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Abstract: Concretions are hard and compact inorganic masses, formed within the sedimentary sequences by the precipitation
of mineral cement within the spaces between the sediment grains through diagenesis and pore fluids. Concretions often yield
valuable records for the post- depositional changes in sedimentary units since they preserve valuable evidence of groundwater
flow and water—rock interactions which resulted in mineral dissolution and precipitation. 30 pyrite concretion samples were
selected from the 36 total concretion samples collected from the Tukau Formation, NW Borneo, Malaysia and were studied to
understand their morphology and paleoenvironment. Interbedded sandstone and mudstone sequences from the Tukau
Formation contain a variety of early diagenetic pyrite concretion morphologies, including elongate and tabular concretions of
variable shapes. The present preliminary study reports the geochemistry and mineralogy of pyrite concretions from the
Neogene sedimentary sequences of NW Borneo. In the present study, five different types of concretion were collected from
mostly clay and coal interbedded sandstone beds, which are circular (1.5-4cm), elongate (0.5-1cm diameter; 4-6¢cm length),
tabular (4-5cm diameter), spherical (1.5-2.5¢cm) heterolithic (2-2.5cm diameter; 8cm length) and irregular (14 x 11cm) shapes.
The nucleus and layers were observed inside the spherical and irregularly shaped concretions respectively, and the nucleus
mainly consists of organic matter. X-ray diffraction (XRD) analysis showed that the concretions are composed mainly of
quartz, and pyrite, and some samples show other minerals i.e. cattierite, goethite, berlinite, and arsenopyrite. Chemically these
concretions are enriched with Fe20s, total Sulphur, SiO2, and trace elements such as Mo, Nb, As, Pb, Zr, Sr, and Rb. Mn and
Ni are recorded high, however, only three samples have recorded these elements. The high content of Fe20Og, total Sulphur and
SiOz in these concretions are clearly related to mineralogy (i.e. mainly of pyrite and quartz). Pyrite-dominated concretions can
be related to near-surface and burial diagenesis of organic matter from the coal beds. The existence of pyrite occurred as
clusters of individual crystals within concretion suggesting that they were formed significantly under reducing conditions
(microbial sulphate reduction) during early diagenesis or replacement of Fe(hydr)oxides and the sulfidation mechanism with
the aid of FeS precursor during the diagenetic process. However, a more detailed study is required to confirm the diagenetic
paleoenvironments and controlling factors of the development of these pyrite concretions from the Tukau Formation.
Keywords: Concretions, Neogene sediments, Tukau Formation, Borneo.

Introduction

Concretions are the hard and compact inorganic masses which are precipitated mineral cements within
the spaces between the sediment grains through digenesis and pore fluids within the sedimentary rocks.
Concretions forms in different shapes, sizes, hardness, and colours and are reported worldwide (Chan
et al., 2004, 2007; England et al., 2002; Ehinola et al., 2010; Potter et al., 2011; Wilson et al., 2012; He
etal., 2019; Xu et al., 2020). They are usually spherical and/or disk-shaped, embedded in a host rocks
with different compositions and also occur in other shapes (tabular, discs-like, spheroidal and
cylindrical). Nucleation and growth of concretions is possible in varibale depths in the subsurface (up
to 3-4km depth; Milliken et al., 1998) and also near the sediment-water interface (Raiswell and Fisher,
2000). The natural spherical balls are called nodules and/or concretions with the name of the minerals,
which are enriched in the particular balls (Iron concretion, Pyrite concretions, Mn nodules, etc.).
Pyrite concretions are often reported in marine sediments and lacustrine environments, and they
are formed through the involvement of microbial sulphate reduction, changes in pH and redox
conditions (Driscoll et al., 1965; Raiswell, 1976; Pye et al., 1990). Often, Concretions form in a
localised microenvironments, and sometimes can be developed by organism decay (Woodland and
Stenstrom, 1979; Baird et al., 1986). Concretions often yield valuable records about the post-
depositional changes in sedimentary units since they have preserved valuable information of
groundwater flow and water—rock interactions, which resulted in mineral dissolution and precipitation
(El Albani et al., 2001; Chan et al., 2007). There are many studies have separated concretion into three
main types which are syngenetic, diagenetic and epigenetic (He et al., 2019). The concretion formation
mechanism remains enigmatic. Based on the tripartite geochemical fluid flow model, Chan et al. (2000,
2005), have described the source of Fe, iron mobilisation and the precipitation cycle of iron being
reflected on the concretion geometrics and its diagenetic facies. First is, the source of iron: Fe®" was
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precipitated as early diagenetic grain coatings retrieved from the removal of detrital ferromagnesian
minerals. The second is on iron mobilization, a reducing fluid penetrated the sandstone, and the iron
was mobilized into a solution as Fe?*. The third is the iron precipitation, the iron-bearing and the
reducing fluids integrated with an oxidizing fluid that precipitates Fe** into hydrous ferric oxide (HFO)
elements.

Though many studies have been carried out on concretions from other parts of the world
(Pantin, 1958; Berner and Raiswell 1983; Raiswell, 1976; Coleman and Raiswell, 1981, 1995; Mozley,
1989; Huggett, 1994; Chan et al., 2000, 2004, 2005, 2007; Bowen et al., 2008; Potter et al., 2011; He
et al., 2019; Xu et al., 2020), no or less study has been undertaken from NW Borneo. The previous
studies mainly addressed the geochemical constraints in terms of provenance, recycling and weathering
(Nagarajan et al., 2014; 2017a); mineralogical variations (Nagarajan et al., 2017b) and semi-quantitative
assessment of clay content in the clastic rocks of the Tukau Formation (Kessler and Nagarajan, 2012,
2013). Clay, mudstone and coal-interbedded sandstones of the Tukau formation contain a variety of
early diagenetic iron sulphide morphologies, which belongs to the Neogene age (Hutchison, 2005).
Thus, our preliminary study reports the geometry, mineralogy, and geochemistry of pyrite concretions
from NW Borneo to understand their morphology and paleoenvironment.
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Fig. 1. Geology map of northern Sarawak showing the location of the study area (after Liechti et al.,
1960; modified from Nagarajan et al., 2015).
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Study Area

The Tukau Formation and its sedimentary sequences are preserved in a relatively simple synclinal
structure with a number of young compressive and strike—slip fault systems dissecting it. It has a
thickness of several hundreds of meters and consists of clay/mudstone and sandstone beds with coal
laminations. The lenticular-shaped channelized deposits are observed in both at the lowermost and the
upper parts of the formation, which are composed of medium to coarse-grained sandstones with rare
micro-conglomerates at the channel base, representing a shore face environment of deposition (Kessler,
2010). In general foraminifers (except for some brackish water forms) are absent and the lignite layers
and amber balls present in layered strata, which suggest a coastal plain environment (Hutchison, 2005).
Similarly, Wilford (1961) reported the brackish water fauna such as Ammobaculites sp., Trachamiina
sp. Haplophragmoides sp. and Glomospira sp.) and found that which cannot be used for the chronology
of the host sediments. However, the Tukau Formation’s age ranges between Upper Miocene and Lower
Pliocene and it conformably overlies the Lambir Formation next to Sungai Liku in the eastern Lambir
Hill, which belongs to the Middle to Late Miocene.
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Fig. 2. The stratigraphic logs of the studied sections, Tukau Formation.

Materials and Methods

In total, 36 concretion samples were collected from three well-exposed outcrops (Sunshine Garden:
three outcrops; coordinates: 477537.38N, 829564.42E; 477478.46N, 829592.43E; 476640.46N,
828995.69E) of theTukau Formation (on the route from Luak to Tukau) (Figs. 1 and 2). Concretions
were mostly associated with shale/mudstone and clay layers interbedded sandstones and also collected
from the surface (separated by weathering and erosion) (Fig. 2). Out of 36 concretion samples, thirty
fresh samples were selected for bulk geochemical and XRD analyses. Samples were chosen based on
size and shape and intensity of oxidation. Selected samples underwent a cleaning process, where only
samples of fresh or unweathered rocks are used for analysis. Weathered portions were then removed
for all the concretions except oxidized and heterolithic concretions with the use of a pen knife with
gloves on. All samples were then dried at a room temperature of <30°C. After which, they were placed
in sample bags and pounded, crushed and grinded using agate mortar to a size of 75 microns. XRD
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analysis was performed using the PANalytical Empyrean X-Ray Diffractometer. Samples were
analysed in the 2 Theta range of 50 and 700 using Cu-tube as the X-ray source and standard generator
setting of 40mA and 45kV. After this, the peaks were then identified using “highscore”.

The major oxides were analysed using fused discs while trace elements were analyzed in
pressed pellets as per the methods of Verma et al. (1996) and Lozano and Bernal (2005) using Siemens
SRS 3000 wavelength dispersive X-ray fluorescence (XRF) spectrometer. Triplicate analysis was
performed and the relative error for the duplicate samples was between 1 and 5%. The precision of the
analysis was <10% for both major and trace elements (Roy et al., 2010; Kessler and Nagarajan, 2012;
Nagarajan et al., 2017). The sedimentary rocks of the Tukau Formation (n=5) and one sample each for
various concretion types (n=9) were studied for their petrography by preparing thin sections and the
thin sections were studied using Nikon Eclipse LV100NPOL polarizing microscope.

Statistical analyses such as Pearson correlation and Varimax rotated principal component
analysis were carried out using SPSS 17 software (e.g. Jayaprakash et al., 2014; Ramkumar, 2001). The
correlation coefficient “r” values >0.5 and the significant level of p<0.05 were considered for the
present analysis. The factors with an Eigenvalue greater than 1 (Kaiser, 1960) were considered for
interpretation.

Results

Field data

The lithology of each outcrop was identified as grey sand (lower part) shale unit, inter-bedded
sandstone/shale, clean sand and top covered by residual soil and vegetation. Sandstone layers show
cross-bedding, and thin coal laminae were observed parallel to cross-bedding. Ripple marks can be
found at the lower part of the grey sand unit. Concretions were mostly found to be associated with
shale/mudstone beds and interbedded sandstone units (Fig. 2). Also, amber balls are also commonly
observed in the Tukau Formation. Trace fossils consisting of burrows can mostly be seen in clean sand
layers and are absent in shale/mudstone layers. Paleo current directions were measured in all the studied
outcrops (at least 20 measurements) and plotted in a rose diagram, which shows the direction towards
NNW with minimum distribution towards NNE. The physical appearance and descriptions of the
concretions are summarized in Table 1.

Mineralogy

Twenty-six out of twenty 28 samples show their mineral composition rich in quartz associated with
pyrite except for two heterolithic samples where quartz was associated with other pyrite minerals such
as cattierite or goethite (altered from pyrite) at the edge (Table 1). The minerals precipitated in the
concretion can be best explained by the cementation of minerals in the pore space. The different
intensities of red coloration can be seen, reflecting the fact that most hematite/marcasite forms after
concretion was formed. Fe is often leached from pyrite minerals in the concretions and then redeposits
as cement in heterolithic and weathered concretions.

Petrography

The matrix of the elongated concretions is dominated by quartz in the silt fraction. A minor amount of
clay and pyrite are found in most of the samples. Shell fragments are extremely rare. Petrographically
the concretion consists of quartz, pyrite, Fe-cement and some lithic fragments with good porosity.
Quartz varies between anhedral and subhedral in nature and shows polycrystalline grains with undulose
extinctions. Fractures are common in quartz grains. Pyrites are opaque in nature and are leached to Fe-
cement, which coated the quartz grains and is also common along the edges of pyrite grains. Some lithic
fragments are also seen, which are siltstone and mudstone. Porosity was estimated to be 20%, of which,
70 % is interconnected, remaining is isolated porosity. Mineral grains range from 0.05 mm to 0.5mm
in diameter.

Geochemistry

The bulk geochemistry of the concretions based on the morphological classification is summarised in
Table 2. The pyrite concretion of the present study shows a high concentration of Fe;Os, SiO;, total S,
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Mo, Nb, Mn, As, Pb, and Zr. Fe;O3 was recorded higher in circular, tabular, spherical (minimum
variation) and heterolithic concretions (wide variation). Fe,Os content is mostly similar in all
concretions (Max avg: 28.6% in spherical and min avg. 6.1% in coarse-grained irregular concretions)
except heterolithic fresh concretions (Table 2). Total sulphur is the second dominant element recorded
higher in spherical (15.3%) tabular (14.9%) and circular (14.6%) concretions compared to other
concretions. SiO2 ranges between 14.6% (Coarse-grained irregular concretions) and 6.7% (Heterolithic
core). The abundance of iron, total sulphur and silica in concretions can be summarized as follows:

Fe,03; =SP>Cir>Tab>HEdge>Elong>Oxi>HCore>CG>HF
Total Sulphur = Sp>Tab>Cir>CG>HCore>HF>Hedge>Elong>Oxi
SiO; = CG>HF>Tab>Cir>SP>Elog>Hedge>Oxi>Hcore

Trace elements such as Mn, Mo, As, Ni, Pb and Nb are recorded higher in the concretions than
Rb and Sr. Even though Mn and Ni are recorded higher than other trace elements, the higher
concentrations are recorded only in circular, spherical and tabular concretions. Mo is recorded in the
range between 125 ppm (Heterolithic fresh) and 348 ppm (circular concretions). As also recorded higher
and ranges between BDL and 395ppm (heterolithic core). Pb content is comparable among the
concretions and is in the range of 40 - 70 ppm in heterolithic fresh and heterolith core concretions
respectively.

Table 1. Summary of concretion’s physical appearance and mineralogy (by XRD).

Sample type Hardness Physical appearance Mineralogy
Elongated High No distinct pyrites. Quartz, Pyrite
Tabular Moderate  Pyrite or marcasite crystals are concentrated ona Quartz, Pyrite,

certain part of the surface. Usually found along the  Arsenopyrite
clay bedding from the formation.

Spherical Very high  Fully or mostly pyrite and/or marcasite minerals Quartz, Pyrite
were observed and sometimes dispersed around
the sphere. Cause sparkling when hammered. The
outer part is frequently surrounded by higher Fe-
coated sand material.

Circular Moderate  Distinct either pyrite or marcasite on the surface. Quartz, Pyrite
The outer part is frequently surrounded by higher
Fe-coated sand material.

Heterolithic Moderate  Different material between core and edge. Core Quartz, pyrite,
part presumable consists of organic material while Cattierite,
the outer part is frequently surrounded by high Fe  Goethite
sand material.

Coarse grained Low Very coarse-grained, compacted up to pebble size  Quartz, Pyrite
concretions quartz, composed mainly of quartz and often very
loose and easily broken.
Oxidized forms Low A brittle and weathered surface forms white Quartz, Pyrite,
fibrous matter. Strong sulphur odor. Berlinite
Discussion

Concretion Morphology

Concretion’s geometry is the result of a complex interaction between diffusive and advective mass
transfer (Potter et al., 2011). The distinctive concretions formed in clastic sediments stand out since
their mineral composition is different from that of the bulk rock (Coleman, 2005). Pyrite concretions in
the Tukau Formation consist of bright, lustrous, tiny interlocked crystals in more complex and
interesting shapes. Pyrite concretions were observed on cut surfaces and their sizes were measured and
classified based on their shape. The surfaces of the concretions show different colours, i.e. grey, yellow,
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brown, yellowish brown and metallic whereas the inner part of the concretions mostly displays grey
and black colour (Fig. 3). The brownish-yellow is due to weathering of pyrite minerals from the
concretions. Most of the concretions are generally spherical, the pyrite most often exhibits dull-colour,
massive or granular forms. In the present study, five different types of concretion are collected from
mostly shale and interbedded shale/sandstone beds, which are circular (1.5-4cm), elongate (0.5-1cm
diameter; 4-6cm length), tabular (4-5cm diameter), spherical (1.5-2.5cm) and heterolithic (2-2.5cm
diameter; 8cm length) shapes (Fig. 3). The elongated concretions show a similar alignment of bedrock.

clit'éuun ELONGATE

I s e '
%9 NI F

TABULAR SPHERICAL

HETEROLITHIC

Fig. 3a-e. Photographs of different varieties of concretions from Tukau Formation, NW Borneo (Scale:
scale bar = 2cm; Coin diameter=1.8cm)

According to Chan et al. (2007) internal structure of concretions can be divided into three types:
solid, rind and layered. Concretions from the Tukau Formation mostly show a solid internal structure,
made up of quartz and pyrite. Solidly structured concretions do not show any particular internal pattern
and are cemented evenly (Chan et al., 2007; Potter et al., 2011). Homogenized host rock creates an even
distribution of diffusion mass transfer of ions, which allows the concretion to grow evenly as a spherical
shape (Seilacher, 2001; Mozley and Davis, 2005; Potter et al., 2011).

© CEHESH TRUST OF INDIA 11



JOURNAL OF GEOINTERFACE, Vol.1, No.2, December 2022 pp.6-20

Table 2. Bulk geochemistry of various morphology of pyrite concretions from the Tukau Formation.

Circular (n=4) Spherical 1 (n=4) Tabular (n=5) Heterolithic edge (n=3)

e?e)::]iistls Min Max Avg St. Dev | Min Max Avg St. Dev | Min Max | Avg St. Dev | Min Max | Avg St. Dev
Fe.0s 24.7 32.3 28.4 3.8 27.2 30.0 28.6 15 25.7 31.0 27.7 2.0 20.3 28.7 25.9 4.9
CaO 0.08 0.14 0.10 0.03 0.08 0.11 0.10 0.01 0.07 0.10 0.09 0.01 0.07 0.11 0.09 0.02
K20 0.02 0.03 0.02 0.01 0.02 0.022 0.02 0.00 0.02 0.02 0.02 0.00 0.01 0.02 0.02 0.01
Sio2 8.3 12.0 10.2 1.9 8.2 11.5 9.2 15 7.4 14.2 105 2.6 6.0 9.6 8.1 18
S 125 17.6 14.6 2.3 14.0 17.1 15.3 15 131 16.6 14.9 15 0.4 14.9 9.9 8.2
Cl 0.1 0.2 0.1 0.0 0.1 0.2 0.1 0.0 0.1 0.1 0.1 0.0 0.1 0.2 0.1 0.0
Mo 200 450 348 110 240 410 338 86 230 330 280 45 130 380 287 137
Nb 150 320 215 74 170 320 228 65 180 240 198 27 160 300 250 78
Zr 90 100 95 6 80 220 138 66 110 280 168 78 140 180 160 28
Sr 20 30 23 6 30 30 30 0 30 30 30 20 20 20
Rb 20 30 25 7 20 20 20 0 20 20 20 0 20 20 20
As 80 180 110 a7 80 140 115 30 90 200 124 44 50 140 100 46
Ni BDL BDL BDL BDL BDL BDL BDL BDL 540 540 540 BDL | BDL | BDL BDL
Mn 590 590 590 790 790 790 770 770 770 BDL | BDL | BDL BDL
Pb 50 90 68 17 60 60 60 0 50 70 64 9 40 60 53 12

Heterolithic core (n=3) Elongated (n=4) HF (n=2) oxidised (n=4) Cgogﬁe
Fe,03 11.3 317 21.4 10.2 14.7 313 25.6 74 4.4 7.9 6.1 24 114 28.7 23.4 8.0 18.2
TiO, 0.48 0.48 0.48 BDL BDL BDL BDL 0 0 0.33 0.33 0.33 BDL
CaO 0.09 0.10 0.09 0.01 0.08 0.10 0.09 0.01 0.08 0.09 0.08 0.01 0.08 0.14 0.11 0.03 0.12
K20 0.02 0.09 0.04 0.04 0.02 0.46 0.13 0.22 0.02 0.02 0.02 0.00 0.02 0.3 0.09 0.14 0.02
SiO, 2.9 9.43 6.17 3.27 7.7 9.4 8.4 0.8 10.6 11.7 11.1 0.8 5.7 12.0 7.7 3.0 14.6
>S 7.1 16.7 12.3 4.8 1.0 14.3 94 6.1 7.7 15.1 11.9 3.2 8.4 9.6 9.0 0.8 13.969
Cl 0.1 0.1 0.1 0.0 0.1 0.1 0.1 0.0 0.1 0.1 0.1 0.0 0.1 0.1 0.1 0.0 0.1
Total 22 58 40 18 25 54 44 13 24.8 28.3 26.5 25 32 52 43 8 a7
Mo 200 420 323 112 200 330 243 59 110 140 125 21 260 510 368 104 140
Nb 220 1260 630 554 240 310 275 49 210 230 220 14 210 890 470 293 140
Zr 520 990 755 332 70 90 80 14 60 110 85 85 120 280 180 73 | BDL
Sr 20 40 30 10 40 40 40 BDL | BDL | BDL | BDL 30 60 40 17 20
Rb 20 20 20 20 40 30 14 BDL | BDL | BDL | BDL 20 30 27 6 | BDL
As 220 570 395 247 80 150 110 36 BDL | BDL | BDL | BDL 80 200 137 60 70
Ni BDL BDL | BDL BDL BDL BDL BDL BDL BDL | BDL | BDL | BDL 420 | 1020 720 424
Pb 70 70 70 0 50 70 58 10 40 40 40 0 50 80 63 15 60
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Thus, the spherical or nearly spherical concretions from the Tukau Formation indicate that they
had evenly grown in isotropic media. The spherical shape concretions are formed nearly isotropic
qualities since the movement of solution within the sandstone is normal while the solution mobility is
restricted in the vertical direction leading to anisotropic qualities, results flattened shapes (Butts and
Moore, ND). The different size populations of concretions may represent discrete reaction fronts with
varying reactant supplies (Potter et al., 2011). Elongate and tabular concretions are parallel to
sedimentary strata and have been reported, that these structures are due to the influence of saturated
(phreatic zone) groundwater flow direction which might have been on the orientation of the axis of
elongation (Mozley and Davis, 2005). No doublets and triplet concretions were observed from the
studied sections. Mostly the concretions are solid and micro and macro laminations were observed.

Table 3. Comparison of the chemistry of concretions with the bulk geochemistry of the sediments of
the Tukau Formation (Nagarajan et al., 2017a).

*Whole rock (n=63 & 50 for major

Elements Co(ncr?)egion andtrace elements respectively)
n=

SiO; 9.15 78.51
TiO; 0.41 0.64
Al;03 BDL 12.08
Fe2Ost 24.49 1.99
MnO 0.09 0.01
MgO BDL 0.48
CaO 0.09 0.07
Na20O BDL 0.06
K20 0.05 1.81
P20s BDL 0.03
Total S 12.60 ND
Cl 0.13 ND
Rb ppm 23.6 81.38
Srppm 30.0 50.60
Ba ppm BDL 177.86
Y ppm BDL 19.52
Zr ppm 186.7 231.68
V ppm BDL 70.22
Cr ppm BDL 74.19
Co ppm BDL 6.94
Ni ppm 660.0 32.14
Cuppm BDL 41.32
Zn ppm BDL 60.56
Th ppm ND 9.87
Pb ppm 60.7 16.34
Mo ppm 293.3 ND
As ppm 136.8 8.03
Nb ppm 300.4 6.00

Comparison with Source rock chemistry

The geochemical characteristics of the Tukau Formation are not well addressed for the whole formation
yet; however, a recent study by Nagarajan et al. (2017a) addressed the geochemical characteristics of
the clastic sediments from the upper part of the formation, which was compared with the geochemistry
of the concretions (Table 3). Source rocks mainly consist of sandstone, shale interbedded with coal and
some conglomerate beds. Source rocks are enriched with SiO», TiO,, Al,Os, K;O, MgO NayO, P,0s,
Rb, Sr, V, Ba, Cr, Co, Cu and Zn compared to concretions and CaO is comparable between them. These
host sediments are moderate to intensively weathered in the source region, and recycled nature with
minor input of mafic rocks (Nagarajan et al., 2014; 2017a). Concretions are enriched with Fe2O3, MnO,
S04, Zr, Ni, Pb, Mo, As and Nb compared to that of the source rocks. The enrichment factor (EF) was
calculated to understand the relationship between concretions and the host sediments by dividing the
concentration in concretions by the same in the host sediments.
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Table 4. Pearson’s correlation coefficient for the geochemistry of pyrite concretions from the Tukau
Formation.
Elements  Fe20s CaO KO SiO2 S Cl Mo Nb Zr Sr Rb As Pb

Fe203 1

Ca0 -0.39 1

K20 -0.91 055 1

SiO2 -0.41 015 047 1

S 0.89 -042 -0.84 -028 1

Cl 0.56 041 -045 -017 051 1

Mo 0.52 043 -027 -023 019 064 1

Nb -0.42 0.6 046 -047 -057 -003 027 1

Zr -0.3 -0.08 018 -039 0.03 -028 -06 0.3 1

Sr 0.11 011 019 -003 -0.15 -019 047 018 -039 1

Rb 0.36 -0.18 -025 -041 -003 0.01 058 03 -036 045 1

As 0.45 -02 -037 -067 061 014 004 014 065 -0.01 01 1
Pb 0.45 0.1 -024 -026 046 033 049 014 015 008 04 066 1

Based on the calculated values of EF, concretions are enriched with Fe;0; (12 fold; n=30); Ni
(20 fold: n=3); Mn (10 fold: n=3); Pb (4 fold; n=30). Even though Ni and Mn show significant
enrichment in concretions, these elements were recorded only in three concretion samples. Same time,
EF values were not calculated for total S, since the concentration of total sulphur in the host rock was
not available. Other elements such as Sr, Rb, Zr, Ca, and SiO; show very low values of enrichment,
normally less than 2. Mineralogically all the concretions except four samples consisting of quartz and
pyrite. The four samples show different mineralogy (Quartz with other minerals such as pyrite (FeS;)
Cattierite (CoS;), Goethite (FeOOH), Berlinite (AIPO4) and Pyrite arsenian ((Fe,As)S.). Cattierite and
arsenian pyrite are the varieties of pyrite, where, they contain Co and As respectively. Arsenic has both
chalcophile and siderophile characteristics, and tends to be hosted by sulphide minerals such aspyrite
or hydroxidic Fe phases like goethite, both can host As up to several wt.% (Smedley and Kinniburgh,
2002). Cationic substitution is common in pyrite, with several metals readily substituting Fe. Often, Co,
Ni, Mn, Ag, and Au can substitute in sufficient quantity; which can influence in density, hardness, and
color of concretions. Particularly, Co readily substitutes Fe and vice-versa that pyrite forms a solid-
solution series with cattierite (cobalt disulfide, CoS;), and the intermediate varieties are called cobaltian
pyrite. Raiswell and Plant (1980) investigated the incorporation of trace elements into pyrite during
diagenesis of black shales from Yorkshire and found that trace elements concentration was extremely
low except for some sulphur phase trace elements (Cu, As, Mo, Ni, Zn, and Co). Arsenic in the
environment is mainly controlled by the predominant physico-chemical conditions and the presence of
other ions. Also, as behaviour (adsorption, desorption, transport, and redox transformation) is governed
by crucial parameters such as redox potential, pH and ionic competition. Reducing environmental
conditions mainly leads to mobilization from oxides whereas oxidizing conditions may mobilize to
sulphides (Smedley and Kinniburgh, 2002). Molybdenum, arsenic and selenium commonly occur in
pyrite (sulphides; Fleischer, 1955). Molybdenum is a common constituent of petroleum and it seems to
be present in organometallic compounds (Rankama and Sahama, 1950). A reduction environment can
boost the enrichment of Mo in a shallow environment where there is contact near the oxic-anoxic
interface (Adelson et al., 2001).

Statistical analysis

Iron shows a strong positive correlation with total sulphur (r=0.89) indicating these elements are
associated together with mineral pyrite in concretion (Table 4). Mo and ClI also show a moderated
positive correlation with Fe;Os, which further confirms that these elements are associated with pyrite
in concretion and also the pyrite is precipitated in sub-anoxic interface. K20 shows a strong negative
relationship with Fe,Os and total sulphur (r=-0.91 and -0.84; Table 4), indicating that K-O is associated
with clay materials and not with pyrite. SiO», CaO, Rb, and Sr do not show any strong relationship with
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either Fe,O3 or total sulphur (Table 4), indicating that these elements are not linked with pyrite
precipitation in concretion and are related to quartz, microfossils, clay materials and/or with organic
matter, which forms nucleus in many concretions. Trace elements can present in pyrite in the form of
nano-particles, adsorbed films and as micro and nano inclusions during coprecipitation with pyrite
(Wohlgemuth-Ueberwasser et al., 2015; (Bethke and Barton, 1971; Grant et al., 2018) and many trace
elements are enriched in pyrite/coal together with total S (e.g. Song et al., 2007; Sia and Abdullah,
2011). Pb shows a weak correlation with total sulphur and Mo which indicates that Pb occurrence in
the concretion is associated with Pyrite. Sr is mostly associated with calcite but calcite is so sparse in
these concretions, thus might be controlled by other phases (weak positive correlation with Rb). The
original relationship of Co, Ni, Zn with S may be modified during the oxidation of pyrite. As and Pb
show low to moderate positive correlation with total sulphur (r=0.61 and 0.46 respectively) and
moderate correlation between them (r=0.66) indicating their association with sulphur.

The varimax rotation method was used to maximize the sum of the variance (Gotelli and Ellison
2004) and is shown in Figure 4. Factor 1 is accounted for 29.09% of the total variance and is
characterized by high positive loadings of KO and Nb and high negative loadings of Fe;O3z and S.
Factor 2 is accounted for 22.02% of the total variance and is characterized by high negative loading of
Si0O; and positive loadings of As, and Zr (Fig. 4). Moderate positive loading of Pb in Factor 2 may be
similar to the process of As and would have controlled by the zircon grains but less extent compared to
As. SiO; is related to quartz grains in concretion, which do not incorporate any sulphide group of
elements such as As and Pb. Factor 3 is defined by four elements and accounts for 18.36% of the total
variance. In which Sr, Rb and Mo are loaded positively (strong to moderate) whereas Zr is loaded
negatively. Zr may be associated with detrital minerals such as zircon. As stated above, CaO, Rb, and
Sr do not show any relationship with either Fe,Os3 or total sulphur, indicating that these elements were
not linked with pyrite concretions in concretion and are related to parent materials or can be associated
with organic matter which forms nucleus or inter laminated in many concretions. Factor 4 accounted
for 18.20% of the total variance and is characterized by Cl, MO and CaO. The close association of CI
and Mo in the studied concretions may indicate the redox front environment, in which Mo and Cl are
incorporated with pyrite during the precipitation of pyrite concretion. Mo and Cl moderated positive
correlation with Fe,Os, which further confirms that these elements are associated with pyrite in
concretion and also the pyrites were precipitated in a sub-anoxic interface. CaO is loaded in factors 1
and 4 and may be associated with the presence of microfossils in the nucleus, however, which are not
observed in the petrographic study as the nucleus did not sustain during the preparation of the thin
sections.

I I | mF1 mF2 wF3 mF4

Fe203 CaO K20 SiO2 Mo Nb Zr Sr Rb As Pb

Factor Ioading

Fig. 4. Varimax rotated component matrix factor model for the concretions of the Tukau Formation.

Mechanism of formation

Concretions form in common sedimentary rocks such as shale, siltstone, mudstone, and sandstone when
minerals that have dissolved in groundwater precipitate around a nucleus. Concretion formation
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requires that reactants should reach some extent of super-saturation (e.g. nucleation threshold) with
respect to equilibrium precipitation (Chan et al., 2007). The principal controlling factors on pyrite
formation within the sediments are the type and amount of organic matter, reactive iron minerals and
the availability of dissolved sulphate. Pyrite concretions occur as a minor constituent of many rocks and
are normally abundant in organic matter-rich rocks such as black shale, oil shale, and coals (Berner
1970). Such mineral formation is the result of saturated ion concentrations (Wilkin and Arthur, 2001)
and/or early diagenetic processes such as the decomposition of organic matter and microbial activity
(Berner, 1981; Beveridge et al., 1983). In general, pyrite occurrences are indicative of anoxic
conditions, sulphate reduction, and high organic carbon burial flux (Heggie, 1992). Pyrite concretions
begin their development when iron- and sulphur -rich groundwater precipitate pyrite around carbon
particles to form tiny “seed” crystals. These seed crystals promote further pyrite precipitation which, in
proper conditions of chemistry and temperature, slowly accumulates into concretions.

Pyrite (FeS,) is considered as a common product of early diagenesis in organic-rich sediments
which can be achieved by the reaction of sulfide (through bacterial sulphate reduction,) with either
Fe(l11) in sediments or Fe(l1) produced by bacterial Fe(l11) reduction (Berner, 1970; Lovley, 1991). The
fundamental reactions for the pyrite nucleation and growth is just opposite to the congruent dissolution
reaction. That is:

Fe?* + S, % = FeSyp
FeS + S % =FeS + S Z (Rickard, 1975; 2012)
FeS + H,S=FeS;p + H, (Rickard, 1997; Rickard and Luther, 1997)
Sulfidation and replacement of Fe(hydr)oxides (Peiffer et al., 2015)

Also, it is stated that iron sulfide formation in sedimentary environments is related to Iron
monosulphide and poly-sulphide reactions. First, iron monosulphide (FeS) precipitates in the subsurface
of the sediments under reducing conditions by a reaction between dissolved ferrous Fe and sulphide.
This Fe-monosulphide is pervasive in surficial marine sediments however, it is rapidly replaced by the
stable diagenetic end-member pyrite (FeS;), which is achieved through the dissolution of FeS and
subsequent reactions with dissolved H2S or intermediate oxidation state of sulphur species such as
polysulphides (Rickard, 1975; Rickard and Luther, 1997). As a result, pyrite establishes a primary long-
term marine sink for Fe and S (Berner, 1970). Sulphate-reducing bacteria also can be involved in the
formation of pyrite under sub- to anoxic, organic-rich environments. The H,S produced by sulphate-
reducing bacteria and the interaction between Fe?* and anionic groups on the cell surface can enhance
the precipitation of FeS (Southam et al., 2001). Bacterial sulphate production provides sulphide ions
(HS- and H,S), which react with dissolved iron to form pyrite either directly or via an iron monosulphide
precursor (Berner, 1984; Schoonen, 2004). Sulphate reduction may lead to the formation of acidity,
which is confirmed by the low pH recorded for the host sediments. The necessary Fe may be derived
from terrigenous clastic sediments, where iron is coated as oxyhydroxide on terrigenous particles
(Berner, 1969; Schieber, 2007) and or exchangeable cations in clays. Pyrite cannot form directly
without higher levels of supersaturation, trace element reactivity, or the presence of active surfaces.
However, more pyrite will precipitate more rapidly and with a lower concentration of reactants if there
are pyrite seed crystals available (Harmandas et al., 1998). Similarly, the amount of pyrite
supersaturation required can be reduced by the incorporation of trace elements; for example, it has been
demonstrated that the presence of Ni significantly reduces the time required for pyrite growth (Morin
et al., 2017). To form pyrite at low temperatures iron monosulphides should overcome a kinetic barrier
(Berner 1970, Southam and Saunders, 2005). This can be possible through a series of soluble
intermediates or by partial oxidation of hydrogen sulphide under sub-anoxic conditions, which can be
shown as follows for sub-oxic to anoxic conditions.

FeS + H,S + % O, — FeS; + H,O (Donald and Southam,1999)
FesSs + 2 HoS «» 3 FeSz + 2 Hz (Berner et al., 1979)

Additionally, the precipitation of the hydrous ferric oxide (goethite in concretions) requires a chemical

environment with oxidizing conditions. The replacement of Fe(hydr)oxides (e.g., lepidocrocite,
ferrihydrite and goethite) and sulfidation is another possibility for the formation of pyrite (Peiffer et al.,
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2015). In this mechanism, the Fe®*" is converted into Fe?* together with the reaction with polysulphide
to form pyrite and possibly with the help of FeS precursor (Peiffer et al., 2015). The above mechanism
would aid the formation of nodules in two different ways. The species of polysulphide is known to
adsorb onto the surfaces of the Fe (hydr)oxide pre-existing species. This would result in the precipitation
of FeS that would take place close to the location of Fe(hydr)oxide species even being replaced by solid
phase transformation (Peiffer et al., 2015). The second would be the reduction of Fe(hydr)oxide due to
diagenetic processes that would result in the production of Fe?*(aq). This aqueous might lead to the
areas of pyrite seed crystals or induce a higher concentration of polysulphides/H.S to react to form the
pyrite nodules. Some concretions show the presence of goethite might have gone for oxidation.

Conclusion

A preliminary attempt was made on the concretions from the Tukau Formation, NW Borneo, Sarawak,
Malaysia. Basic mineralogical and geochemical characteristics have been documented for the first time
in the Tukau Formation. The concretions from the Tukau formation are classified as circular, elongated,
tabular, spherical, heterolithic, and irregular based on their shapes and geometry. Nucleus and layers
are observed in spherical and irregularly shaped concretions respectively, which look like organic
matter. Mineralogically these concretions consist of pyrite and quartz minerals with the rare occurrence
of cattierite, goethite, berlinite, and arsenopyrite. Chemically these concretions are enriched with Fe,O3
SiOy, total sulphur, and trace metals such as Mo, As, and Pb. Ni and Mn are recorded higher in selected
samples. Trace elements are mostly associated with sulphur and Fe.O; and are controlled by pyrite.
Based on this study, it is observed that these concretions would have formed under significantly
reducing conditions (microbial sulphate reduction) during early diagenesis or replacement of
Fe(hydr)oxides and the sulfidation mechanism with the aid FeS precursor during the diagenetic
processes. However, a further detailed study should be carried out to confirm the diagenetic
paleoenvironments of these pyrite concretions from the Tukau Formation.
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