGIS, the advantage of using fuzzy OR overlay is
generally provides a better result in cases where the indicator elements are not always
associated and is better suited for the secondary dispersion where associated elements
in the primary environment are likely to be separated.

The anomaly (Figure 5) delineates the known Copperton mine in Prieska area, the
Copperton ore body occurs in a series of quartz-feldspar rocks quartz-biotite gneisses
and quartz- plagioclase-amphibole gneisses as Copperton Volcanic Pile.

The anomaly M12 associated with Koegas Group, Ongeluk lava Formation and
Asbestos Hill Subgroup (Figure 6) is a preferred potential target for ultramafic
Ni_ Cr (£Cu) deposit. The anomaly overlies the banded Iron Formation of the
Asbestos Hill Subgroup; the Asbestos Hill Subgroup is Fe-rich. The anomaly M14
is associated with the known Cu occurrence straddles the Campbell Rand Subgroup,
and Zeekoebaart Formation is the secondary target. Anomaly M13 is also identified as
the secondary potential target for ultramafic Ni_Cr (£Cu) associated with Dwyka
Group.

Zr_Nb_U_Th_Hf_Ta are high field strength elements associated with the
carbonatites deposits and alkaline magmatic complexes, however the carbonatites
deposits are unknown to occur around the Prieska geology area. The high field
strength elements are primary indicators of the REE deposit. These elements are
associated as incompatible ions, within alkaline igneous melts, which by their
emplacement is controlled by the failed rift zone or deep-seated suture.

The anomalies of the Zr_Nb_U_Th_Hf_ Ta (Figure 7) may be due to thorium in
waste rock or sediment; dust from mining activities in the surrounding, and possible
water contamination from spillage or leakage of chemical solutions used to leach and
process ore. Asbestiform amphiboles that are present in waste dumps. The correlation
of the Cu-Pb-Zn anomaly with alkali elements (Nb, Zr, Th, and U) and REEs suggests
there is a possibility that the M26 -M29 anomaly are alkali-granitic genetic origin. The
anomaly could therefore indicate the presence of Cu, Pb, Zn and As sulphides associ-
ated with alkali elements and REEs, which makes it a very promising target however
the map (Figure 7) display a batch effect specifically anomaly M26 and 27, and
therefore it is not suitable for interpretation.

4, Conclusions and recommendations

Prieska study area generally forms part of the Namaqua Metamorphic Province
and the Griqualand-West Basin. The Kalahari Aeolian sand covers the geology on the
area around Prieska Cu-Zn mine. The host sequence in the Copperton district is, from
the base: Smouspan Gneiss Member, Prieska Copper Mines Member, and
Vogelstruisbult Member. The aeolian sand extensively covers the research area. The
secondary dispersion patterns of the elements in the stream sediments may also
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destroy the primary association of elements. To overcome this difficulty, a Fuzzy OR
overlay of indicator applied. Fuzzy OR generally provides a better result in cases
where the indicator elements are not always associated and is better suited for the
secondary dispersion where associated elements in the primary environment are likely
to be separated.

The descriptive statistics (Table 3) results shows that the Ag, Co, Ga, Mo, Nb, Pb,
Sb, Sn, Sc, Ta, Th, U, and W concentrations exhibited generally low standard devia-
tion and coefficient of variation values, suggesting a homogenous spatial distribution.
In contrast As, Ba, Ce, Cr, Cu, Hf, Nd, Ni, Rb, Sr., S, V, Zr and Zn contents showed a
heterogeneous spatial distribution, reflected by high coefficient of variation and large
standard deviation. The difference between the median and mean values of high
coefficient of variation of the As, Ba, Ce, Cr, Cu, Hf, Nd, Ni, Rb, Sr., S, V, Zr and Zn
may be attributed to the extremely high values of these trace elements.

The Fuzzy OR maps give a summary of the potential targets for mineralisation
within the study area. Anomaly M1 and M2 associated with Spioenkop Formation
though the anomaly does not delineate the Spioenkop Formation but Dwyka
Group Sediments, Kalahari Group and Campbell Rand Subgroup. These anomaly
signatures are characterised by the one or more of these elements Cu, Ga, Zn, Rb, Pb,
Mo, and Ba. Barium is a powerful indicator tool of gossan and be used as an indicator
for Zn-Pb deposit. The dataset shows a significant relationship between the Ba and
Zn. The relationship between these elements therefore delineate M1 and M2 as
potential target for VMS deposit.

The anomaly M2 in close vicinity to the Orange River Catchment, a follow-up
study is therefore recommended. The Cu and Zn are generally interpreted as pollution
related or may be as a result of metal dispersion from the mine waste. The Zn and Cu
high concentrations are not distributed across the Prieska area, the Fuzzy OR overlay
of these elements are only elevated in the known Copperton mine area and on the M2
potential VMS mineralisation target area. The anomaly M2 associated with Campbell
Rand Subgroup may be as a result of metal dispersion or sourced from the parent
underlying rocks.

The Pb and S are also elevated on the known Copperton mine, these elements
strongly correlates with the Zn. The Pb and S are likely to be associated with the generic
anthropogenic source including sewage discharge, agricultural practises and various
kinds of industrial activities. M11 is definitely a VMS mineralisation target, the anomaly
overlies the Copperton mine. The high Cu, Zn and Pb are derived from the ore minerals
related VMS deposits. The Fe elevated concentration are derived from both primary
minerals which are not directly related to the VMS or Co_Ni (+Cu) (illustrated in
Figures 4 and 8) mineralisation within the study area or from ore related minerals of
deposits hosted in Banded Iron formation of the Asbestos Hills Subgroup.

The Cr, Ni reflect ultramafic fraction of the stream sediments. The Ni and Cr
originate from direct ophiolitic sequences erosion and the recycling of the rocks
enriched in ultramafic debris. The M13 and M14 anomaly are traced along the Orange
river Catchment, on the Ghaap group which occurs NW to SE of the study area and
north of the Orange River Catchment. Ghaap Group consists of shale, sandstone,
andesite, and dolomite, and comprised of the magnesium, carbonate-rich Formation
such as Vryburg Formation. M13 and M24 potential mineralisation are possibly
sourced from ultramafic debris transported from the Ghaap Group by the Orange
River Catchment, however this potential target will require follow-up studies for
verification. There is a very high Cu-Zn correlation coefficient calculated for samples
near the Copperton deposit.
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4.1 Recommendations

Indicator elements in stream sediments sample represents either mineralisation or
post- mineralisation processes. The processes that affect the indicator elements distri-
bution patterns, these process includes weathering, erosion of ore bodies and adjacent
mineralised rock, contamination of pollutants, regolith, topographic gradient vegeta-
tion density and/or climate. In this study integration of mineral exploration methods
such as remote sensing, geophysics and petrography are recommended, this follow-up
studies will assist in determining the extent of the anomaly.

The airborne geophysics studies must be conducted over the research area. Low
level airborne electromagnetic (EM) surveys over the target area (M1-M29) especially
the M2 and M3 which delineate the possibility of the base metal mineralisation is
recommended. The high density stream sediments sampling on the grid and a depth of
at least 50 meters to minimise the effect of Aeolian sand cover must be conducted.
Petrography is another important tool, to understand the mineralogy of the study area
underlying rocks. The detailed analysis of minerals by optical microscopy in thin
section and micro-texture and structure is recommended in order to understand the
origin and history of the rock.

Remote sensing will also be advantageous in conducting geological traverses of the
study area in which anomalies of one or more of the above mentioned elements occur
to establish the significance of the anomalies. Remote sensing imagery will also pro-
vide information on rock composition or rock alteration which is associated with the
indicative of the presence of mineral deposits. Ore deposits are localised along regional
and local fracture patterns, the Landsat and radar images are used to map these
fracture pattern. Using multiple tools of exploration such as geology, structures,
geochemistry, and drainage pattern are recommended for use in ArcGIS as thematic
layers to generate the potential mineralisation targets.
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Chapter 6

Proterozoic Newer Dolerite
Dyke Swarm Magmatism in the
Singhbhum Craton, Eastern India

Akhtar R. Mir

Abstract

Precambrian mafic magmatism and its role in the evolution of Earth’s crust has
been paid serious attention by researchers for the last four decades. The emplacement
of mafic dyke swarms acts as an important time marker in geological terrains. Number
of shield terrains throughout the world has been intruded by the Precambrian dyke
swarms, hence the presence of these dykes are useful to understand the Proterozoic
tectonics, magmatism, crustal growth and continental reconstruction. Likewise, the
Protocontinents of Indian Shield e.g. Aravalli-Bundelkhand, Dharwar, Bastar, and
Singhbhum Protocontinent had experienced the dyke swarm intrusions having differ-
ent characteristics and orientations. In Singhbhum craton, an impressive set of mafic
dyke swarm, called as Newer dolerite dyke swarm, had intruded the Precambrian
Singhbhum granitoid complex through a wide geological period from 2800 to
1100 Ma. Present chapter focuses on the published results or conclusions of these
dykes in terms of their mantle source characteristics, metasomatism of the mantle
source, degree of crustal contamination and partial melting processes. Geochemical
characteristics of these dykes particularly Ti/Y, Zr/Y, Th/Nb, Ba/Nb, La/Nb,
(La/Sm)py are similar to either MORB or subduction zone basalts that occur along
the plate margin. The enriched LREE-LILE and depletion of HFSE especially Nb,

P and Ti probably indicate generation of these dykes in a subduction zone setting.

Keywords: geochemistry, newer dolerite dykes, Singhbhum craton, India

1. Introduction

Precambrian mafic magmatism and its role in the evolution of Earth’s crust has received
particular attention of the geoscientists during the last three decades because it has not only
been influenced by progressive secular compositional variation and mantle sources/reser-
voirs but also by onset of plate tectonics. Study of dykes is useful for recognition of Large
Igneous Provinces (LIP) and rebuilding of different continents which may have displaced
through geological time [1]. All protocontinents of India such as Aravalli-Bundelkhand,
Dharwar, Bastar and Singhbhum retain dykes of varied orientations, therefore, these dykes
or dyke swarms represent a main thermal episode during the Proterozoic or Precambrain
times [2]. Geochemical and isotope studies of these dykes offer an opportunity in under-
standing the geochemical evolution of mantle through space and time [3, 4].
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Singhbhum Craton is a book that records complex geological and tectonic processes
from Paleoarchean to Neoproterozoic [5, 6]. Several dykes of mafic to acidic com-
positions are intruding the Singhbhum Granitoid Complex, which are collectively
referred to as the Newer dolerites dykes (NDD) in the geological literature [7, 8]. Being
the latest magmatic episode of the Singhbhum Granitoid Complex, Newer dolerite
dykes provide the path in understanding the Proterozoic geodynamic evolution of the
Singhbhum Craton [9]. The present work contributes in understanding the mantle
source characteristics and tectonic setting of the NDD.

2. General geology

Mahanadi Graben and Sukinda thrust borders the Eastern Indian shield in the
west and granulite terrain of Eastern Ghats along with recent alluvium surrounds this
shield in the south, whereas, Gangetic alluvium and Quaternary sediments of Bengal
basin exist in north and east of this shield (Figure 1). The major divisions of this
shield includes: Chotanagpur Granite Gneiss Complex, Singhbhum Mobile Belt and
Singhbhum Craton. The general geological features of each of the above geological
provinces are briefly discussed in the following sections.

2.1 Chotanagpur granite gneiss complex

Chotanagpur Granite Gneiss Complex (CGCC) exists in West Bengal and Jharkhand
states of India and covers an area of about 80,000 km2 (Latitudes 23°00’N to 25°00’N;
Longitudes 83°45'E to 87°45'E). It is mostly made of granites, granite-gneisses, migma-
tites, dolerite dykes and pegmatite, aplite and quartz veins From the structural patterns,
worked out in different parts of the CGGC, it is clear that the region has undergone
polyphase deformation producing distinctive folds and related linear fabrics [8].

2.2 Singhbhum mobile belt

The formations occurring in between the Singhbhum Granitoid Complex (SGC)
and CGGC are collectively recognized either as the Singhbhum Mobile Belt (SMB) or
Singhbhum Group. The SMB (Figure 2), has been divided into five litho-stratigraphic
domains from north to south [11, 12] like (a) volcano-sedimentary belt, (b) Dalma
metavolcanic belt, (c) Chaibasa and Dhalbhum Formations, (d) the rocks occurring
in the SSZ and (e) Dhanjori and/or the Ongarbira metavolcanic rocks.

2.3 Singhbhum craton

The Singhbhum Craton (SC) records a long history of crustal evolution from
Mesoarchaean to Mesoproterozoic. It is an extensive terrain of granite and gneissic
complex with subordinate metabasic and minor metasedimentary rocks (Figure 2).
Some important geological units are briefed below:

2.3.1 Older metamorphic group

Older Metamorphic Group (OMG) occurs near Champua (Latitudes 22°04'N:
Longitudes 85°40'E) and as enclaves in the SGC. This group had experienced
amphibolite facies metamorphism and is made of pelitic schists, garnetiferous
quartzite, calc-magnesian metasediments and sill like mafic rocks [5]. Goswami
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Figure 1.

Simplified geological map of eastern Indian shield illustrating the three geological provinces viz. Chotanagpur
granite gneiss complex (CGGC), Singhbhum Mobile Belt (SMB) and Singhbhum craton (SC). SSZ — Singhbhum
shear zone [9].

etal. [13] and Mishra [14], have dated detrital zircons and recognized an older
limit of 3.5Ga age for these supra-crustals. On the bases of Pb/Pb whole rock
dating, Moorbath and Taylor [15] has established 3378 + 98 Ma age for these
supra-crustals. This age matches with Sm/Nd (TDM model) ages of 3.41, 3.39
and 3.35 Ga [15]. Sharma et al. [16], however, pointed out that protoliths of OMG
amphibolites are 3305 + 60 Ma old and therefore OMTG which intrude OMG
cannot be older than 3300 Ma. The younger 3.40, 3.35 and 3.20 Ga ages have been
interpreted as metamorphic events [17, 18].
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Figure 2.

Simplified geological map of the Singhbhum cvaton [10].

2.3.2 Singhbhum granitoid complex

It has been suggested that SGC (Latitudes 21°00" and 22°45’ N: Longitudes 85°30’
and 86°30'E) is composed of 12 distinct units that were emplaced in three successive
magmatic phases [5]. The K-poor, granodiorite trondhjemite early (phase I) has been
dated as 3.25 + 0.05 Ga [19]. The II and III phases are made of granodiorite that grade
to monzogranite and granite and these phases are dated as 3.06 Ga (Pb/Pb whole rock)
and 2.9 Ga (Rb/Sr. whole rock) respectively [5]. The other granitic bodies that occur in
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SC show ages similar to that of SGC, for example, Bonai granites (3369 + 57 Ma) [20]
and Katipada tonalite (3275 + 81 Ma) [21]. Recent U-Pb zircon studies have revealed
that rocks of the SG batholith were emplaced between ~3.45 Ga and ~ 3.32 Ga [22].

2.3.3 Banded ivon formations

BIF is considered to have been deposited in three interconnected basins [5]. These
basins are: (i) Noamundi (Latitudes 22°09'N: Longitudes 85°31'E) — Koira (Latitudes
21°54'N: Longitudes 85°15'E) basin of west Singhbhum district and Keonjhar, (ii)
Gorumahisani (Latitudes 22°18'30'N: Longitudes 86°17'E) — Badampahar (Latitudes
22°04’N: Longitudes 86°07'E) basin along the eastern border of the Singhbhum Granitoid
Complex and (iii) Daitari-Tomka basin in the southern parts of the Singhbhum Craton.
In the Noamundi- Koira BIF, rocks are made up of shale, phyllite, the middle formation
of banded hematite jasper and an upper formation of magniferous shale, chert, man-
ganese formation and shale. A granite body intruding BIF near Sulaipat has been dated
as3.12 + 0.01 Ga [23]. Some mafic and ultramafic rocks referred to as Gorumahisani
Greenstones are associated with this Gorumahisani-Badampahar BIF sequence [24].

2.3.4 Bonai volcanic suite

Bonai volcanics show sub-aerial and sub-marine features in the west and east
parts of its extension respectively [24, 25]. These volcanics are made of mafic rocks,
tuffs and subordinate silica volcanic clastic interbeds. It has been inferred that these
volcanics show island arc basalt characteristics [24].

2.3.5 Jagannathpur volcanic suite

These volcanics are exposed around Noamundi upto Jagannathpur and are
younger than BIF of Noamundi-Koira belt [24]. Significantly, NDD are not cutting
across the Jagannathpur Suite. It, therefore, appears that it is either equivalent in
age or younger than the NDD. Alvi and Raza [26] found these to be calc-alkaline
basalts and suggested that these lava flows represent an early arc volcanism. The
Jagannathpur lavas have been dated around 1629 + 30 Ma by K/Ar method [5] and
2250 + 81 Ma by Pb/Pb whole rock isochron method [27].

2.3.6 Gorumahisani volcanic suite

It is associated with Gorumahisani-Badampahar BIF along the eastern border of
SBGC. The rocks of this volcanic suite are intruded by Kumhardubi (Latitude 22° 17'N:
Longitude 86°19'30") - Dublarbera (Latitude 22°29'30” N: Longitude 86°17'E) gabbro-
anorthosite, Rangamatia (Latitude 22°29'15”"N: Longitude 86°17'30”E) Leucotonalite,
Katupith (Latitude 22°18’N: Longitude 86°17'30"'E) Leucogranite and NDD swarm.

2.3.7 Simlipal complex

Recently Kar et al. [28] suggested that the circular shape of Simlipal complex is
only a topography controlled rather than an existence of alternate bands of mafic
volcanic and quartzites. Further, they suggested that the Simlipal complex overlies
the weakly metamorphosed basement heterolith unit (Lulung Formation) which
is overlain by Barehipani Formation and Jurunda Formation. Paleoproterozoic age
for this complex has been given by Saha [5]. Further, Iyengar et al. [29] suggested
2084 + 70 Ma age for Similipal complex by following the Rb-Sr whole rock method.
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2.3.8 Kolhan group

This group exists on the western margin of the SBC and its length is around
100 km with a width of about 12 km. Saha [5] correlated Chaniakpur-Keonjhargarh,
Mankarchua and Sarpalli-Kamakhyanagar formations with Kolhan Group. The
Singhbhum granite Basement, Dongoaposi (Jagannathpur) lavas and the Iron Group
surround Kolhan basin on the NE, S-SE and west respectively [30]. The Kolhan shales
north of Hat Gamaria are intruded by three parallel sills of the NDD. South west of
Jagannathpur, flat lying Kolhan shales overlie the Jagannathpur lava.

3. Petrography

NDD have experienced low grade regional metamorphism in the vicinity of
Singhbhum Shear Zone, however they are fresh to least effected in the western and
central parts of the Singhbhum Granitiod Complex. NNE-SSW trending ultramafic-
mafic dyke exposed near Keshargaria is medium to coarse grained rock with green
to dark green color. The ultramafic dykes which consist of olivine (25-52%) and
pyroxenes (45-65%) are present. Mafic dykes are mainly massive, sometimes coarse
grained and their color varies from black to greenish gray. The essential constituents
of dolerite type of dykes includes pyroxenes, plagioclases and quartz with little
amphiboles. Clinopyroxene is mainly augite in the form of euhedral to subhedral
prismatic phenocrysts and also as granular aggregates in the groundmass. Rarely,
clinopyroxene shows alteration to pale-green amphibole and/or biotite around the
grain boundaries. Quartz (0.5 to 3%) is present as subhedral to anhedral crystals.
Accessory minerals are opaques, apatite, and rutile. Opaque minerals (0.5 to 5%)
include magnetite and Cr-Spinel. Norite samples consist dominantly orthopyroxene
(hypersthene) and plagioclase (labradorite) together with subordinate diopsidic
augite and small amounts of quartz. In Quartz dolerites relatively greater proportion
of anhedral quartz is noticed. The major constituents in quartz dolerite are calcic
plagioclase, clinopyroxene (diopside-augite) and subordinate amount of orthopyrox-
ene (hypersthene, enstatite). Coarse grained gabbroic variety of the NDD is mostly
coarse grained dark colored. Under microscope, they show overall hypidiomorphic
texture with local development of subophitic texture. They show subhedral laths of
labradorite plagioclase and augite. Orthopyroxene is rarely found within this petro-
graphic variant.

4. Geochemistry

While observing geochemical characteristics, NDD have been classified as
(i) ultramafic dykes {having MgO >30.0 wt. %, SiO, < 45.0 wt. %, ALO; < 5.0 wt. %
and alkalies <1.0 wt. %; (ii) Group I dykes {having MgO 12-22 wt. %, SiO, 45-53 wt.
%, ALO; < 11.0% and total alkalies <3.0%; (iii) Group II dykes {having MgO
7.0-19.0 wt.%, SiO, 51-60 wt. %, Al,O; 10-12 wt. % and alkalies 1.0-3.50 wt. %; (iv)
Group III {having MgO 6.0-12 wt. %, SiO, 51.0-70.0 wt. %, Al,0;5 10.0-12.5 wt. % and
total alkalies 2.0-4.5 wt. %. Group I dykes contain lower MgO and MnO and higher
Si0,, TiO,, AL,0s, P,0Os and alkalies as compared to Ultramafic dykes. Group II contains
high TiO,, Fe,03;, MgO and P,0s contents and lower SiO, and Alkalies relative to group
III dykes. In Total Alkali-Silica relationships the NDD show chemical variation from
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ultramafic to dacite through basalt and basaltic andesite (Figure not shown). Some
samples show chemical features like MgO > 8%, SiO, > 52%, TiO, < 0.5% and CaO/
AL O; < 1 similar to that found in boninitic rocks [31-34].

In under investigated samples Mg# (Mg # = molar 100 Mg/Mg + Fetotal) show
variation like 89-85, 79-64, 80-43 and 74-49 in ultramafic dykes, group I, Il and III
dykes respectively. Such a change in Mg# is consistent with the fractional crystal-
lization of ferromagnesian minerals [35]. The presence of normative quartz content
in studied dolerite samples (excluding ultramafic samples) having Mg# >70 may
indicate their derivation from multiple parental magmas. Mir and Alvi, [36] have
suggested more investigation in terms of isotope geochemistry and radiometric data
of ultramafic dykes from Keshergarya village, Singhbhum craton. They suspect their
relationship with the mafic members of the NDD. Tholeiite and calc-alkaline trends
are commonly based on AFM ternary plot (A = Na20 + K20, FeO* = total iron as FeO,
and M = MgO) [37]. In AFM diagram the NDD show tholeiitic trend. Ultramafic
dykes concentrate towards MgO corner of AFM diagram (Figure 3).

During the partial melting or fractional crystallization the transitional elements
like Nickel (Ni) and Cobalt (Co) are compatible with olivine whereas Scandium (Sc),
Chromium (Cr) and Vanadium (V) are compatible with clinopyroxene [39], hence
these elements are important in petrogenetic studies of basic rocks. These elements are
useful to demarcate the primary nature of magma as it has been noted that primary mid
ocean ridge basalt (MORB) magmas retain high concentration of Ni (> 250-400 ppm),
Cr (> 600 ppm) and Mg # > 70 [35]. Mg#, Ni & Cr varies like {(85-89, 150-304 &
560-2458), (64-79, 45-145 & 255-733), (43-80, 9-73 & 31-524), (49-74,17-43 &
42-226)} respectively in concern ultramafic dykes, group I, I and III mafic dykes. Such
geochemical observations infer that the samples with low Mg #, Cr and Ni values may
have evolved through fractional crystallization of olivine and pyroxene [35]. Further,
it has been suggested that some dyke samples having similar Mg# with distinct Ni and
Cr contents and some samples having distinct Mg# with similar Ni and Cr contents
indicates that either the diverse extents of partial melting of the same source or het-
erogeneous mantle sources are responsible for the generation of different phases of

FeO"
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Na,0+K,0

Figure 3.
K,O + Na,0-Fe,0;-MgO (AFM) diagram showing theoleiitic trend of NDD. Field lines are after Kuno [37] and
Irvine and Baragar [38].
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the Newer dolerite dykes. Ti/V values ranging from 20 to 50 indicates the low oxygen
fugacity (fO2) i.e. reduced condition of magma generation like MORB setting whereas
Ti/V values ranging from 10 to 20 are markers of high fO2 i.e. oxidizing condition of
magma generation like subduction zones or supra-subduction zones settings [40]. In
concern Newer dolerite dykes, Ti/V values range from 14 to 30, 9-29, 10-34 and 14-32
in ultramafic dykes, group I, II and III dykes respectively which indicates generation of
melts for these dykes had occurred under varied oxidizing conditions.

Mafic intrusions in subduction environments are important for deciphering interac-
tion between subduction slabs and mantle. Such interactions usually result in the mantle
wedge being enriched in LILE by introduction of fluids and /melts from the converging
lithosphere [41]. Both fluids and melts can be introduced at different depths above a
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Primitive mantle normalized multi-element spider diagram of NDD. Normalized values are after Sun and
McDonald [43]. CLM- continental lithospheric mantle; E-MORB-enviched mid ocean ridge basalts; N-MORB-
Normal mid ocean ridge basalts; OIB-Ocean island basalts.
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subduction zone [41]. Thus, mafic rocks across subduction zone environments may
record variable degrees of mantle source modification by slab derived components [41].

The studied NDD have low K/Rb ratios up to 320 perhaps suggesting the source
region of the Newer Dolerites experienced fluid modification [41, 42]. The ratios of
elements such as Barium (Ba), Thorium (Th), Zirconium (Zr) and Niobium (Nb) are
useful to know about the subduction zone related metasomatism of mantle, hence the
values of Ba/Th, Ba/Zr & Ba/Nb in ultramafic dykes, group I, IT and III dykes range
like {(59-197, 3-6 & 38-119), (35-365; 1-5 & 18-195), (34-231, 1-6 & 10-76) and
(37-228, 2-14 & 20-106) } respectively. Such values are higher than that of the average
values of the continental crust which in turn points towards the subduction zone
related metasomatism of mantle source of these rocks [42]. Two alternative processes
could explain the negative Nb anomaly (Figure 4) observed in the NDD: (i) metaso-
matic enrichment of lithospheric mantle [44] and (ii) chemical interaction between
lithospheric mantle and asthenosphere-derived magma having incompatible elements
but little Nb [45]. However, high La/Nb and La/Ta of Newer dolerite dykes supports
the metasomatic enrichment of lithospheric mantle as a reason for Nb anomalies.
Hence, the negative anomalies of Nb and Ti on primitive mantle normalized patterns
(Figure 4) [42], abundance of light rare earth elements (LREE) (Figure not shown),
nearly flat sub-parallel pattern of heavy rare earth elements (HREE) (Figure not
shown), chondrite normalized ratio of Lanthanum to Ytterbium (La/Yby < 12.0) and
chondrite normalized ratio of Lanthanum to Samarium (La/Smy < 4.0) of concern
NDD supports their affiliation with arc or subduction zone setting [46].

5. Petrogenesis

The petrogenesis of mantle derived magmatic rocks can commonly be traced by
their geochemical and isotopic data. The mafic magmatic activity in the form of dykes
at intervals throughout the Proterozoic provides a useful window to monitor mantle
evolution [47, 48].

From the mentioned geochemical characteristics, it may be inferred that the NDD
having Mg# <60 are evolved members that have been formed through fractional
crystallization of Mg-rich minerals like olivine and/or pyroxene [49]. On TiO, vs.
AlLO5/TiO, (Figure 5a) and CaO/TiO, diagrams (Figure 5b) NDD plot in MORB,
low TiO, boninite & high-Mg andesite fields which suggests the compatibility of Ti
and retention of Al and Ca in residual phases like pyroxenes, garnet, plagioclase and
spinel [50]. Further, these relationships indicate that low TiO, samples were derived
from relatively more hydrously fractionated magmas and high TiO, samples were
derived from least hydrously fractionated magmas [51].

Fractional crystallization associated with crustal contamination (AFC) isan
important process during magma evolution that may modify both elemental and
isotopic compositions [52]. As we know that the concentration of Rubidium (Rb),
Barium (Ba), Potassium (K), Sodium (Na) etc. is rich in crustal materials whereas
P,05 and TiO, is poor in these materials. Hence, any crustal contamination of mafic
magma changes the primary geochemistry of magma accordingly [41]. However, in
concern samples the low content and range of K,0 and NaO;, are indications of least
crustal contamination in these rocks. In addition to this, the ratio of Cerium to Lead
(Ce/Pb) and Niobium to Uranium (Nb/U) are not changed due to partial melting,
hence, these ratios can be applied to know about the effects of alteration or crustal
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(a) TiO, vs. ALLO;/TiO, and (b) TiO, vs. CaO/TiO, binary diagrams for NDD. HMA-high Mg Andesites and
MORB-Mid Ocean ridge basalts.

contamination of mafic rocks. In concern samples these ratios are higher than that of
upper continental crust (Ce/Pb = 3.2) and (Nb/U = 9) [53]. Therefore, it is suggested
that the investigated NDD have least or no contamination of crustal materials.

Trace element ratios, such as La/Yb, Th/Yb, Ba/La and La/Nb are widely used to
identify the metasomatic agents and estimate the flux from the subducted slab [54].
All these ratios in case of NDD imply varying inputs of sediment and fluid compo-
nents from the subducting slab in their formation.

The high (La/Yb)N and (Gd/Yb)N in combination with relatively low HREE abun-
dance of the NDD suggest that they may have formed by low degrees of partial melt-
ing of a garnet bearing source. Asthenospheric or deep or plume and lithospheric or
shallow or non-plume derived mafic melts or basalts can be differentiated or evaluated
by geochemical ratios like Lanthanum (La) /Tantalum (Ta) and La/Nb. Thompson
and Morrison [55] suggested that values of La/Ta =10-12 and La/Ta >30 indicates that
basaltic rocks may have been derived from asthenospheric mantle and lithospheric
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mantle respectively. Further, Wang et al. [56] used La/Nb ratio to discriminate
asthenospheric mantle and lithospheric mantle sources. They suggested La/Nb <1.5
for asthenospheric mantle derived mafic rocks and La/Nb >1.5 for lithospheric mantle
derived mafic rocks. In majority of NDD it has been seen that La/Ta is greater than 30
and La/Nb is greater than 1.5 that reveals their derivation may be from lithospheric
mantle source. Moreover, on primitive mantle-normalized multi-element diagram
(Figure 4), NDD show patterns differed from that of normal mid ocean ridge basalts,
enriched mid ocean ridge basalts, ocean island basalts and continental lithospheric
mantle and show depletion of Ba, Nb, Sr., P, Ti and richness of Zr. Such geochemical
characteristics are similar to that found in arc or back-arc extension basalts [57, 58].

6. Tectonic setting

Keeping in view the importance of dykes or dyke swarms in identification of large
igneous provinces, reconstruction of continents, continental rifting and continental-
continental collision events [59], the geochemical studies on NDD may have potential
in understanding the geodynamic evolution of Singhbhum craton in Precambrian
times. The association of mafic dykes with the initiation of sedimentary basins and
their geochemistry retaining long term memories of subduction processes in the
lithosphere mantle are too well known [60]. Origin of NDD has been either related
to arc/back-arc tectonic setting i.e. non-plume source [42, 61-66] or plume source
[5, 67]. In addition, Boss [68] suggested both depleted and enriched mantle source
for Newer dolerite dykes. However, mantle plume model faces some issues in evalu-
ation of origin of the NDD due to following reasons (i) age of NDD varying from
2800 to 1000 Ma [5, 69, 70] suggests that it is hard to tap a uniform magma source for
such a long time interval, (ii) absence of large scale mafic lavas in Singhbhum craton
having intraplate setting/geochemistry and (iii) further, the occurrence of volumi-
nous hydrous lithospheric mantle across the cratons developed during the Archaean
(~3 Ga) and its role in the Proterozoic magmas [48].

7. Conclusions

Reported age of newer dolerite dykes vary from 900 Ma to 2800 Ma and traverse
a number of rock types in some regular sets like NNE-SSW and NW-SE trends.
Variations in major elements, particularly SiO,, AL,Os, CaO, TiO, contents, and CaO/
TiO; and Al O5/TiO, ratios in these dykes indicates that their Ca and Al are held in
the residual mantle phases such as clinopyroxene, plagioclase, spinal and garnet. The
overall low Mg #, Cr and Ni values in studied NDD indicate their evolution through
fractional crystallization of olivine and pyroxene. A few dyke samples having similar
Mg# with distinct Ni and Cr contents and some samples having distinct Mg# with
similar Ni and Cr contents indicates that either the diverse extents of partial melting
of the same source or heterogeneous mantle sources are responsible for the genera-
tion of different phases of the Newer dolerite dykes. In studied NDD low content and
narrow range of K,0 and NaO, in addition to higher values of Ce/Pb and Nb/U than
that of upper continental crust are indications of least crustal contamination in these
rocks.

Values of Ba/Th, Ba/Zr & Ba/Nb in NDD are higher than that of the average values
of the continental crust which in turn points towards the subduction zone related
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metasomatism of mantle source of these rocks. Further, the enriched LREE and flat
sub-parallel pattern of HREE along with La/YbN <12.0 and La/SmN <4.0 of concern
NDD supports their affiliation with arc or subduction zone setting. Moreover, their
primitive mantle-normalized multi-element patterns differed from that of normal
mid ocean ridge basalts, enriched mid ocean ridge basalts, ocean island basalts and
continental lithospheric mantle and show depletion of Ba, Nb, Sr., P, Ti and richness
of Zr. Such geochemical characteristics are similar to that found in arc or back-arc
extension basalts.
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