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Abstract. The Jacurici Mafic-ultramafic Complex, NE of 
the São Francisco Craton, hosts a thick massive 
chromitite and is considered as a single Paleoproterozoic 
N-S elongated layered body disrupted into many 
segments by later deformation. Here we discuss the 
processes that could explain the formation of the thick 
chromitite. The parental magma is very primitive based 
on olivine (up to Fo93) and orthopyroxene (up to En94) 
compositions, and has been considered as originated 
from a high degree of mantle extraction with subsequent 
crustal contamination, based on Nd-Os isotopes. 
Chromites host abundant inclusions, including hydrous 
silicates, negative-crystal shaped carbonates, base 
metals sulfides and laurite, indicating an H2O-rich and S-
saturated resident magma with immiscible droplets of 
carbonate melt during chromite crystallization. The trigger 
of chromite crystallization remains debated. The 
petrologic evolution suggests that a high volume of very 
hot magma flowed through a conduit-like chamber 
causing erosion and assimilation of metasedimentary 
country wall-rocks. The crustal contamination has 
introduced CO2 and H2O, increasing fO2 and favoring 
chromite crystallization. We proposed a model where 
chromite started crystallizing in situ and were then 
overlaid by semi-consolidated chromite slurry that 
slumped from the margins of the conduit forming a thick 
chromitite. 
 
1 Introduction 
 
The origin of massive chromitites in layered intrusions 
has been investigated for decades. Nevertheless, the 
mechanisms to account for its formation remain debated 
considering the difficulties to explain the minimum 
presence of silicates and the volume of magma needed 
to concentrate large amounts of Cr2O3. The classic in situ 
crystallization models considering shift from cotectic 
olivine-chromite crystallization to chromite-only formation 
triggered by different process, such as crustal 
contamination (e.g.  Irvine et al. 1975, Rollinson 1997), 
mixing of magmas (e.g. Irvine et al. 1977, Naldrett et al. 
2012) or change in pressure (e.g. Lipin 1993), have been 
challenged. Alternative mechanisms, in particular 
remobilization of chromite crystals, were proposed to 
explain the massive chromitites (e.g. Eales 2000, 
Spandler et al. 2005, Maier et al. 2013, 2018).  

The thin (300 m thick) layered mafic-ultramafic 
intrusion of the Jacurici Complex hosts a thick (5-8 m 
thick) massive chromitite, explored by FERBASA, and 

consists of an outstanding site to study chromitite 
formation. Here, new results from detailed studies of 
chromite inclusions provide further evidences for the 
model previously proposed by Marques et al. (2017). 
 
2 Geotectonic and geological setting 
 
The Jacurici Complex, located in the São Francisco 
Craton, Northeastern Brazil, hosts the largest Brazilian 
chromite deposit. The Complex is a Paleoproterozoic (2.1 
to 2.08 Ga, Oliveira et al. 2004, Silveira et al. 2015) mafic-
ultramafic layered intrusion composed by several bodies 
arranged in a N-S 70 km long belt. The mineralized 
segments are interpreted as fragments tectonically 
disrupted (Fig. 1).  

The mineralized layered intrusion is composed by a 
lower ultramafic unit (dunite with minor harzburgite and 
lherzolite - up to 180 m thick), followed by the thick 
massive chromitite (5-8 m thick) and an upper ultramafic 
unit (harzburgite and pyroxenite – up to 60 m thick) 
covered by a relatively thin mafic zone (gabbronoritic 
rocks – up to 40 m thick) (Marques and Ferreira Filho 
2003, Marques et al. 2017). The parental magma is 
considered to be very primitive, originated from high 
degree of mantle extraction, based on olivine (Fo up to 
94) and orthopyroxene (En up to 94) composition 
(Marques and Ferreira Filho 2003) (Fig. 2). Isotopic and 
petrography studies suggested that a large volume of 
magma flowed through the magmatic chamber that acted 
as a dynamic conduit favoring the formation of chromitite 
due to crustal contamination (Marques et al. 2003). 
Marbles were suggested as the possible assimilated 
material (Ferreira Filho and Araújo 2009).  

Marques et al. (2003) proposed that crustal 
contamination occurred during the formation of the thick 
chromitite layer based on the decline in ƐNd and an 
increase in ƔOs with more radiogenic signatures located 
in the horizons immediately above the MCL (Fig. 2). The 
radiogenic signatures are also coincident with an 
increase in magmatic amphibole content. The presence 
of hydrous silicate phases as inclusions in chromite from 
chromitite led Marques et al. (2017) to suggest the 
magma was hydrated at the timing of chromitite formation 
with fluids playing an important role in either chromite 
crystallization and/or accumulation. A combined model to 
explain the thick chromitite layer was proposed where 
semi-consolidated chromite slurry slumped through the 
conduit after crystallizing in its margins (Marques et al. 
2017). 
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Figure 1. Geological setting of the Jacurici Complex and simplified 
geological maps from Monte Alegre, Medrado and Ipueira segments 
(modified from Marques et al. 2017).  
 
3 The thick chromitite layer 
 
3.1 General features 
 
The chromitite layer is 5 to 8 m thick and extends along 
strike for several kilometers segmented locally by normal 
faults. The contacts with the ultramafic rocks are 
commonly obliterated by later faults. When preserved, 
they are sharp and planar, locally gradational in the base. 
The chromittie is a massive fine-grained cumulate with 
more than 90 vol.% of euhedral to subhedral chromite 
varying in size from 0.1 to 0.8 mm (Fig. 3). 

Near the base of the layer, occurs a chain-textured 
chromitite interval which comprises 60–80 vol.% of small 
chromite grains with slightly undulating contact with the 
massive layer (Marques et al. 2017). Silicates are rare 
and variably serpentinized. Orthopyroxene and minor 
amphibole are preserved and commonly form large 
poikilitic grains (up to 1.5 cm). Diopside occurs locally, 
only in the chain-textured chromitite intervals. An 
important feature is the presence of dozens of tiny 
inclusions in chromite showing variable compositions, 
sizes and forms (Marques et al. 2017). 

 
3.2 Mineral inclusions in chromite 
 
Chromite-hosted inclusions are abundant along the entire 
thick massive chromitite being more frequent in the semi-
massive interval. Inclusion-bearing chromite occurs side-
by-side with inclusion-free grains (Fig. 3A). Most 
inclusions are 5-20μm across and occur as isolated 
grains randomly distributed within the chromite. These 

inclusions show different distribution patterns such as 
orientation parallel to the crystallographic axes of 
chromite (Fig. 3A), internal coronas (Fig. 3B) or 
concentration in the core of the host crystal (Fig. 3B). 

 

 
Figure 2. Cryptic variation in olivine and orthopyroxene 
compositions and interpreted petrologic evolution showing 
evidences [ƐNd (whole rock), amphibole mode and ƔOs (chromite 
separates)] for possible crustal contamination at the timing of 
chromitite formation (modified from Marques et al. 2017).  

 

 
Figure 3. Mineral inclusions in chromite of Ipueira (A) and Monte 
Alegre (B-D) segments. A: Inclusions oriented along 
crystallographic axes and in contact to an inclusion-free crystal. B: 
Internal ring of inclusions (red dashed square) and inclusions close 
to the core (white dashed square). C: Subhedral prismatic 
phlogopite and clinopyroxene inclusions, orthopyroxene rounded 
inclusion and pseudohexagonal sulfide inclusion (chalcopyrite + 
pentlandite + Ni-sulfide). D: Negative-crystal shaped magnesite 
inclusion. Chr: chromite; Cpx: clinopyroxene; Phl: phlogopite; Sf: 
sulfide; Opx: orthopyroxene; Mgs: magnesite. 
 

In the Monte Alegre segment, central part of the 
Jacurici Complex, the inclusions were characterized in 
detail using a JEOL JXA-8230 Electron Microprobe 
equipped with a set of wavelength dispersive 
spectrometers at Queen’s University (Friedrich 2019). At 
Monte Alegre, inclusions comprise silicates (enstatite, 
phlogopite, magnesiohornblende, diopside and olivine), 
carbonates (mainly dolomite and magnesite), sulfides 
(pentlandite, millerite, heazlewoodite, pyrrhotite, pyrite 
and chalcopyrite), oxide (rutile) and, eventually, other 
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phases such as barite, apatite, monazite and scheelite 
(Fig. 3C,D). Silicate inclusions are commonly 
monomineralic and sub- to euhedral, and crystallized 
prior to, or coeval with, chromite. Carbonate inclusions 
are irregular or negative-crystal shaped (Fig. 3D) 
suggesting entrapment as melt droplets. Sulfides are 
commonly polymineralic, irregular or hexagonal-shaped 
(Fig. 3C), indicating entrapment as sulfide melt and as 
monosulfide solid solution. 

In order to evaluate possible lateral variation, other 
segments are under investigation. In the Ipueira segment 
(current being mined), preliminary results using a JEOL 
6610-LV scanning electron microscope equipped with an 
energy dispersive spectrometer at Universidade Federal 
do Rio Grande do Sul show the inclusions are dominated 
by orthopyroxene, amphibole and clinopyroxene. 
Carbonates also occur, but magnesite instead of dolomite 
is more common. Sulfide inclusions are less abundant.  
 
3.3 PGM inclusions in chromite 
 
PGM inclusions were found in six chromitite samples 
from the massive layer (Monte Alegre area) using 
scanning electron microscope (SEM) and microprobe at 
Queen’s University. Small grains were found in all 
samples and vary from 0.5µm2 to up to 10µm2 in size with 
most grains averaging between 1 to 2 µm2. PGM 
inclusions occur isolated or associated with silicates, 
sulfides and/or carbonates, less frequent in the borders 
of chromite grains.  

The most common PGM is laurite [Ru(Os,Ir)S2] 
followed by irarsite [(Ir,Ru,Rh,Pt)AsS]. They occur either 
as isolated inclusions or associated to other minerals 
inside chromite grains. The composite PGM inclusions 
are spatially associated with Ni-sulfides (pentlandite 
and/or millerite) (Fig. 4A,B). Ir-rich sulfides, possibly 
cooperite, and Pt-Ir alloy occur as isolated inclusions.  

PGM inclusions also occur in close relationship with 
chalcopyrite, pyrrhotite, magnesite, dolomite and 
phlogopite (Fig. 4C). In this context, the PGM are more 
variable and include, besides laurite and irarsite, sulfides, 
tellurides and alloys generally enriched in PPGE (Pt, Pd, 
Rh). Figure 4D shows an interesting feature where 
irarsite occurs associated to millerite, pyhrrotite, 
chalcopyrite and to a partially preserved negative-crystal 
shape magnesite. 

Lager composite PGM grains (up to 10 µm2) are rare 
and occur at the borders of chromite; laurite and irarsite 
are the most common minerals, followed by PPGE-
enriched sulfides, tellurides and alloys.  

 
4 Discussion 
 
The striking thickness of the massive chromitite layer 
from the Jacurici Complex is not easy to reconcile with 
the current chromitite formation models. Previous studies 
showed that the massive chromitite marks an important 
change in the magmatic evolution (Marques and Ferreira 
Filho 2003) and a conduit-like intrusion was suggested. 
Based on isotopic results, crustal contamination was 
considered as a trigger to chromite crystallization 
(Marques et al. 2003). Later, Ferreira Filho and Araújo 

(2009) suggested assimilation of marble country rocks. 
The role of fluids has also been highlighted by Marques 
et al. (2017) both as a possible trigger to start chromite 
sole crystallization and as a player assisting the 
accumulation process through slumping of semi-
consolidated slurries of chromite from conduit-walls. 
However, chromite crystallization and the proportional 
huge accumulation observed in the Jacurici Complex 
remain debated.  

The presence of primary inclusions of hydrous silicates 
(Marques et al. 2017, Friedrich 2019) and carbonates 
(Friedrich 2019) in chromite supports the contamination 
with addition of water (Marques et al. 2003) and 
assimilation of carbonate rocks (Ferreira Filho and Araujo 
2009). The presence of diopside at the basal part could 
be further evidence considering experimental results 
showing calcite and dolomite addition to mafic magmas 
favor clinopyroxene crystallization (Iacono-Marziano et 
al. 2007). Friedrich (2019), based on detailed 
petrography of the inclusions and mineral chemistry, 
suggested rapid crystallization of large amounts of 
chromite due to wall-rock erosion adding fluids (H2O and 
CO2) and increasing the ƒO2 during continuous inflow of 
hot primitive magma. The multiple sulfide inclusions in 
chromite also suggest addition of sulfur in the magma 
(Friedrich 2019). 

IPGE (Ir, Os, Ru) minerals in chromite is common 
feature in other layered intrusions (Maier et al. 1999, 
Prichard et al. 2017), but mainly as isolated inclusions 
(Prichard et al. 2017). In the Jacurici Complex, PGM 
inclusions occur also in contact to base metal sulfides 
and hydrous and CO2-rich minerals, interpreted as further 
evidence of combined fluids acting during chromite 
crystallization. Contamination may have caused S-
saturation during chromite crystallization. This could 
explain the occurrence of laurite inclusions in close 
spatial relationship to base metal sulfides, isolated 
inclusions of irarsite and PPGE-enriched telluride, and 
sulfarsenide and alloys associated to composite 
inclusions in chromite.  

In situ accumulation explains the gradational contacts 
at some sections and semi-massive intervals at the base 
of the chromitite, but does not explain the thickness of the 
massive interval. Chromite crystallized along the roof, 
conduit-walls and margins of the chamber might have 
collapsed downward as slurry undergoing hydrodynamic 
sorting. The presence of CO2 and H2O bubbles in the 
magma/crystal mush are expected to help the downward 
influx considering it lowers the magma’s viscosity (Lesher 
and Spera 2015, Ghosh and Karki 2017). Chromite grains 
containing dozens of inclusions in different types of 
arrangement and also in spatial relation with inclusion-
free chromite is another possible evidence of the 
suggested process. Friedrich (2019) interpreted the 
different types of inclusions arrangements as a result of 
chromite grains that crystallized under different ƒO2. 
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Figure 4. Back scattered electron images showing PGM inclusions 
trapped in chromite from chromitite. A: Os laurite associated to 
millerite. B: Os laurite associated to pentandlite. C: Irarsite or 
irarsenide associated to pentlandite and magnesite. D: Irarsite 
associated to millerite, pyhrrotite, chalcopyrite and to a partially 
preserved negative-crystal shape magnesite. Am: amphibole; Chr: 
chromite, Pn: pentlandite; Po: pyhrrotite; Cpy: Chalcopyrite. 
 
5 Final remarks 
 
Although, the trigger of chromite crystallization and the 
accumulation process still remain debated, the petrologic 
evolution of the Jacurici Complex mineralized intrusion 
suggests that a high volume of very hot magma flowed 
through a conduit-like chamber. Erosion and assimilation 
of metasedimentary country rocks is a reasonable 
process to be considered under such circumstance. 
Inclusions in chromite shed light to the process 
considering it is noticeable that fluids (H2O, CO2 and 
possible S) were abundant during chromite 
crystallization. We suggest that increasing fO2 due to 
crustal contamination favored chromite crystallization. 
Chromite started crystallizing in situ, but fluids might have 
assisted chromite slurries to slump forming the thick 
chromitite. 
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Abstract. The Panzhihua layered intrusion in SW China 
is unusual because it hosts a giant Fe-Ti oxide deposit in 
its lower zone. To examine the magmatic processes that 
resulted in the Fe enrichment of parental high-Ti basaltic 
magma, we carried out a detailed study of melt inclusions 
in apatite from a 500-m-thick profile of leucogabbro in the 
middle zone of the intrusion. These melt inclusions have 
variable compositions with contrasting end-members; 
one end-member being Fe-rich and Si-poor (40.2 wt.% 
FeOt and 17.7 wt.% SiO2) and the other being Si-rich and 
Fe-poor (74.0 wt.% SiO2 and 1.20 wt.% FeOt). This 
compositional range may be attributed to entrapment of 
immiscible Fe-rich and Si-rich components in different 
proportions over a range of temperature. Simulating 
results indicate that Si-rich droplets could be separated 
from Fe-rich melt within a crystal mush. Migration of Si-
rich droplets caused the remaining Fe-rich melt to react 
with plagioclase primocrysts (An59-60), as evidenced by 
lamellar intergrowth of An-rich plagioclase (An79-84) + 
clinopyroxene in the oxide gabbro of the lower zone. 
Therefore, magma unmixing combined with 
gravitationally driven loss of the Si-rich component, 
resulted in the formation of melagabbro and major Fe-Ti 
oxide ores in the lower part of the intrusion. 
 
1 Introduction 
 
Conjugate immiscible Fe-rich and Si-rich melts in both 
natural rocks and experimental resultants are typically 
related to magma unmixing (McBirney 1975; Philpotts 
1982;). Separation of immiscible Fe-rich and Si-rich melts 
may contribute to the Daly gap along the tholeiitic liquid 
line of decent (Charlier et al. 2011), and can explain why 
felsic rocks usually occur at the top of layered intrusions 
such as Skaergaard in Greenland and the Bushveld 
Complex in South Africa (Jakobsen et al. 2011; Holness 
et al. 2011; Fischer et al. 2016).  

The onset of unmixing in basaltic magma systems is 
traditionally considered to occur at late-stage 
differentiation, i.e., below 1040°C, equivalent to 90-95% 
crystallization (McBirney 1975; Philpotts 1982). New 
experimental studies demonstrate that magma unmixing 
may start at temperature > 1100°C, before 50-60% 
crystallization (Veksler et al. 2007). Unmixing at an earlier 
stage of differentiation in a slow-cooling magma chamber 
is important as it may play a key role in the Fe enrichment 
of basaltic magma and the separation of conjugate 
immiscible melts. However, the separation and migration 
of conjugate immiscible melts are poorly understood, as 
is their role in the production of voluminous, extremely 
Fe-rich melt.  

The Panzhihua intrusion in SW China, hosts thick Fe-
Ti oxide ore layers in the lower part. It has long been 
debated on how large amount of Fe-Ti oxides were 
accumulated. One early model invoked separation of 
immiscible oxide liquids from high-Ti basaltic magmas 
(Zhou et al. 2005), whereas a later model proposed 
gravitational settling and sorting of early cumulus Fe-Ti 
oxides from parental magmas (Pang et al. 2009). 
However, both models have been challenged due to lack 
of convincing petrographic and experimental evidence 
(Wang and Zhou 2013). 

In this study, we document the compositions and 
characteristics of apatite-hosted melt inclusions in the 
middle zone, and replacive symplectites in the lower zone 
of the Panzhihua intrusion, putting forward a model of 
magma unmixing within a crystal mush to explain the 
formation of major Fe-Ti oxide ore layers in the lower part 
of the Panzhihua intrusion. 
 
2 Panzhihua layered intrusion 
 
The Panzhihua intrusion is 2 km thick with an outcrop 
area of 30 km2, and contains ore reserves of 1,333 million 
tons at an average grade of ~33% FeOt and ~12% TiO2 
(Zhou et al. 2005). It is divided into four zones by local 
geologists on the basis of internal structure and the extent 
of Fe-Ti oxide mineralization, which are from the base 
upwards; a marginal zone (MGZ), lower zone (LZ), 
middle zone (MZ) and upper zone (UZ). The MZ is 
subdivided into a lower MZa and upper MZb by the 
appearance of apatite in the MZb (Zhou et al. 2005). The 
MGZ is a thin, chilled margin composed of fine-grained 
gabbro. The LZ, MZ and the Fe-Ti oxide ore layers in the 
LZ are thought to have formed from one magma pulse, 
whereas the UZ is Fe-Ti oxide-barren and is assumed to 
have formed from a new magma pulse (Pang et al. 2009).  

 
3 Replacive symplectites in LZ 
 
Replacive symplectites are common in the oxide gabbro 
from the LZ of the Panzhihua intrusion. They include 
lamellar intergrowths of clinopyroxene + Ti-rich magnetite 
(Fig. 1a) and An-rich plagioclase + clinopyroxene (Fig. 
1b). Clinopyroxene in the intergrowth have Mg# of 78.4 
to 81.3, slightly higher than that for adjacent 
clinopyroxene primocrysts (Mg# = 75.3 to 76.9). 
Plagioclase lamellae in the intergrowth have An contents 
of 79-84, much higher than adjacent plagioclase 
primocrysts (An59-60).  
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Figure 1. Backscattered electron (BSE) images showing the 
replacive symplectites in the oxide gabbro from the LZ of the 
Panzhihua intrusion. (a) an intergrowth of Ti-rich magnetite (Ti-Mt) 
and clinopyroxene (Cpx) replacing a clinopyroxene primocryst with 
an amphibole (Amp) substrate between Ti-rich magnetite and 
symplectite; (b) an intergrowth of An-rich plagioclase (Pl) and 
clinopyroxene replacing a plagioclase primocryst with an amphibole 
substrate between Ti-rich magnetite and symplectite. 
   
4 Melt inclusions in apatite from MZb 
 
Melt inclusions in apatite are light to dark brown, ranging 
from 5 to 50 um in width and 5 to 100 um in length. After 
heating and quenching, some melt inclusions became a 
single homogeneous phase with a bubble (Fig. 2a); and 
some others appear to have complex composites with 
overall Fe-rich compositions (Fig. 2b). Homogenized 
inclusions from the Panzhihua intrusion are more Si-rich 
than the unhomogenized ones which are more Fe-rich, 
and thus are termed as Si-rich melt inclusions and Fe-rich 
melt inclusions.  

Overall, melt inclusions in apatite of the Panzhihua 
intrusion show a large range of SiO2 and FeOt and make 
up a continuous trend on a plot of SiO2 versus FeOt, 
comparable to apatite-hosted melt inclusions from the 
Skaergaard and the Bushveld Complex (Jakobsen et al. 
2005; Fischer et al. 2016) (Fig. 3).  
 

 
Figure 2. Backscattered electron (BSE) images of the quenched 
melt inclusions in apatite (Ap). (a) a homogeneous melt inclusion 
(MI) with a bubble (Bb); (b) an unhomogenized melt inclusion 
containing complex phases that are indistinguishable by EPMA. 

 

 
Figure 3. Plot of FeOt versus SiO2 for apatite-hosted melt inclusions 
in the MZb of the Panzhihua intrusion, which are compared with 
values for melt inclusions from layered intrusions elsewhere. Data 
sources: 1- this study; 2- Zhang et al. 2014; 3- Xu et al. 2001; 4- Liu 
et al. 2016; 5- Dong et al. 2013; 6- Fischer et al. 2016; 7- Charlier et 
al. 2011; 8- Jakobsen et al. 2005; 9- Jakobsen et al. 2011. 
 
5 Discussion 
 
5.1 High-temperature magma unmixing within a 

crystal mush 
 
Many extremely Fe-rich melt inclusions with >18 wt.% 
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FeOt are trapped in apatite of the Panzhihua intrusion 
(Fig. 3), and many olivine- and plagioclase-hosted melt 
inclusions have similar compositions (Zhang 2014) (Fig. 
3). Given that the parental high-Ti basaltic magmas of the 
Panzhihua intrusion contain ~14 wt.% FeOt (Fig. 3), the 
extremely Fe-rich melt inclusions are considered to be 
indicative of a Fe-rich, immiscible melt. 

The intergrowth of An-rich plagioclase and 
clinopyroxene in the Panzhihua intrusion (Fig. 1b) is 
identical to Type 1 replacive symplectite in the 
Skaergaard intrusions, which is considered to form by the 
reaction between residual immiscible Fe-rich melt and 
primocryst plagioclase after the loss of a Si-rich 
component from the interstitial liquid (Holness et al. 
2011). We attribute the replacive symplectites observed 
in the oxide gabbro from the lower zone of the Panzhihua 
intrusion to the same mechanism. 

The formation temperatures of the symplectites in the 
Panzhihua intrusion are constrained to be 1012-1034 °C 
based on the substrate amphibole compositions using the 
amphibole thermometer by Putirka (2016). These may 
represent the lowest temperatures because amphibole is 
likely the last solidified phase in such symplectites. 
Plagioclase primocrysts adjacent to the intergrowth of An-
rich plagioclase + clinopyroxene in the Panzhihua 
intrusion have An contents of ~60, which are higher than 
the An54 plagioclase when magma unmixing began 
(~1100°C) in the Skaergaard intrusion (Jakobsen et al. 
2011). We thus consider that the onset of unmixing at 
Panzhihua may have started at a higher temperature 
(>1100°C).  
 
5.2 Separation of conjugate immiscible melts 
 
Unmixing in a basaltic magmatic system can develop 
emulsified immiscible melts composed of low-viscosity, 
high-density Fe-rich melt along with small, viscous and 
lower-density Si-rich droplets (c.f. Holness et al. 2011). 
The separation of Si-rich droplets from Fe-rich melt might 
be approximated using the Stokes law: 

 
Where h is the migration distance of Si-rich droplet, g 

is the acceleration of gravity of 9.8 m/s2, t is the time for 
separation, r is the radius of the droplet, Δρ is the density 
difference between Si-rich and Fe-rich melts, and η is the 
viscosity of the host Fe-rich melt.  

The Δρ is set to be ~0.4 g/cm3 based on the average 
compositions of apatite-hosted, Fe-rich and Si-rich melt 
inclusions and the equation provided by Bottinga and 
Weill (1970). The viscosity (η) of the host Fe-rich melt is 
calculated using the method by Hui and Zhang (2007) to 
be in a range between 90Pa.s at 1100°C and 937Pa.s at 
1000°C. The radius (r) of Si-rich droplets is set to be from 
~2 to ~50 um based on the sizes of melt inclusions in 
apatite. The Si-rich droplets were theoretically removable 
within the crystal mush for at least 2,400 years which is 
the timescale of the Panzhihua intrusion reaching 50% 
crystallization (Cheng et al. 2014).In this time interval, the 
migration distance of Si-rich droplets is highly variable 

from 0.28 to 1,831 m depending on the radii of the Si-rich 
droplets and the viscosity of the Fe-rich melt (Fig. 4). 
Although the migration of Si-rich droplets may be 
decelerated by the crystal mush, it would be accelerated 
by the wetting properties of immiscible melts on 
suspended crystals and also by magma convection. In 
this scenario, Si-rich droplets of different sizes may have 
migrated and dispersed randomly within the crystal mush. 

 

 
Figure 4. Contour map showing migration distance of Si-rich 
droplets as a function of the radius (r) of Si-rich droplet and the 
viscosity (η) of the host Fe-rich melt. The calculation is based on the 
Stokes law equation. The values at the four corners of the rectangle 
in each figure refer to the rising velocities or migration distance at 
extreme the radii of Si-rich droplets and the viscosities of the host 
Fe-rich melt (see the text). 
 
5.3 Metallogenic model 
 
A conceptual cartoon in Fig. 5 illustrates a possible 
mechanism for the formation of Fe-Ti oxide ore layers in 
the lower part of the Panzhihua intrusion. Fractional 
crystallization of parental high-Ti basaltic magmas 
developed a crystal mush in the Panzhihua chamber (Fig. 
5a). The interstitial liquid was enriched in Fe with the 
continued crystallization of silicate minerals and 
intersected the immiscible field at high temperatures 
(>1100°C). Then, emulsified immiscible melts that are 
composed of Fe-rich melt and Si-rich droplets were 
developed in the interstitial liquid (Fig. 5b). Because of 
density differences, different wetting properties of 
immiscible melts and magma convection, Si-rich droplets 
were separated efficiently from the host Fe-rich melt and 
migrated upwards (Fig. 5b). Progressive separation of the 
immiscible melts led to collection of the Fe-rich and Si-
rich melts in the lower and upper part of the magma 
chamber, respectively (Fig. 5c). In this scenario, large 
amounts of Fe-Ti oxides crystallized from Fe-rich melt in 
the lower part to form the major Fe-Ti oxide ore layers, 
whereas some Si-rich melts may have coalesced into 
large Si-rich agglomerates, forming felsic veins and 
lenses in the MZb (Fig. 5d).  

We note that the apatite-bearing leucogabbro occurs 
above the major oxide ore bodies in the Panzhihua 
intrusion, suggesting that apatite was not saturated in the 
Fe-rich melt at high temperature. The crystallization of 
Fe-Ti oxides may result in the enrichment of P in the 
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Figure 5. A cartoon showing a model of magma unmixing within a crystal mush to explain the formation of major Fe-Ti oxide ore layers in the 
lower zone of the Panzhihua intrusion.  
 
residual Fe-rich melt. Mixing of P-rich, residual Fe-rich 
melt with Si-rich melt could have led to formation of the 
apatite-bearing leucogabbro in the MZb. 

 
6 Conclusion 
 
Apatite-hosted melt inclusions in the MZb of the 
Panzhihua intrusion show a large and continuous range 
of SiO2 and FeOt with contrasting Fe-rich and Si-rich end-
members which is attributed to entrapment of Fe-rich and 
Si-rich components in different proportions over a range 
of temperature. It is proposed that emulsified immiscible 
melts composed of Fe-rich melt and small Si-rich droplets 
developed in the interstitial liquid. Si-rich droplets were 
separated from the remaining Fe-rich melt and migrated 
upwards due to gravitational instability. Large amounts of 
Fe-Ti oxides crystallized from the remaining Fe-rich melt 
in the lower part of magma chamber, forming the major 
Fe-Ti oxide ore layers of the Panzhihua intrusion. 
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Abstract. One of the greatest enigmas of igneous 
petrology is the occurrence of monomineralic rocks in 
layered intrusions that are commonly thought to have 
formed from melts saturated in multiple phases. These 
rock types are crucial for the concentration of metals that 
are vital for modern society, such as Cr in chromitite 
layers and V and Ti in massive magnetitite layers. This 
study focusses on constraining the origin of magnetitite 
layers from the Upper Zone of the Bushveld Complex, 
South Africa, the largest preserved mafic magma 
chamber in Earth’s crust. New field observations and two-
dimensional geochemical mapping of magnetitite layers 
provide important constraints and insights regarding their 
origin. These include field evidence for thermo-chemical 
erosion of the footwall rocks, Cr reversals indicating 
magma chamber replenishments, and high-Cr in situ 
growth nodes suggesting that the parental melt was likely 
saturated in magnetite alone. We propose that magnetite 
layers are adcumulates formed from evolved, Fe-rich 
melts derived from a deeper-seated staging chamber of 
the Bushveld Complex. The reason for the melt being 
saturated in magnetite only is not yet clear but possibly 
caused  by decompression associated with its ascent 
towards the Earth’s surface.  
 
1 Introduction 
 
The immense size of the 2.054 Ga (Scoates and 
Friedman 2008) Bushveld Complex, with its world-class 
deposits of PGE, Cr, and V, has made it one of the most 
famous geological features on our planet. These deposits 
are commonly hosted by monomineralic igneous rocks, 
such as stratiform chromitites (exploited for Cr and PGE) 
and magnetitites (exploited for V) that may be up to 
several meters thick and can be traced for hundreds of 
kilometres along strike (Viljoen 2016). Despite their 
economic importance, petrologists are still baffled by the 
processes that led to their formation. In this study, we 
attempt to further constrain the origin of massive 
magnetitite layers that occur in the upper reaches of the 
Bushveld Complex. 

Magmas of tholeiitic affinity (as is the case for the 
parental magmas of the Bushveld) require a significant 
degree of Fe-enrichment via crystal fractionation before 
magnetite becomes stable as a liquidus phase. By that 
time, magnetite is crystallizing in conjunction with several 
other minerals, such as pyroxene, plagioclase, and 
olivine. It is thus clear that to concentrate magnetite into 
monomineralic layers, some process is required to 
physically separate magnetite from the other crystallizing 
phases, or it should ensure the sole crystallization of 
magnetite from the magma. Exactly what this process (or 

processes) may be has been debated for decades (e.g. 
Cawthorn & McCarthy 1980; Klemm et al. 1985; Kruger 
1987; Harney and Von Gruenewaldt 1995; Scoon & 
Mitchell 2012; Maier et al. 2013; Bilenker et al. 2017; 
Yuan et al. 2017; Lesher et al. 2019).    

In this study, we employ field observations to further 
constrain the formation of massive magnetitites; an 
approach that has been largely neglected in recent 
literature (e.g. Yuan et al. 2017).  Furthermore, we 
combine our field observations with the two-dimensional 
distribution of Cr within magnetitite layers, obtained by 
geochemical mapping of the layers using a portable XRF 
spectrometer on closely-spaced grid patterns. 
Chromium’s extreme compatibility in magnetite (with a D 
value potentially exceeding 600; Irving 1974; Toplis and 
Corgne 2002; Castle and Herd 2017) makes it an ideal 
element to study the processes operating within magma 
chambers during their crystallization. 
 
2 Field relations 
 
This study focusses primarily on the prominent, 2 meter-
thick Main Magnetite Layer from the Magnet Heights 
locality in the Eastern Limb of the Bushveld Complex, as 
well as numerous magnetitite layers from the lower 
portion of the Upper Zone from the Rhovan vanadium 
mine in the Western Limb. In general, massive 
magnetitite layers are characterized by sharp and planar 
basal contacts with their typically anorthositic footwall 
rocks, but they may also be locally underlain by 
gabbronorites. Upper contacts are typically gradational 
into the overlying lithology (Figure 1a). Undulations are 
also common in magnetitite layers and, in some 
instances, the contact with the footwall may become 
near-vertical (Figure 1b). On closer inspection, the 
contact between magnetitite layers and the footwall 
appears dimpled (Figure 1c), while larger (from a few to 
several tens of centimetres deep) depressions may also 
occur within the footwall (Figure 1d). Sub-angular to pod-
shaped anorthosite inclusions are also frequently 
observed to occur within magnetitite layers. 
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Figure 1: Field photographs of exposures of massive magnetitite 
layers from the Bushveld Complex. (a) Magnetitite Layer 1 from the 
Eastern Limb of the Bushveld Complex, Magnet Heights area. 
Notice the planar basal contact and gradational upper contact. (b) 
The Main Magnetite Layer from the same locality with a pothole-like 
depression in its footwall. (c) A close-up picture of the Main 
Magnetite Layer revealing an uneven, dimpled contact with the 
footwall. (d) Pothole-like depressions in the footwall of the Main 
Magnetite Layer from the Rhovan vanadium mine in the Western 
Limb of the Bushveld Complex. 
 
3 Distribution of Cr in magnetitite 
 
The base of magnetitite layers is normally marked by 

strong reversals in the Cr content in pure magnetite. This 
trace element is also rapidly depleted upwards within 
magnetite layers, commonly exceeding 18 000 ppm at 
the base to less than 700 ppm after just 1 meter of 
crystallization. Significant lateral variations in the Cr 
content are also observed, as multiple dome-shaped 
structures occur at the bases of magnetitite layers with 
dramatically elevated Cr concentrations (up to 48 000 
ppm compared to a typical concentration of 10 000 ppm 
at the base). Chromium concentration gradients may 
exceed 200 ppm/mm within these structures. Elevated Cr 
concentrations are recorded all along footwall contacts, 
even where the orientation of the footwall contact is near-
vertical. The Cr concentration is also up to two times 
higher along the outer margin of anorthositic autolith 
inclusions compared to the surrounding magnetite and 
also occasionally host some of the dome-shaped high-Cr 
structures on their outer surfaces. 
 
4 Discussion 
 
The presence of high-Cr structures at the bases of 
magnetitite layers places great constraints on their 
petrogenesis. Their existence is most simply explained as 
the sites where magnetite first started nucleating and 
growing concentrically outwards directly on the footwall 
rocks (Cawthorn 1994). As these “growth nodes” grow 
outwards from their central point of origin, the Cr content 
of the magma is rapidly depleted. This depletion is 
recorded in the outward concentric decrease in the Cr 
concentration in the growth node. This interpretation has 
two important implications: magnetitite crystallized in situ 
and the melt was saturated in magnetite only. Models that 
have invoked crystal settling and/or sorting to explain the 
origin of these layers (e.g. Scoon & Mitchell 2012; Maier 
et al. 2013; Yuan et al. 2017) are not compatible with this 
interpretation. 

Another constraint comes from the very rapid 
depletion of Cr upwards in magnetitite layers, which only 
appears to be possible if it crystallized from a relatively 
thin (approximately 20 to 60 meters high) column of 
magma, instead of the more than 1.5 km-thick magma 
chamber from which the Upper Zone is believed to have 
crystallized (Molyneux 1974; Kruger et al. 1987: 
Cawthorn et al. 1991). Clues regarding the origin of such 
a basal layer can be found in the field observations. A 
dimpled footwall contact, undulating layers and 
transgressive depressions in the footwall rocks 
(commonly referred to as potholes) are well-known to be 
associated with other rock types of the Bushveld 
Complex as well, such as the Pt-rich Merensky Reef and 
various chromitite layers, and are best explained by 
thermo-chemical erosion of the footwall rocks following 
magmatic recharge of the chamber (Campbell 1986; 
Latypov et al. 2015; 2017). This is further supported by 
the presence of Cr-reversals recorded at the bases of 
magnetitite layers. Elevated Cr concentration around 
anorthosite autoliths also indicate that they were 
surrounded by magnetite-saturated melt when magnetite 
started crysallizing, indicating that they are likely in situ 
remnants of thermochemical erosion of the footwall 
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rocks. 
A remaining question is how the incoming magma 

became saturated in magnetite only. It has recently been 
shown that it is possible to produce a chromite-saturated 
melt due to the pressure reduction associated with 
magma ascent from a deeper-seated staging chamber 
(Latypov et al. 2018). We assume that a similar 
mechanism may also be applied to magnetitite layers. A 
tholeiitic magma may have undergone significant silicate 
extraction at depth, leading to Fe-enrichment. When a 
pulse of this magma is released upwards to shallower 
regions of the crust, the boundaries on the phase diagram 
may shift in such a manner as to stabilize magnetite as 
the sole liquidus phase. This idea requires, however, 
rigorous phase equilibria testing.  

 
5 Conclusion 
 
Based on field and geochemical evidence, we propose 
the following sequence of events that led to the formation 
of massive magnetitite layers of the Bushveld Complex: 
(1) A mantle-derived tholeiitic magma ponded at a 
relatively deeper level in the crust or upper mantle. (2) 
During cooling of the melt it experienced significant 
silicate extraction, which led to Fe-enrichment typical of 
the tholeiitic differentiation trend. (3) A pulse of the 
evolved magma ascended to shallower levels in the crust 
until it intruded into the Bushveld magma chamber. The 
pressure decrease experienced by the magma during its 
ascent lowered its liquidus temperature and shifted the 
phase boundaries in such a manner as to move the 
magma composition into the magnetite field. This 
ensured the melt was in both thermal and chemical 
disequilibrium with its surroundings. (4) Due to the 
incoming magma’s high density (attributed to its high Fe-
concentration) the magma formed a relatively thin basal 
flow on the chamber floor. (5) This was followed by 
thermo-chemical erosion of the chamber floor, producing 
irregularities such as depressions and undulations in the 
underlying cumulates. (6) After some degree of cooling of 
the new magma, magnetite started nucleating and 
growing in situ on its footwall, eventually forming a 
massive magnetitite layer. 
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Abstract. Geological framework of Sebuku Island is 
predominantly occupied by ophiolite complex units 
including cumulate ultramafics, mafic volcanoclastics and 
gabbroic intrusions. Fe-Ni-Cu±Co-Au sulphides 
mineralization was discovered which is hosted by 
cumulus ultramafic rocks through exploration program of 
PT. Sebuku Iron Lateritic Ores. The thickness of the 
massive sulphide zone ranges 1-2.6 m and disseminated 
sulphide zone varies 1-3 m with the highest grade of 40% 
Fe, 1.3% Cu, 1.2% Ni, 0.51% Co and 1.8 ppm Au. 
Occurrence of mineralization is dictated by normal 
ultramafic rock but within complex structural zones due to 
tectonic events that produce specific mineralization styles 
on the island.  Various phases of deposition are analyzed 
through: (i) major and trace element geochemical data 
derived from XRF, ICP-MS and (ii) petrography-
mineragraphy by transmitted light microscopy, SEM and 
QEMSCAN. Phases of deposition are interpreted as 
follows: (i) Cr-Fe oxide mineralization in serpentinite, (ii) 
Fe-Ni-Cu sulphide mineralization in cumulus ultramafics 
(iii) enrichments through metasomatism and 
hydrothermal activity, and (iv) enrichment through 
lateritisation due to weathering. Trace metals are thought 
to be associated with the second mineralization phase. 
The occurrence of magmatic mineralization in Sebuku 
Island may imply the potential for more deposits in similar 
geological settings throughout Indonesia. 
 
1 Introduction 
 
Sebuku island is a small island located in the SE corner 
of South East Kalimantan, approximately 5 km east of 
Laut island. The island is administered by Kotabaru 
Regional District within South Kalimantan. The easiest 
access to the island from Jakarta, the capital city of 
Indonesia is through one and a half hours flight to 
Banjarmasin, followed by half an hour flight to Kotabaru 
and followed by one hour of speedboat from kotabaru 
port to Tanjung Nusantara port or Sungai Bali port.  

PT. Sebuku Iron Lateritic Ores (PT.SILO) has 
produced iron ore since 2004 and is in the construction 
period to produce direct reduction iron and reduced nickel 
from detrital iron and Fe-Ni bearing laterite ores. Since 4th 
quarter of 2014, PT.SILO’s exploration and mining 

development team has explored for further mineral 
potential in both laterite and in the primary ultramafic 
complex unit.  The mineral concession of PT.SILO is 
approximately 11,000 ha across the North East portion of 
Sebuku Island. 

Sebuku Island is known to be host of numerous ore 
deposit types such as primary and lateritic iron ores, 
podiform chromite, W-Sb±Au quartz vein, REE, Sc and 
PGM-enriched iron ore and magmatic Fe-Ni-Cu± Co-Au 
mineralization (Swamidharma et al. 2016; Cahyadi et al. 
2017; Swamidharma et al. 2018).  

Currently PT. SILO focus activity on the development 
and exploration of the magmatic Fe-Ni-Cu±Co-Au deposit 
type. Deep drilling to confirm the best location for the Iron 
Ores deposit with guidelines from the distribution of high 
magnetic anomalies resulting from airborne magnetic 
survey. One drill holes of SDD 009 at Madang Belakang 
location penetrated a 2 m intercept at 56m depth of 
mineralization characterized by magnetite associated 
with Fe-Ni-Cu-sulphide minerals (pyrrhotite, pentlandite 
and chalcopyrite). The 2 m intercept at SDD 009 should 
be considered the first significant discovery Ni-Sulphides 
in Indonesia.  

This paper is aimed to review the geological framework 
of Sebuku Island as well as to discuss the characteristics 
and origin of the magmatic Fe-Ni-Cu± Co-Au 
mineralization. This is a significant frontier work in 
discovering magmatic Fe-Ni-Cu± Co-Au deposit type, 
which could be a guideline and exploration model of the 
primary ore in Indonesia in the future. 
 
2 Geology of Sebuku Island 
 
Geology of Sebuku Island (Fig. 1) is covered by the 
youngest quaternary unconsolidated sediment materials 
in most of north west part and further south east by a coal 
bearing sediments of Eocene-age known as the Tanjung 
Formation. The rest is mostly occupied by the ophiolite 
complex unit that includes pelagic sediment, gabbro 
dykes, cumulus ultramafics and the detrital iron ore unit. 
These rocks are dated from late Triassic to early 
Cretaceous, except, to some extent, North South trending 
of volcanoclastic of late Cretaceous Haruyan formation in 
the central part of the island.  
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Throughout pre Tertier, several plutonic rocks intruded 
the units, including gabbro, diorite and andesite plutons. 

Due to thick laterisation, limited accessible bedrock 
can be identified during surface mapping. Due to the 
same reason, soil sampling may fail to provide useful 
information. Also, limited active streams in the 
concession prevent stream sediment geochemical 
sampling from delineating the prospect area.  

Best exposed lithologies are within the open pit 
perimeter although it also depends on Fe grade where 
depth of excavation is limited to top saprolitic material 
only. Second best bedrock observation is from drill core 
which is designed to target 3m below enriched saprolite.  

 

 
Figure 1. Geological framework of Sebuku Island 

 
3 Methodology 
 
Six polished thin sections were studied under the 
microscope to describe the petrography, then carbon 
coated for scanning electron microscopy in attempt to 
obtain better quantitative information.  

Major elements and trace elements concentration of 
32 samples were analyzed using X-Ray Fluorescence 
(XRF) and Inductivity Coupled Plasma Mass 
Spectrometer (ICP-MS), respectively. 

QEMSCAN analysis carried out to obtain higher 
degree of quantitative as well as to preserve original 
fabric and texture of petrology and mineralogy. 

 

4 Tectonic Setting and Structures 
 

Most of authors of early tectonic studies in the regions 
includes Koesumadinata et al. 1989; Van der Weerd et 
al. 1992; Setyana et al. 1999; Wilson et al.1999; Moss et 
al. 2000; Hall 2009 and so on, agreed that Sebuku island 
is part of the Laut Island ridge, oceanic crust material 
generated at a convergent boundary to Sundaland in NW 
and compressed toward WNW by Patenoster Platform, a 
microcontinent, from SE. 

However, disagreements still exist, notably, whether 
the ridge is an exposed sub lithospheric continental 
material or the ridge is obducted material as part of 
accretionary wedge of subduction zone. Nonetheless, 
this tectonic activity forms geology and structure of 
Sebuku Island.      

Airborne Magnetic data carried out by the last quarter 
of 2015. Interpretation of data from a 2015 airborne 
magnetic survey concludes an identification of a NNE 
major structural trend below 400m. Structural 
interpretation above 400m is influenced by brittle 
deformation of serpentinised ultramafics, therefore 
incapable to delineate any useful trends.   

The magnetic data also provide the approximate 
location of intrusive bodies (dykes) and trend of 
potentially shallow high magnetic anomaly. This 
information was used to locate first potential target for 
primary mineralization (Fig. 2).  

 

  
Figure 2. Airborne magnetic data interpretation of structure 
lineaments a) below 400 m and b) above 400 m. Target area (red 
box) for exploration generated from this interpretation. 
 
5 Host Rocks 
 
Host rock ultramafic majorly comprises dunite and 
harzburgite with minor gabbro, anorthosite and troctolite 
which occasionally develops thin stratiform layers at the 
base, as indicator of in or near petrological moho 
boundary between cumulate and tectonized ultramafic. 
This cumulate is also altered to develop serpentine 
assemblage and or soapstone/talc assemblage, due to 
gabbro dyke intrusion cross cut this ultramafic to develop 
such as low-grade metamorphism. 
 
 

a) b) 
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5.1 Host rocks petrography 
 
The ultramafic rocks mostly altered to serpentinite with 
minor to talc carbonate assemblage and some further 
altered to tremolite (Fig. 3a). Younger phases of 
serpentine and chlorite also are seen crosscutting older 
mineral in vein (Fig. 3b). Fe stringers are developed along 
serpentine grain boundaries, while euhedral opaque 
spinel is disseminated throughout this rock and 
sometimes zone out to magnetite or totally replaced by 
Fe oxide.  
 

  
Figure 3. Photomicrograph of serpentine. a) Ca silicate with 
remnant serpentine, b) Serpentine with stringer Fe and euhedral 
spinel crosscut by chlorite. 

 
5.2 Host rock geochemistry 

 
Petrochemistry applied to host rocks is limited to gabbro 
due to alteration of ultramafic to serpentine and talc 
carbonate assemblages. REE plots indicate the unit is in 
cumulus mafic-ultramafic.  

 

 
 

 
Figure 4. Normalization diagrams of REE by a) primitive mantle and 
b) NMORB. The normalization values are from McDonough and Sun 
(1995). 

Plots normalized to primitive mantle (Fig. 4a) shows all 
elements are enriched relatively and normalized to 
normal mid oceanic ridge basalt (Fig. 4b) shows majorly 
slightly below reference value. The deficit to reference 
value of MORB is considered acceptable. This deficit is 
thought to be caused by volatiles (H2O, CO2, S etc.) 
introduced to this unit. Trace element scatter diagrams 
confirm data shown in the REE plots. 

 
6 Fe-Ni-Cu Sulphide Mineralization  
 
The first drillhole to intercept massive sulphide 
mineralization is SDD0009 at the depth of 50.80 - 52.65 
m. Others intercept various concentration of 
disseminated and massive sulphide mineralization (up to 
5m). Ni sulphide occurs as pentlandite (Fig. 5).  

In massive sulphides, pentlandite is always in 
association with magnetite, pyrrhotite and with smaller 
amounts of pyrite, chalcopyrite and other unidentified 
trace minerals. All massive sulphides occur in fine grains 
and euhedral form, as belbs-veins-stockworks to or 
cut/scavange fractures/sheets of serpentinised ultramafic 
host rock.  

Disseminated sulphide zones ranging 1-3% up to 8-
10% sulphide and occur as crystals (replacing cpx? or 
Cr?) in serpentinised ultramafic rocks. Minor Ni-sulphides 
are disseminated throughout sample and tend to be 
higher concentrate in association with Fe oxide rather 
than in serpentinite. 
 

  
Figure 5. SEM backscattered images showing a) Individual grain of 
pentlandite in serpentine and b) disseminated pentlandite in Fe 
oxide. 

 
The massive sulphides consist of intergrown pyrite, 

pyrrhotite, chalcopyrite, pentlandite, Co-pentlandite, 
cobaltite with inclusion of gold. Palladium is the only PGE 
found in the sample even in low concentrations. The 
sulphides fracture fill and breccias matrices fill in 
serpentine and chlorite of ultramafic origin which has 
remnant euhedral chromite and Fe-oxide magnetite 
hematite.  

Geochemistry of massive sulphide yields reasonable 
fit to mineralogy discussed above. Major elements 
composition i.e. Fe, MgO, SiO2, Al2O3, CaO, Na2O and 
K2O are still reasonable for mafic-ultramafic classification 
without acidic (continental crust) influence and or 
hydrothermal alteration.  

Sulphur is at reasonably high (~18%) and corresponds 
to yields of Fe, Ni and Cu at 40%, 1.6% and 1,1% 
respectively. Co has positive correlation to Ni in sulphide 
condition. High Ni sulphide is accompanied by high Co 
thus Ni/Co ratio decrease. This relationship is expected 
in Co-pentlandite (Fig. 6). 

a) b) 

a) b) 
a) 

b) 
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Figure 6. Fieldscan image QEMSCAN of sample SDD 0009.2C 52-
52.65 m section HG/I/4. 

 
7 Discussion 
 
The mineralogy is a set of minerals comprising of 
chalcophile elements which bounding chemically to 
construct sulphides, arsenides minerals within a 
magmatic sulphide deposit environment (Schulz et al. 
2010). At present there is no economic magmatic 
sulphide deposit generated in pure MORB and ophiolite 
complex environment.  

Further study is carried out particularly to follow up 
remnant metamorphism in talc carbonate assemblages in 
attempt to discover potential partial melting “plume” 
magmatism which responsible to magmatic sulphide 
occurrence in SILO. 

Gabbro intrusion and other potentials within SILO i.e. 
stratiform chromite, hydrothermal As-Sb, detrital iron and 
lateritic Fe-Ni deposits are not covered in this paper and 
may be the subject of future research. 
 
8 Conclusion 
 
The Fe-Ni-Cu±Co-Au massive sulphides mineralization in 
Sebuku Island is hosted by cumulus ultramafic rocks of 
an ophiolite complex. The thickness of the massive 
sulphide zone ranges 1-2.6 m and disseminated sulphide 
zone varies 1-3 m with the highest grade of 40% Fe, 1.3% 
Cu, 1.2% Ni, 0.51% Co and 1.8 ppm Au. The magmatic 
Cu-Ni-sulphide deposit type is majorly developed by 
specific tectonic setting and structure so that the massive 
sulphide occurred in specific structural trap even in 
normal MORB-origin ophiolite environment and without 
any obvious sulphur source or sulphur saturated 
environment. 

Advanced petrological–mineralogical tools and 
geochemical tools are proved to assist SILO to conduct 
problem solving map to optimize exploration program. 
The occurrence of magmatic mineralization in Sebuku 
Island may imply the potential of the similar deposit type 
in the similar geological setting in Indonesia. 
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Abstract. The trace element chemistry of magnetite, 
which is common in both magmatic oxide and sulfide 
mineralization, is distinctive in different ore deposit types. 
This means that magnetite chemistry could be used as a 
pathfinder during the exploration of mineral deposits, 
including magmatic ones, using detrital magnetite 
recovered in surficial sediments. However, this will only 
work if it is possible to first discriminate magnetite in 
mineralized from unmineralized rocks. We have 
investigated this for magmatic ore systems and their host 
intrusions from a range of tectonic settings and 
metamorphic conditions. We use a petrogenetic 
approach to better understand the processes (magmatic 
and sub-solidus) that control the trace element chemistry 
of magnetite in order to propose new discrimination 
diagrams for mineral exploration and sedimentary 
provenance. The origin of igneous magnetite can now be 
identified as coming from: 1) An intrusion of mafic-
intermediate composition that could be prospective for 
magmatic oxide deposits, including an indicator of fertility 
for Ni-sulfide mineralization at depth; 2) Oxide-rich V 
mineralization itself, rather than disseminated oxides 
(uneconomic) in the host rock. 

 
1 Introduction  
The trace element chemistry of magnetite is currently 
under development as a pathfinder mineral for the 
exploration of mineral deposits using detrital grains in 
glacial till and sediments. This is because magnetite is: 1) 
A resistant mineral that is readily recovered from surficial 
sediments; 2) Common in a wide variety of ore deposits; 
3) Has distinctive chemical signatures from different ore-
forming environments (Dupuis and Beaudoin 2011; 
Nadoll et al. 2014; Dare et al. 2014). For example, using 
discrimination diagram of Dupuis and Beaudoin (2011) it 
is possible to distinguish magnetite in 1) massive Ni-
sulfide ore (high Ni+Cr) and 2) massive Fe-Ti-V ore (high 
Ti+V) from all other hydrothermal deposit types. 
Furthermore, once the signature of magnetite from 
massive sulfide is identified, it is possible to determine, 
using the Cr-Ti-V content of magnetite, whether the 
massive sulfide is Fe-Ni-rich or Cu-Pt-Pd-rich (Dare et al. 
2012; Boutroy et al. 2014).  

 
However, magnetite is also a common accessory mineral 
in unmineralized rocks (igneous, metamorphic, 
hydrothermal and sedimentary) but there is currently no 
systematic way to discriminate magnetite in barren 
bedrock from magnetite associated with mineralization. 
Whereas hydrothermal magnetite is poorer in Ti (< 2 
wt.%) than magnetite from mafic-intermediate igneous 
rocks, magnetite in felsic rocks is also low in Ti (Fig. 1). 
However, the Ni/Cr ratio readily distinguishes 
hydrothermal magnetite from that of igneous origin (Fig. 
1). Therefore, in Duparc et al. (2016), we proposed that 
the Ti vs. Ni/Cr diagram should be used first to filter out 
detrital igneous magnetite, in particular low-Ti magnetite 
from felsic rocks, before using discrimination diagrams of 
Dupuis and Beaudoin (2011) and Nadoll et al. (2014). 
Otherwise low-Ti magnetite from felsic rocks would be 
misidentified as coming from a variety of hydrothermal  

Figure 1: The Ti vs. Ni/Cr diagram to discriminate hydrothermal 
from magmatic magnetite. In igneous magnetite, Ni and Cr both 
decrease during differentiation of silicate magmas (lower Ni/Cr 
ratios). In hydrothermal systems, Cr is immobile compared to Ni 
(higher Ni/Cr ratios in magnetite). Modified from Dare et al. (2014). 
Additional data: Duparc et al. (2016); Nadoll et al. (2014). 

 
In magmatic ore systems, Ni-Cu-(PGE) sulfide 

mineralization typically forms from magmas of ultramafic-
mafic composition whereas Fe-Ti-V-P oxide 
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mineralization typically crystallizes from more evolved 
magma compositions (mafic-intermediate). Few have 
tried to distinguish magmatic ore from its host igneous 
intrusion (Ward et al. 2018). Given that the chemistry of 
magnetite is highly dependent on the conditions of 
formation (composition of magma/fluid, competition with 
co-existing minerals and physic-chemico parameters, 
such as temperature, redox, and partition coefficients; 
Dare et al. 2014; Nadoll et al. 2014) it could be 
challenging to discriminate magnetite in magmatic ore 
from its host rocks because magmatic conditions during 
their formation are similar, especially for oxide systems. 
Therefore, the aim of this study is to better distinguish 
magnetite in magmatic ore deposits from their host 
intrusions so that magnetite discrimination could be more 
realistically applied in mineral exploration of magmatic 
ore systems using detrital magnetite. We use a 
petrogenetic approach, rather than a statistical one, to 
better understand the processes that control trace 
element distribution in magnetite during both magmatic 
and post-magmatic processes in order to develop a 
robust series of discrimination diagrams.  
 
2 Magmatic oxide systems 
 
Magmatic Fe-oxide deposits are important sources of Ti 
(ilmenite), V (magnetite) and P (apatite). They typically 
crystallise from an evolved silicate melt (~ferrodiorite in 
composition) but the exact timing of magnetite 
crystallization can vary with fO2 conditions and initial 
composition of the magma (Namur et al. 2010).  

Figure 2: Multielement variation diagram to show how a full suite of 
25 trace elements in magnetite (Mt) varies A) with fractionation of 
silicate magmas (Dare et al. 2014) and B) with extensive exsolution 
of ilmenite and Al-spinel in granulite-facies oxide deposits. In B) LA-

ICP-MS analysis of magnetite is compared to whole rock (WR) 
analysis of massive magnetitite. The two methods agree for 
Buttercup (squares) V deposit (which has minimal exsolutions) but 
are highly different for Lac Margane (triangles) V deposit (which has 
extensive ilmenite and Al-spinel coarse-grained exsolutions). 

 
Dare et al. (2014) demonstrated that the trace element 

composition of magnetite from massive oxide layers 
varies with fractional crystallization (Fig. 2A). Magnetite 
from V deposits (i.e. lowermost layers) have a more 
primitive signature (enriched in compatible elements: Cr, 
Ni, V, Co, Mg) than magnetite from P deposits (i.e. 
uppermost layers), which are more evolved (depleted in 
compatible but enriched in incompatible elements: Ti, Mn, 
Sn, Mo and high field strength elements (HFSE – Nb, Ta, 
Sc, Zr and Hf). Granite represents extreme degrees of 
fractionation and its magnetite is extremely poor in Ti and 
HFSE due to crystallization of accessory phases (e.g., 
titanite and zircon).  

 
2.1 Samples and methods  
 
This research combines detailed studies on Fe-Ti oxide 
chemistry and petrography from several Fe-Ti-V±P oxide 
deposits (and their host intrusions), chosen to represent 
different degrees of metamorphism and tectonic settings. 
1) The Upper Zone of the 2.06 Ga Bushveld Complex 
(unmetamorphosed), the world’s largest layered intrusion 
and part of a plume-related large igneous province in 
South Africa. 2)  The 2.7 Ga Rivière Bell Complex 
(greenschist facies), a small-layered intrusion hosting V 
mineralization in the Abitibi greenstone belt, Canada. 3) 
The 1.1 Ga Lac-St-Jean Anorthosite Massif (granulite 
facies), Canada, hosting numerous small, sub-economic 
V and P deposits. A suite of 25 trace elements was 
determined in magnetite and co-existing ilmenite ± Al-
spinel using laser ablation ICP-MS at the University of 
Ottawa following the method outlined in Dare et al. 
(2014). Major and minor elements were also determined 
using the electron microprobe at the University of Ottawa.  

 
2.2 Magnetite chemistry as indicator of magmatic 

and post-magmatic processes 
 
Magmatic magnetite in these intrusions are commonly Ti-
rich (2 - 20 wt.% TiO2, i.e. titanomagnetite) but during 
cooling its original composition is readily modified by 
post-magmatic processes, such as sub-solidus re-
equilibration with silicates and oxy-exsolution of ilmenite 
± exsolution of Al-spinel. In layered intrusions, the 
amount, size and texture of exsolutions depends on the 
Ti and Al content of magnetite, oxygen fugacity (fO2) and 
cooling rate (e.g., Buddington and Lindsley 1964, Pang 
et al. 2008). We have investigated the effect of sub-
solidus modification of magnetite on its chemical 
composition over a range of metamorphic conditions. The 
LA-ICP-MS results indicate that during oxy-exsolution Ti, 
HFSE, Mg, Mn, W, and Sn are preferentially enriched in 
ilmenite, Al, Mg, Zn, Ga (Co, Ni Ge less so) are 
preferentially enriched in Al-spinel whereas only Cr, V, 
Mo are enriched in magnetite. 

 

Laser  WR
Msv  Ox  (Buttercu  

   
   

B)
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Our new data from the unmetamorphosed Bushveld 
Complex reveals that magnetite in disseminated samples 
(< 30% oxide) have consistently much lower contents of 
Mg and Co than oxide-rich samples, at the same 
stratigraphic level. This is quantified by the Mg/V ratio 
(Fig. 3). In contrast, other divalent cations, namely Ni and 
Zn, are less affected by re-equilibration with silicates. 
Magnetite in disseminated samples also have lower Ti 
and HFSE concentrations due to more extensive oxy-
exsolution of ilmenite than in oxide-rich samples. 
Modification of magnetite by reaction with trapped liquid, 
which occurs only in oxide-poor samples (< 10%), is also 
recorded by an increase in incompatible elements (e.g., 
Zn) in magnetite. 

Figure 3: Mg/V vs. V diagram to discriminate magnetite in igneous 
rocks containing massive (msv.) to semi-massive oxides (> 40% 
oxides), associated with V mineralization, from disseminated (diss.) 
oxides in the host intrusion due to loss of Mg during re-equilibration 
with silicates (indicated by arrow).   

 
Chemical modification of magnetite by the sub-solidus 

processes described above is enhanced during 
metamorphism. Magnetite in metamorphosed intrusions, 
such as those in greenstone belts (greenschist– 
amphibolite facies) show more extensive (oxy-) 
exsolution of ilmenite and Al-spinel that is typically fine-
grained enough to be re-incorporated into magnetite 
during analysis by LA-ICP-MS. However, the depletion of 
Mg in magnetite during re-equilibration with silicates is 
extensive and is not just limited to disseminated oxides 
but also affects semi-massive oxides. The oxide deposits 
of the Lac St-Jean anorthosite massif, have remained hot 
a very long time at granulite facies.  Many of these 
deposits show extensive (oxy-) exsolution and 
coarsening of both ilmenite and Al-spinel (< 1 cm in size) 
from the original titanomagnetite. In this case the 
composition of magnetite dramatically changes (Fig. 2B): 
magnetite is not only significantly poorer in Ti, Mn and 
HFSE, due to oxy-exsolution of ilmenite, but also in Al, 
Mg, Zn due to exsolution of Al-spinel. The amount of 
exsolution is highest in disseminated samples. The 
resulting ‘clean’ magnetite is extremely Ti poor (several 
1000s ppm Ti: Fig. 4A), devoid of fine-grained 

exsolutions, but subsequently enriched in elements that 
prefer magnetite (i.e. Cr, V – Fig. 2B). Therefore, care 
must be taken in using Cr and V content of magnetite for 
tracking differentiation in highly metamorphosed 
intrusions that have undergone extensive exsolution and 
textural coarsening.  
 
2.3 Magnetite chemistry as a pathfinder mineral 

for V mineralization 
 
Based on a better understanding of how post-magmatic 
processes can modify the initial composition of magnetite 
during cooling and metamorphism, a sequence of new 
discrimination diagrams is proposed to better identify 
igneous magnetite that come from i) an intrusion of mafic-
intermediate composition that could be prospective for 
magmatic ore deposits and ii) oxide-rich mineralization, 
rather than disseminated host rock. 

 
Figure 4: Discrimination diagrams to identify magnetite from 
intrusions of mafic-intermediate composition (prospective for V-P 
deposits) and of ultramafic-mafic composition (prospective for Ni 
sulfide deposits). A) First, identify magnetite of igneous origin using 
Ti vs. Ni/Cr diagram. B) Second, filter out magnetite of felsic 
composition from magnetite associated with ultramafic-mafic-
intermediate intrusions using Ti/Zn vs Mg/V diagram. Additional data 
sources: Dare et al. (2014, 2015) and Duran (2015). 
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First, magnetite is identified as igneous in origin using 

the Ti vs Ni/Cr diagram (Fig. 4A). For cases of extreme 
modification of magnetite in granulite terrains, such as 
Anorthosite-hosted deposits, the resulting low-Ti 
magnetite still plots in the igneous field (i.e. low Ni/Cr 
ratio) as Cr is enriched relative to Ni. However, many 
anorthosite-hosted magnetite now plot in the felsic field 
(< 2 wt.% Ti) instead of the mafic-intermediate field (> 2 
wt.% Ti). Therefore, a second diagram, Ti/Zn vs Mg/V 
(Fig. 4B), is proposed to discriminate (and filter out) low-
Ti magnetite in felsic rock from low-Ti magnetite from 
mafic/intermediate intrusions, to negate the effect of  
post-cumulus modification. Magnetite from felsic rocks 
have high Zn contents, because the melt is highly evolved 
(Fig. 2A), and therefore have low Ti/Zn ratios. In contrast, 
low-Ti magnetite resulting from extensive exsolution of 
titanomagnetite in Anorthosite-hosted deposits have high 
Ti/Zn ratios, similar to less modified magnetite from 
mafic-intermediate intrusions. This is because both Ti 
and Zn are depleted together from magnetite during 
extensive exsolution of Al-spinel and ilmenite (Fig. 2B). 
The Mg/V ratio is used to help distinguish magnetite in 
oxide-rich mineralization (higher Mg/V ratios) from that in 
disseminated host rocks (lower Mg/V ratios), due to Mg 
diffusion during sub-solidus re-equilibration with silicates. 
Once a mineralized sample is identified, then its Ni-Cr 
content (Fig. 2A) can be used to identify if it is from a more 
primitive melt (i.e. early forming magnetite, typical of V 
mineralization, if redox conditions are suitable) or from an 
evolved melt (i.e. later forming magnetite, co-crystallizing 
with apatite and perhaps a P deposit). Ultimately, its V 
content is used to evaluate the V potential of the 
mineralization (Fig. 3).  
 
3 Magmatic sulfide systems 
 
Identifying the fertility of mafic-ultramafic intrusions to 
host Ni-Cu-PGE deposits can be a useful vectoring tool 
during exploration. Numerous tools exist to identify 
chalcophile depletion in host intrusions, that result during 
sulfide saturation and accumulation at depth, using whole 
rock ratios, such as Ni/Ni*, Cu/Zr and Cu/Pd (e.g., Darling 
et al. 2010). Dare et al. (2015) demonstrated the potential 
of magnetite and ilmenite to also record significant sulfide 
formation, via Ni and Cu depletion, in the igneous 
complexes that host world-class Ni deposits, such as 
Sudbury and Voisey’s Bay mining camps in Canada.  

In the host intrusions of the Ni sulfide deposits studied, 
magnetite commonly co-crystallizes with ilmenite and is 
typically intercumulus at the stratigraphic level of sulfide 
mineralization but becomes cumulus (weakly 
disseminated only) higher up the sequence. Magnetite 
data from the disseminated host rocks of Ni deposits are 
plotted on Figures 3 – 4 to test the new discrimination 
diagrams. Some of the magnetite is low in Ti (<< 2 wt.% 
Ti) and plot in the felsic field on the Ti vs. Ni/Cr diagram 
(Fig. 4A). However, the new Ti/Zn vs. Mg/V diagram (Fig. 
4B) is able to correctly identify them as: 1) Coming from 
mafic-intermediate intrusions rather than felsic intrusions; 
2) Having low oxide content (disseminated host rock), 
although there is some overlap with the field of massive 

oxide. However, they correctly plot in the disseminated 
oxide field in the Mg/V vs. V diagram (Fig. 3). This 
highlights the fact that a combination of diagrams must 
be used together to optimize correct identification of 
magnetite from mineralization and barren host rock.  
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