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A B S T R A C T   

This study presents petrology and evidence for possible gold occurrences in Seruwila copper–iron oxide–apatite 
(IOA) deposit, hosted in an ultramafic intrusion which is located at the boundary between the Highland and 
Vijayan complexes, within the intermediate-granitic basement in north-eastern Sri Lanka. The study is com
plemented with petrological observations and XRD and SEM analysis, respectively, to investigate the petrology/ 
subsurface geology of the deposit and identify possible gold occurrences in the deposit. The ore-bearing rocks are 
mainly composed of magnetite and apatite in various proportions, hosted in an ultramafic intrusion with 
cumulate features within the granitic-intermediate basement. The secondary veins contain magnetite, chalco
pyrite, pyrrhotite, and pyrite together with apatite and scapolite, tremolite, diopside, and minor actinolite and 
calcite, serpentinite, anhydrite, or gypsum. The clinopyroxene euhedral crystals show cumulus textures including 
grain triple junctions and large dihedral angles (~120◦), showing magmatic origin. Texturally two types of 
amphiboles are identified as coarse-grained (0.5–1 mm), pale green euhedral amphibole that is free of inclusions, 
and fine-grained (<0.1 mm) and brownish, occurring as anhedral inclusions in clinopyroxene. The deposit 
contains varying amounts of sulfides in which pyrite is the potential gold carrier in magmatic–hydrothermal 
processes. By the results of XRD analysis, it is evident that the presence of Au (111), Au (200), Au (220) and Au 
(311), although with low count values (50–500), probably due to the low concentration of gold. Therefore, 
particularly in the samples with veins or veinlets, gold was inferred to be present in pyrite/chalcopyrite as 
invisible structurally-bonded gold and/or gold nanoparticles. Hence, the results of this study, although at non-ore 
grade, veinlets of gold-bearing pyrite/chalcopyrite may serve as a promising target for gold occurrence, being a 
potential site of gold-mineralization in the context of the East-Gondwana.   

1. Introduction 

The economic interest of iron oxide-apatite (IOA) deposits is due to 
their mineable quantities of magnetite, hematite and variable amounts 
of P, Cu, Au, Ag, REE, U, and Co ([6,42,102]). After the classification by 
[34], iron oxide–apatite deposits have gained exploration and research 
interest worldwide. These deposits show a wide variety of hydrothermal 
features, mineralization, time-space patterns, and their geophysical 
characteristics, suggesting that they are significant sources for Cu and 
Au. The origin of IOA deposits has remained controversial, although 
recent studies have suggested an integrated magmatic–hydrothermal 
model (e.g., [49,89,93,8],57]). This model confirms the genetic 
connection between Kiruna-type IOA and iron oxide–copper–gold 
(IOCG) deposits, in which IOA deposits represent the deeper roots of the 

IOCG systems (e.g., [87,23]). 
Kiruna-type IOA deposits occur in various tectonic settings such as 

Sweden, Iran, American Cordillera, and China [31,38,41,77,32]. The 
presence of these deposits in ultramafic rocks are rare, and most of them 
are small-scale deposits. Few deposits have been reported comprising 
fluoro‑hydroxyl-apatite associated with chlorite-talc schists located in 
the margin of small ultramafic bodies in Georgia and Maryland, U.S.A. 
[31], and low concentrations of magnetite–apatite rocks in ophiolite 
complexes (e.g. Orthys Complex, Greece and Lizard Complex, U.K., [66, 
37,39]). 

Gold may have occurred in three ways in these deposits. The first one 
is elemental gold crystallized in micro veins and cavities (as inclusions) 
inside the pyrite and chalcopyrite grains, characterizing its hydrother
mal alteration. The second one is a small amount of gold occur by 
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coupled substitutions within pyrite. The third way is the presence of Au 
precipitates on the Fe3O4 surface. According to Richard Diaz et al.,2010, 
The SEM-EDX and BSE analyses of the magnetite particles after treat
ment reported the presence of Au cements or Au precipitates on 
magnetite surface and it was influenced by pH, contact time, chloride 
concentration, and initial Au concentration. The detected gold appeared 
as a cluster of Au cement or precipitates. 

Pyrite is the most important sulfide mineral and occurs in various 
tectonic settings, including sedimentary and metamorphic rocks [26]. 
Pyrites usually distributing in veins and fractures in the rock. Pyrite 
develops in a later phase of mineralization with the introduction of 
hydrothermal fluids. Generally, the concentration of trace elements 
distributed in pyrite depends on the content in parent fluids ([98]), re
fractory nature in pyrite [26] and environmental conditions during the 
recrystallization of pyrite. Pyrite is a dominant gold carrier in many 
types of ore deposits, according to previous works [2,3,10,88,101]. In 

pyrite, gold can be present either as visible grains [1,4,5] or as invisible 
grains recognized by micro-beam analytical tools [69,70,88,94]. The 
invisible gold can be structurally bound gold and/or gold nanoparticles 
[26,30,88,92]. Sometimes, the presence of invisible gold in pyrite is 
considered to be a result of the substitution of Au(I) for Fe and/or S in 
the structure of As-poor pyrite. Generally, there are three opinions about 
the valence state of structurally bound gold in pyrite: Au1− substituting 
for S1− , Au3+ substituting for Fe2+ [2,3] and Au1+ substituting for Fe2+

[69]. However, other studies have shown that arsenic may not be 
essential to enrich gold in pyrite, but other elements such as Te or Bi may 
be a significant gold scavenger in As-deficient hydrothermal systems (e. 
g. [10]). 

Gold-bearing mineral deposits contain varying amounts of sulfides in 
which pyrite is the dominant gold carrier in magmatic–hydrothermal 
processes. Recent petrological and geochemical studies have suggested, 
this deposit is a Kiruna-type IOA deposit and it was originated by 

Fig. 1. Geological and tectonic framework of Sri Lanka showing the major crustal blocks, their boundaries. (Modified after [16], and [27].).  
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magmatic–hydrothermal processes [28]. In this study, we present the 
petrology, textual and compositional data of hydrothermal pyrite in 
ultramafic rock, occurrence, and distribution of gold. The main goal of 
this paper is to introduce possible gold occurrences in this deposit based 
on analytical results of petrography, XRD, and SEM data. In these sys
tems, gold may be transported primarily as sulfide complexes, with gold 
being deposited in response to mixing of the deep hydrothermal fluids. 
Abundant gold bearing pyrite may be precipitated in the ultramafic 
rocks and primarily occurring as veinlets, disseminations and 
fine-grained aggregates. 

2. General geology of Sri Lanka 

Sri Lanka is a small crustal fragment of eastern Gondwana. Majority 
of rocks in the Sri Lankan basement (more than 90%) comprises of 
highly crystalline, non fossilfereous high grade metamorphic rocks of 
more than 570 Ma from the Precambrian era. The rest comprises sedi
mentary formations such as limestone, sand and clay of the Jurassic 
period (Thabbowa, Andigama, Pallama), tertiary, and quaternary pe
riods. In the northern zone, a layer of limestone formed during the 
Miocene epoch [16,53]. Except these, there are several rocks have 
igneous origin such as carbonatites, dolerite, granites, and pegmatites. 
The metamorphic basement of Sri Lanka is subdivided into four tectonic 
units (Fig. 1) based on crustal formation by Nd model age de
terminations ([62]), metamorphic grade, lithology and structures [169]. 
These are Highland Complex (HC), Wanni Complex (WC), Vijayan 
Complex (VC), and Kadugannawa Complex(KC). 

2.1. The Highland Complex 

The HC represent the central belt of Sri Lanka which extended from 
northeast towards southwest direction belonging to the central high
lands of the island. The HC contains metasedimentary and metaigneous 
rocks such as pelitic gneisses, quartzites, marbles, calc silicate rocks, 
metagranitoid, granitic gneisses, and charnockites ([104,16,60,72,81, 
85,86]). Additionally, in the central part and northern part of the HC, 
thick bands of marble and quartzites are observed about 40 km in length 
while in southwestern part of the HC, thick bands of marble and 
quartzites are rare and mappable thin bands of wollostonite, scapolite, 
diopside bearing calcsilicates, cordiorite bearing metapelitic gneisses 
and othogneisses are dominant rock types [72,74,78]. 

Rocks of Highland Complex were metamorphosed to regional gran
ulite facies conditions [24,33,72,75,85]. The whole HC represent as a 
tilted metamorphic terrane, P-T gradient increases from about 4.5–6 
kbar and 700–750 ◦C in southwestern part to 8–9 kbar and 800–900 ◦C 
in east and southeast ([24,75,85,51,11,50,61]). The extreme crustal 
metamorphism of HC occurred at 925–1150 ◦C and 9–12.5 kbar have 
been reported in several localities in the central part and rarely in the 
southwestern part of the HC ([50,67,68,20,59,80]). 

The Highland Complex is the oldest lithotectonic unit, Nd model ages 
of 2.0 to 3.4 Ga obtained from the Highland Complex rocks with 
depleted mantle model and it was derived from late Archean sources 
[62]. This complex comprises a wide range of detrital zircon which are 
separated from metasediments and U-Pb ages of these zircons ranging 
from 3.2 to 2.0 Ga [35,36,56]. The peak metamorphism of HC rocks 
around 0.61–0.55 Ga [7,20,35,36,52,58,82,90,91] and othogneisses of 
HC yield a magmatic age of 2.0–1.8 Ga and 0.67 Ga ([36,52,56,82]). 

2.2. The Vijayan Complex 

The Vijayan Complex is dominantly composed of upper amphibolite 
to granulite facies rocks [16,27,29,43,55,61]. This unit consists mainly 
granitoid gneisses, augen-gneisses, migmatites, hornblende-biotite 
gneisses possibly derived from mafic dykes [15,43,55,61] and minor 
metasedimentary enclaves of quartzite, calc-silicate rocks and marble 
are also found [17,18,43,53,56]. 

Most of the hornblende-biotite granitoids range between diorite and 
granite with the dominant compositions being granodiorite and granite 
[47,53,63,64] and VC rocks originated at a subduction related tectonic 
environment by regional metamorphism and crustal anatexis [27,64,73, 
82]. The VC was metamorphosed at 580–550 Ma by crustal anatexis 
magmatism event that occurred during the early Neoproterozoic time 
[45,54,55]. In addition to few inliers which consisting of typical HC 
rocks occur at Katharagama, Kudaoya and buttala within VC and a 
mixed zone of rocks from both terranes in which garnet-bearing gran
ulites are apparently restricted, where around the villages of Mahawa
latenna, Wellawaya, Embilipitiya and Kirinda in southern Sri Lanka [27, 
55]. 

In the east around Mahiyangana and Pottuvil area, minor granulite- 
facies mineral assemblages (late-stage patchy charnockitization) are 
found in metadioritic to metagabbroic rocks [40,103]. Mafic dykes and 
minor gabbroic gneisses grow interlayered and infolded with granitoid 
gneisses. Additionally, pegmatites and pink granites also can be 
observed locally as the youngest intrusions. Vijayan rocks exhibit evi
dence of migmatization ([55]). The Vijayan Complex have Nd-ages of 
1.1–3.3 Ga [62,63,103] with the depleted mantle model and the 
emplacement age of the protolith of the Vijayan gneisses were at 
1000–1100 Ma [54,55]. The age of metamorphism of the VC has been 
interpreted as Zircon U-Pb ages of about 590–456 Ma [27,35,36,56]. 

2.3. The Wanni Complex 

The Wanni Complex composed of an upper amphibolite to granulite 
facies metaigneous rocks and a minor amount of metasedimentary rocks 
([75,84,7,14]). The metaigneous rocks are varying granitic, granodio
ritic, monzonitic, tonalitic, charnockitic and enderbitic in composition. 
The metasedimentary rocks comprise garnet-sillimanite gneisses, 
cordierite gneisses, quartzites and calcsilicates which are located as 
minor bands close to the western margin of the Highland Complex [43, 
73]. 

Migmatization is also distributed over a large area through the WC 
([51]). Migmatites and cordierite bearing gneisses are dominant in 
Colombo and Gampaha areas and Charnockitic gneisses are rich in the 
northern lowlands where around Vavuniya [52], while arrested char
nockites are common in few areas (e.g.: Anamaduwa and Kurunegala). 
The WC comprises apatite bearing unmetamorphosed carbonatite de
posits in the northern WC where at Eppawala and Kawisigamuwa, and 
unmetamorphosed post-tectonic K-feldspar rich granite at Tonigala [16, 
35]. The WC has yielded Nd model age 2000–1000 Ma [62,63] and show 
a wide range of magmatic events reported by detrital zircon ages, four 
episodes of magmatism have been identified which are 1100–1000 Ma, 
980–894 Ma, 790–750 Ma and 550 Ma [35,36,52,52,62,63,82]. 

2.4. The Kadugannawa Complex 

The KC is formerly known as “Arenas” which was first identified and 
named by Coates in 1935 and it forms in large, doubly plunging syn
forms in the central part of the country [96]. This unit is dominated by 
hornblende and biotite bearing orthogneisses, gabbros, diorites, grano
dioritic to granitic gneisses, charnockites, enderbites and minor meta
sediments [46,54,100], and based on similarities in geochemical, 
structural and geochronological evidence suggested that the KC is a part 
of the WC [43,54]. 

The complex includes rocks were metamorphosed under upper 
amphibolite to granulite facies conditions ([16,53,58]) and estimated 
metamorphic conditions are 3.5–7.5kbar and 600– 900 ◦C ([24,84]. The 
KC has yielded Nd model ages ranging between 1600 and 1000 Ma [62, 
63]] and several thermal events have been recorded in the rocks of KC at 
832, 780, 721, 661–605 Ma [29]. All KC rocks were metamorphosed 
during 610–500 Ma and charnockitisation was occurred at 590–535 Ma 
([7,35,52,29,82]). 

N. Samarakoon et al.                                                                                                                                                                                                                          



Ore and Energy Resource Geology 8 (2021) 100014

4

2.5. The Highland Vijayan tectonic boundary 

The suture between the HC and VC was developed under subduction 
related tectonic settings.The HC is younger than other two complexes, 
which was suggested by few workers based on the field relations [21,65, 
71]. While the boundary between the VC and the HC is an important 
geological contact zone and it is suggested as a sub-horizontal ductile 
shear zone by many researchers [13,25,47,48,51,56,62,95,97]. This 
HC-VC shear zone was created by the already attached HC-WC block 
collided with the VC block (during late Neoproterozoic time), generated 
late upright folds and then ductile deformation and finally, resulted in 
thrust contact between VC and HC [43–45]. The amalgamation of 
Highland Complex and Vijayan Complex in a nearly E–W direction 
(present coordinates) was occurred during Pan-African plate conver
gence [44,45], and the final phase of suturing presumably produced 
thrust zone between VC and HC. The suturing is considered to slightly 
postdate the peak granulite-facies metamorphism in the HC [44,79]. 

The Highland Complex close to the boundary is dominated by 
charnockitic gneiss with the minor occurrences of garnet-biotite gneiss 
while the Vijayan Complex is dominated by hornblende biotite gneiss 
with minor occurrence of granitic gneiss. Iron and polymetallic mineral 
deposits form where the iron ores form as massive and well crystallized 
magnetite aggregates, and sometimes cover the whole hillock along the 
HC-VC boundary close to Buttala. Pyrite, chalcopyrite and bornite are 
also associated with iron ores. The HC-VC contact preserves evidence for 
specific rock associations and which was developed under subduction 
related tectonic settings comprising metachert, serpentinised ultramafic 
units, anorthosites and metabasalts [21,27]. Along the HC-VC boundary 
contains serpentinite bodies near Ussangoda [27,76], Cu-sulfide de
posits [22], massive magnetite-hematite deposit at Wellawaya and 
IOA-type deposit at Seruwila [40]. HC-VC Observations can prove 
boundary rocks are deformed because intense deformation and mig
matization are the predominant evidence for deformation of the 
boundary. Mylonites and migmatites are seen at many localities along 
the boundary shear zone, and it was formed due to the influx of aqueous 
fluids along the shear zones, and continuous suturing may have been 
responsible for mylonitization and migmatization. The boundary shear 
zone generated under granulite facies conditions and continued during 

retrogression to upper amphibolite facies conditions [47,48]. 

3. Study area, samples and methods 

3.1. Iron oxide–apatite (IOA) deposit in Seruwila, Sri lanka 

The study area is located along the tectonic contact between the 
Vijayan and Highland Complexes (Fig. 1). The first discovery of the IOA 
deposit at Seruwila by the Sri Lankan Geological Survey in 1971, during 
the systematic mapping program of the island. It has been revisited in 
several aspects such as geology and tectonic settings, mineral deposit 
model, classification as well as origin of the mineralization. The 
mineralization is hosted in an ultramafic intrusion. The IOA deposit at 
Seruwila has no world-class economic value because of its relatively 
small size compared to other copper-gold-iron deposits in the world. 
This deposit is a Kiruna-type IOA deposit and is regarded to be origi
nated by magmatic–hydrothermal processes [28]. 

The Seruwila iron oxide apatite deposit comprises massive and 
scattered mineralization and it formed as well defined lenticular pods in 
host rock during the late Neoproterozoic time. The mineralization is cut 
across by a set of normal faults (Fig 2). The mineralization is hosted in 
ultrabasic rocks varying from 1 to 5 m in length and it originates as 
discontinuous and disrupted layers. The highly weathered surfaces of 
magnetite bearing ultramafic rocks comprise with secondary copper 
minerals such as malachite and azurite. The basement rock in Seruwila 
area is mainly clinopyroxene bearing meta-igneous rocks (enderbite) 
which produce a sharp contact with the magnetite bearing ultrabasic 
rocks [40]. 

At the margin of the mineralization, a layer of calc silicate rock and 
anorthosite occur in which coarse grained minerals are found [40]. 
Calcite, apatite, and olivine (fayalite) are the dominant minerals in the 
calc-silicate rock, while plagioclase with labradorite (Fig. 3) composi
tion is dominant mineral in anorthosite [71]. Coarse scapolite grains 
occur in the ultrabasic rocks with up to 2 cm in length at transition zone. 
Sulfide minerals were occurred in secondary calc-silicate veins which 
can observed along fractures, while valleriite {(Cu FeS2) (Mg Al Fe 
(OH)2}, Smythite (51.1%Fe 45.2%S), serpentinite, anhydrite, or gypsum 
are also present in secondary veins [40]. 

Fig. 2. (a) Detailed geological map of the study area showing the northern part of the boundary between Highland and Vijayan Complexes, together with sample 
localities. (Modified after [16]). (b) Geological map of Seruwila copper-magnetite deposit. (Modified after [83] and [12].). 
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Fig. 3. (a)The oriented core samples in a wooden core tray. (b) Sulfide minerals rich veins in ultramafic rock. (c) Labradorite grains in ultramafic rock. (d) Min
erallized host rock. (e) A sample of ultramafic rock. (f) A sample of intermediate. rock. 
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The ore mineralization at Seruwila can be subdivided into: (1) ul
tramafic host rock; (2) massive magnetite–apatite ore rock; (3) dissem
inated magnetite-apatite ore; (4) transitional zone ore-bearing 
ultramafic rock; and (5) clinopyroxene-bearing enderbitic basement 
rock [27]. Ultramafic host rock dominantly consists of medium to 
coarse-grained clinopyroxene, amphibole while fine-grained magnetite 
and apatite as the minor minerals. Massive magnetite–apatite ore rock is 
mainly composed of highly coarse grained magnetite (contains diopside 
inclusions) and apatite, and it vary from 1 to 10 m in length. The 
disseminated magnetite ores occurred the calc-silicate veins together 
with minor sulfides, and consist magnetite, chalcopyrite, pyrrhotite, and 
pyrite together with apatite and scapolite, tremolite, diopside as the 
major minerals with actinolite and calcite as minor minerals. The tran
sitional zone ore-bearing ultramafic rocks comprise with generally me
dium to coarse-grained clinopyroxene, magnetite, amphibole, scapolite, 
and apatite with accessory hematite with equigranular massive texture. 

3.2. Samples 

The sampling location is at 80 23′ 22.6′’ N and 810 19′ 25.3′’ E 
(Coordinates of the drill hole). In this study, drill core samples were used 
for all laboratory analysis (Table 1). The host rock for mineralization is 
an ultramafic rock and a mineralized zone was observed from the depth 
of 28.00 m to 60.30 m. Drill core samples were collected and initially, 
these were studied by naked eye to identify visible petrological char
acteristics (Fig. 3). After careful studies in hand specimens, suitable 
samples were selected for thin section preparation based on the general 
geology, the changes in mineralization, textural variations, mineralog
ical variations and as best representation of mineralization zone of drill 
core etc. Core samples were selected for thin section preparation from 
the depth of 26.30 m to 61.10 m. Thin sections were prepared in the 
Petrology Laboratory, Department of Geology, University of Peradeniya 
(Sri Lanka) and, in the Petrology Laboratory, National Institute of 
Fundamental Studies, Kandy (Sri Lanka). Thirty thin sections were 
produced and they were used to study in detail mineral textures, re
actions, alteration textures and other petrographic characteristics at the 
petrology laboratory using a standard petrographic microscope (Carl 
Zeiss). 

Table 2 

3.3. Methods 

About a 25.0 cm long core to represent each meter of the minerali
zation was selected and sawed to split in half (Figs. 3 and 4). Selected 
samples were cleaned to prepare sample powders without contamina
tions. A half core with approximately 25 cm in length was crushed in a 
laboratory crusher and then the crushed rock was split using a splitter 
several times to get a reasonably sized sample for further grinding. 
Samples were selected for XRD analysis where it contains pyrite rich 
veins. A twelve representative samples were analyzed by XRD in
struments at the National Institute of Fundamental Studies, Kandy (Sri 
Lanka) and Post Graduate Institute of Science, University of Peradeniya 
(Sri Lanka). The following operating conditions were maintained: radi
ation Co Kα (35 kV/40 mA); the speed of goniometer of 0.02◦ 2θ per step 
with a counting time of 1.0 s per step and collected 20–80◦ 2θ. For the 
XRD analysis at the NIFS, the conditions used were: Cu Kα (30 kV/49 
mA); the speed of goniometer of 0.020 2θ per step with a counting time 
of 1.0 s per step and collected 10–80◦ 2θ. 

The Scanning Electron Microscope (SEM) analyses were mainly 
performed to identify possible gold occurrences in the studied samples. 
Five suitable thin sections were selected which consisted of pyrite rich 
veins. That selected five thin sections were polished with the diamond 
paste using the diamond polisher (Model no STG/R-054/01) at the 
petrology lab of NIFS, Kandy (Sri Lanka). Then, thin sections were cut to 
remove any extra portions to get the standard size for SEM analysis. 
Initially, selected thin sections with standard size were coated with 

carbon coating. Subsequently, carbon coated thin sections were placed 
in (SEM) instrument and analysis were carried out. Analyses were car
ried out on Hitachi SU6600 Analytical Variable Pressure FE-SEM (Field 
Emission Scanning Electron Microscope) at SLINTEC academy, Homa
gama, Sri Lanka. Samples were mounted onto the sample stub using 
carbon tapes and the images were taken at 15 kV both in secondary and 
backscattered modes. EDS: Spectra were recorded at 15 kV. WDS: 
Spectra were recorded at 20 kV. 

Inductively Coupled Plasma Mass Spectrometer (ICP-MS) by ICAPQ 
(Thermo Fisher) was used to determine the trace elements and Rare 
Earth Element (REE) concentrations in the Geochemistry Laboratory of 
Department of Geology, University of Peradeniya, Peradeniya, Sri 

Table 1 
List of samples referred with the depth of the drill-core.  

Sample 
No. 

with Drill Core 
depth (m) 

Rock type 

SW-1 26.30 Metamorphosed granitic rock 
SW-2 27.00 Metamorphosed granitic rock 
SW-3 29.50 Metamorphosed granitic rock 
SW-4 30.65 Metamorphosed Intermediate basement rock 

(enderbitic) 
SW-5 31.70 Metamorphosed Intermediate basement rock 

(enderbitic) 
SW-6 33.20 Metamorphosed Intermediate basement rock 

(enderbitic) 
SW-7 34.30 Metamorphosed Intermediate basement rock 

(enderbitic) 
SW-8 35.10 Ore bearing Ultramafic rock 
SW-9 36.00 Metamorphosed Ultramafic host rock 
SW-10 37.30 Ore bearing Ultramafic rock 
SW-11 38.30 Ore bearing Ultramafic rock 
SW-12 39.60 Ore bearing Ultramafic rock 
SW-13 40.84 Metamorphosed Intermediate basement rock 

(enderbitic) 
SW-14 41.15 Metamorphosed Intermediate basement rock 

(enderbitic) 
SW-15 42.85 Metamorphosed Intermediate basement rock 

(enderbitic) 
SW-16 43.80 Metamorphosed Intermediate basement rock 

(enderbitic) 
SW-17 44.60 Metamorphosed Intermediate basement rock 

(enderbitic) 
SW-18 45.30 Metamorphosed Intermediate basement rock 

(enderbitic) 
SW-19 46.70 Metamorphosed Intermediate basement rock 

(enderbitic) 
SW-20 47.50 Metamorphosed Intermediate basement rock 

(enderbitic) 
SW-21 48.10 Metamorphosed Intermediate basement rock 

(enderbitic) 
SW-22 50.00 Metamorphosed Intermediate basement rock 

(enderbitic) 
SW-23 50.80 Metamorphosed Intermediate basement rock 

(enderbitic) 
SW-24 51.80 Metamorphosed Intermediate basement rock 

(enderbitic) 
SW-25 53.61 Metamorphosed Intermediate basement rock 

(enderbitic) 
SW-26 54.50 Metamorphosed Intermediate basement rock 

(enderbitic) 
SW-27 55.60 Metamorphosed Intermediate basement rock 

(enderbitic) 
SW-28 56.90 Metamorphosed Intermediate basement rock 

(enderbitic) 
SW-29 57.50 Metamorphosed Intermediate basement rock 

(enderbitic) 
SW-30 58.40 Metamorphosed Intermediate basement rock 

(enderbitic) 
SW-31 59.00 Metamorphosed Intermediate basement rock 

(enderbitic) 
SW-32 60.00 Metamorphosed Intermediate basement rock 

(enderbitic) 
SW-33 61.10 Metamorphosed Intermediate basement rock 

(enderbitic)  
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Lanka. The instrument was calibrated using standard ICP-MS calibration 
standard 2. The instrumental internal drift was corrected using 75 and 
103 Rh as internal standards. Sample dilutions were made using 
deionized water. About a 25.0 cm long core to represent each meter of 
the mineralization has been selected and sawed to split in to half. A half 
core with approx. 25 cm in length was crushed in laboratory crusher and 
further crushed in a benchtop crusher to smaller grit size. The crushed 
rocks were then splitted using a splitter several times to get a reasonably 
sized sample for further grinding. Finally, about 10 gs of the carefully 
splitted sample was powdered in an agate mortar. A weight of 200 mg of 
finely powdered sample was digested in microwave digester using aqua 
regia acid mixture and prescribed procedures. Finally, sufficiently 
digested samples were filtered out and the solutions were diluted to the 
required levels and analyzed in ICP-MS. 

4. Results and discussion 

4.1. Salient features of field relations 

In the mineralized zone, mainly two rock types were identified which 
are ultramafic host rock and intermediate basement rock (Fig. 3 and 4). 
According to the field relations, the ultramafic host rock may have 
apparently intruded into the intermediate basement rock. Both rocks 
show evidence for metamorphism under upper amphibolite to granulite 
facies conditions (see [27] for details). 

4.2. Petrography 

In the host rock and basement rock, veins enriched with secondary 
minerals are present in which sulfides, secondary magnetite and sec
ondary mica are also found. In this Seruwila IOA deposit, mineralization 
has occurred at two phases which are (i) massive magnetitic sulfides that 
is formed in the earlier phase and (ii) secondary magnetite, sulfides and 
mica that has been formed at the later phase [40]. The host rock is highly 
altered, fractured and contains Labradorite with considerable amount 
and apatite generally formed as sub-rounded to oval grains. 

4.3. Ultramafic host rock 

Ultrabasic host rocks contain medium to coarse-grained clinopyr
oxene (25–35%), othopyroxene (10–15%), amphibole (10–20%), mica 
(biotite+phloghopite) (10–15%), feldspar (15–20%), chalcopyrite +
pyrite (5–10%) and graphite (10–15%) as the dominant minerals with 
minor fine-grained magnetite and apatite. Quartz is presented very low 
amount or absent. The distribution of opaque mineral which is limited in 
these rocks. However, host rocks appear to have graded gabbroic af
finities to monzonite. These rocks are highly altered and fractured weak 
rock by secondary minerals (Fig. 5f, 5 g and 5 h). Sericite, chlorite, 
tremolite, secondary mica, pyrite, chalcopyrite, secondary carbonate 
minerals are presented as filling material of micro-cracks and fractures. 
Rutile and zircon are presented as accessory minerals in ultramafic rock. 
Pyroxene could be observed as an abundant mineral in most of the thin 
sections studied containing both clinopyroxene and orthopyroxene in 
various proportions. In most of the thin sections, clinopyroxene content 
is higher than orthopyroxene content while few of them are dominant 
with orthopyroxene. Clinopyroxene generally form as medium to coarse 
grained texture (0.1–2.5 mm) with euhedral shape (Fig.5a, 5b and 5 g). 
Most of clinopyroxene grains carry amphibole, rutile, zircon and apatite 
inclusions while some are having free of inclusions. Othopyroxene 
grains generally form as medium to coarse grained (0.5–2 mm) anhedral 
crystals. Most of pyroxene grains show replacement by biotite and/ or 
hornblende along the fractures which indicate that the rock has been 
retrograded to the amphibolite facies (Fig.5f, 5 g, 5 h and 5i). Amphibole 
also were observed as an abundant mafic mineral in most of the thin 
sections. Amphiboles are observed mainly in two types, the first type is 
coarse grained (0.1–2 mm), pale green, euhedral amphibole crystals 
(Fig.5b). The second type is fine grained (<0.1 mm), brownish anhedral 
amphiboles (Fig.5d and 5i). The coarse grained euhedral amphiboles 
which are free of inclusions while fine-grained anhedral amphiboles 
which occur as inclusions in clinopyroxene. And secondary amphiboles 
are formed as a result of replacement of clinopyroxene grains. 

Further, this rock contains both types of feldspar, plagioclase and 
alkali-feldspar as an abundant mineral. Plagioclase crystals are mostly 
medium to coarse (0.1– up to about 2 mm) grained, euhedral and having 
sharp grain boundaries. Most of plagioclase grains clearly show 

Table 2 
Important ore-trace elements observed in the studied samples.  

Depth Co (ppm) Ni (ppm) Cu (ppm) Zn (ppm) Cr (ppm) Mn (ppm) Fe% 

27.00 m 51.77 169.56 266.77 89.88 107.33 591.62 10.74 
28.30 m 17.61 29.48 60.04 64.13 82.82 494.25 6.92 
29.50 m 42.53 111.81 127.72 66.04 414.98 682.78 7.44 
30.65 m 46.32 86.93 154.53 69.14 154.22 659.54 9.56 
31.70 m 42.38 136.54 277.26 93.54 131.56 414.65 11.55 
35.20 m 47.04 67.00 159.28 76.21 67.25 406.62 7.43 
34.30 m 47.63 77.04 132.25 75.88 119.10 700.32 9.23 
35.10 m 47.03 100.75 259.02 165.74 166.71 776.67 12.82 
36.00 m 369.25 1522.01 1842.45 88.11 99.63 552.40 37.65 
37.30 m 98.75 342.10 467.86 184.93 202.48 973.34 17.32 
38.30 m 74.85 267.27 581.22 79.35 127.25 728.78 15.59 
39.60 m 87.67 257.07 570.29 144.81 166.08 1093.97 15.97 
40.84 m 54.75 124.64 307.86 105.09 117.60 643.65 11.58 
42.85 m 25.14 37.38 64.59 92.02 100.22 591.79 8.67 
43.80 m 30.53 67.00 99.25 61.93 81.34 543.54 8.31 
44.60 m 22.59 50.50 35.05 127.17 126.50 901.08 13.01 
45.30 m 58.54 170.35 385.88 138.17 178.06 906.29 26.88 
46.70 m 22.79 40.14 71.48 122.18 123.46 663.04 11.10 
47.50 m 41.73 81.83 107.23 150.23 204.14 850.35 15.99 
48.10 m 25.39 36.34 22.76 90.98 143.44 831.20 11.02 
50.00 m 19.39 23.69 16.55 79.07 105.08 676.54 9.66 
50.80 m 137.22 573.46 573.80 81.37 106.56 287.71 21.98 
56.90 m 19.08 55.08 59.64 46.08 36.54 289.06 4.63 
58.40 m 28.87 47.18 29.51 78.36 112.16 676.57 9.28 
59.00 m 32.71 82.53 95.55 109.53 265.75 685.98 10.09 
60.00 m 22.65 45.21 47.19 65.14 90.71 490.83 6.44 
61.10 m 21.93 37.11 38.41 60.48 66.66 498.92 6.98  
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polysynthetic twining. Sericite alteration is present along the cracks and 
along the twin lamellae in most of plagioclase grains. Alkali-feldspar is 
less in abundance when compared with plagioclase feldspar. Orthoclase 
can be found in the thin sections but microcline is very less abundant or 
absent. This rock contains both types of micas which are biotite, 
phlogopite and chlorite. Most of mica grains are subhedral, and anhedral 

grains are also present. All types of mica grains are randomly oriented. 
Grain size of biotite and phlogopite is varying from fine to medium 
(<0.1 mm to 3–4 mm) and most of grains have characteristic lath shape. 
Secondary biotite was occurred along the cleavages and edges of py
roxene, hornblende and primary biotite (Fig.5 h). Some biotite grains 
have been chloritized which indicates that the rock has been retrograded 

Fig. 4. Macroscopic observations of the borehole core with log data.  
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Fig. 5. Photomicrographs showing textures of 
representative samples of ultramafic host rock from 
Seruwila magnetite deposit. (a) cumulus texture 
including grain triple junctions and the large dihe
dral angle. (b)Euhedral amphibole which are free of 
inclusions. (c) Coarse-grained rutile crystals in ma
trix. (d)Fine grained anhedral amphiboles occur as 
inclusions in clinopyroxene. (e) Fine- grained rutile 
inclusions in the silicate minerals. (f) Biotite chlori
tization. (g) Fractures are filled with secondary 
minerals. (h) Most of othopyroxene grains show 
replacement by biotite along the fractures and grain 
margins. (i) Most of clinopyroxene grains show 
replacement by biotite and/ or hornblende along the 
fractures and grain margins. (j) Euhedral pyrite 
crystals in host rock.   
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to the Greenschist facies (Fig.5f). Chlorite grains occur as fine-grained 
(<0.1 mm) texture. 

A minor amount of opaque phases contains in the ultrabasic host 
rocks. The main opaque mineral is magnetite, the distribution of which 
is limited in these samples. Magnetite occurs as fine to medium grained 
(<0.1 mm –1 mm), anhedral crystals with irregular morphology. 
Magnetite are distributed in thin sections as clusters in the matrix, as a 

filling material along the microcracks/fractures and, as a replacement 
material. Medium to coarse grained (0.1–1 mm), euhedral to subhedral 
pyrite crystals could be observed in the matrix while fine-grained pyrites 
could be observed along the microcracks and fractures as a filling ma
terial (Fig.5j). Rutile and zircon are present as accessory minerals in 
ultramafic rock. Two types of rutile grains are identified; the first is 
represented by coarse-grained anhedral crystals in the matrix and the 

Fig. 6. Photomicrographs showing 
textures of representative samples of 
intermediate rock from Seruwila 
magnetite deposit. (a)Rutile grains and 
orthopyroxene grains in intermediate 
rock. (b)Biotite ateration at grain 
margins of orthopyroxene grains. (c) 
Clinopyroxene breakdown reaction. 
(d) Zircon grains generally occur as 
inclusions in the silicate minerals. (e) 
Chlorite alteration. (f) Sericite alter
ation. (g) Medium grained magnetite 
is the dominant opaque minerals. (h) 
Micro-cracks are filled with opaque 
minerals. Mineral abbreviations are 
after [99].   
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second type is fine-grained inclusions in silicate minerals (Fig.5e and 5 
h). And also, Zircon grains generally occur as inclusions in the silicate 
minerals. 

4.4. Intermediate rock 

Intermediate rock contains medium to coarse-grained plagioclase 

(30–45%), pyroxene (10–15%), apatite (10%), biotite (10–15%), Quartz 
(10%) as the dominant minerals with minor fine-grained magnetite, 
amphibole. The most common accessory minerals encountered in these 
rocks are zircon and rutile. Zircons appear as fine-grained anhedral 
grains with varying grain sizes from 0.1 to 0.5 mm (Fig. 6d). Mafic 
mineral content in intermediate rock is relatively low. This rock consists 
of both clinopyroxene and orthopyroxene in various proportions. In this 

Fig. 7. XRD diffractogram of the sample from 36.00 m to 59.00 m depth.  
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rock, clinopyroxene content is higher than orthopyroxene content and 
clinopyroxene generally form as medium to coarse grained (0.1–2.0 
mm) with anhedral crystals. Othopyroxene grains generally occur as 
medium to coarse grained (0.5–1 mm) anhedral crystals. Most of the 
pyroxene grains show replacement by biotite and/ or hornblende along 
the fractures. 

This rock contains both types of feldspar, plagioclase, and alkali- 
feldspar. Plagioclase content is higher (more than 50%) than alkali- 
feldspar and microcline content is extremely less abundant or absent. 
Plagioclase crystals are mostly medium to coarse (0.1–2 mm) grained, 
euhedral to subhedral crystals (Fig. 6a and 6b). Most of plagioclase 
grains clearly show polysynthetic twining. Hornblende was observed as 
a minor mafic mineral in these rocks. Hornblende generally form as fine 
to medium grained (<0.1–0.5 mm), pale green, euhedral amphibole 
crystals (Fig. 6h). And secondary amphiboles are formed as a result of 
the replacement of clinopyroxene grains (Fig. 6c). Opaque phases 
contain very less amount in these rocks. The distribution of opaque 
phases is limited in these samples and which are distributed in thin 
sections as irregular clusters in the matrix and as a replacement material 
of among biotite, pyroxene, and hornblende (Fig. 6g and 6h). Rutile and 
zircon are present as accessory minerals in these rocks (Fig. 6a, 6b, and 
6d). These rocks are highly altered and fractured weak rock by sec
ondary minerals such as sericite, chlorite, secondary mica, and sec
ondary carbonate minerals (Fig.6e, 6f and 6 h). 

4.5. X-ray diffraction (XRD) analysis 

XRD analysis is a unique analytical technique that is used for phase 
identification of crystalline material to determine mineral proportions of 
samples. Thirteen representative samples were analyzed using XRD 
(Fig. 7). The XRD data show the presence of graphite, quartz, anorthite, 
rutile, biotite with higher intensity count values varying in the range of 
4000–100,000. The presence of graphite regards to metamorphic grade, 
a low-temperature character is indicated by the low degree of crystal
linity of graphite. The general XRD diffractograms as detailed below 
clearly show high-intensity peaks, which are obtained by major silicates 
and minerals in the sample. 

The intensity of Gold peaks is relatively low as observed in the 
studied samples compared with major silicates and other minerals. 

Therefore, gold peaks were detected by increasing peak resolution and 
broadening the diffractogram. In order to recognize gold peaks, a stan
dard referenced XRD database (ICDD referenced database) was used. In 
the analyzed samples, low count values (50–500) were observed prob
ably because the gold concentration is relatively low compared with the 
other minerals (Fig. 7). Gold peaks were detected in several samples (for 
example 27.00 m, 31.70 m, 46.70 m, 36.00 m, 59.00 m), and in few 
samples, elemental gold was entirely absent (for example: 45.30 m, 
37.30 m, 53.61 m). However, the qualitative information obtained by 
the results convinces us that gold is present at least in some of the 
samples, though at low concentrations. 

4.6. SEM analysis 

Different areas of the sample were examined in dual mode (to see the 
images under both BSE and SEM modes). We also analyzed micro- 
cracks/veins and veinlets through SEM, however, physical detection of 
the presence of gold in the samples was difficult probably because gold 
concentration is relatively very low as inferred from XRD results (Fig. 8). 
Therefore, Au could be present as microscopically invisible, structurally- 
bonded particles and/or gold nanoparticles in the Seruwila mineral 
deposit. 

4.7. Origin of the mineralization at Seruwila 

As mentioned above, Seruwila iron oxide–apatite deposit is located 
at the contact between the Highland and Vijayan complexes. The gen
eral understanding is that this Kiruna-type deposit is formed during the 
late Neoproterozoic assembly of the Gondwana supercontinent (e.g. 
[27]). Most of the Kiruna type deposits are associated with intermediate 
to felsic rocks, and in rare cases with ultramafic rocks, similar to the ore 
deposit studied here, which is hosted in an ultramafic intrusion and 
comprises massive and disseminated mineralization. Some workers 
favor a magmatic model due to the close genetic relationship of the 
Kiruna-type magnetite–apatite mineralization with igneous suites , 
whereas others prefer a hydrothermal origin based on evidence from 
fluid inclusions, replacement texture, and metasomatic zones ([6]; 
[19]). Recent studies have proposed an integrated magmatic– hydro
thermal model (e.g., [49,89,93]), which also confirms the genetic 

Fig. 8. SEM image showing the micro cracks around a rutile grain in the sample from 53.61 m depth.  
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connection between Kiruna-type IOA and iron oxide–copper–gold 
(IOCG) deposits, in which IOA deposits represent the deeper roots of the 
IOCG systems (e.g., [87]). 

[27] suggested a magmatic–hydrothermal model for the minerali
zation wherein: (1) the Cl-rich magmatic–hydrothermal fluid scavenged 
Fe, and P from the ultramafic magma, transported iron to shallower 
levels in the crust and deposited along the suture zone to form the 
massive type magnetite and apatite; and (2) the progressive cooling of 
the hydrothermal fluids resulted in the growth of disseminated magne
tite and the precipitation of sulfide minerals at a shallower level and 
trapped abundant fluid inclusions aided by the hydrothermal fluid at a 
shallower depth, forming the disseminated ore body, followed by calcic 
metasomatism (scapolitization and actinolitization). According to the 
results of ICP-MS analysis, typical Au-pathfinder elements also include 
in this deposit such as As, Cu, Pb, etc. Cu, Zn, Au, Ti, Pt, Cr, Ni, Zn, Mn, 
and Ba are also present in this deposit adding more economic value. In 
addition to Gold, mining may benefit because of the high concentrations 
of transition metals too. Further, this deposit is an alkaline type deposit 
because of the presence of Cu-Au±PGE association. 

5. Conclusions 

The rocks of the studied Seruwila deposit area are represented by the 
ultrabasic and intermediate intrusive rock domains and the ultrabasic 
rocks form abrupt contacts with the intermediate host. Our results 
indicate that metallic gold could be present in Seruwila IOA deposit, 
most probably associated with cracks within the rocks. However, exact 
occurrences, behavior and morphology of gold is not recognized yet. 
Detailed investigations are necessary along the veins, veinlets and on the 
surface of magnetite grains to quantify the Au mineralization in Ser
uwila IOA deposit, which is a promising target for future gold explora
tion. The veins present in the host rock help flow of ore-bearing fluids, 
precipitating gold and related (calcophile/siderophile) sulfides, most 
probably as structurally-bonded gold and/or gold nanoparticles. 
Accordingly, although ore-grade quantities of gold was not present in 
the current study, this ultrabasic rock at Seruwila can serve as a pro
spective guide for potential Au mineralization. 
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