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Abstract

Oxygen fugacity (fO,) conditions were established for Trés Ranchos IV (TR-IV, diamond-bearing) and Limeira I (LM-I, barren) kimberlite
intrusions, in Alto Paranafba Alkaline Province, to constrain a possible correlation between f O, and diamond instability. Temperature and
pressure estimates obtained from the xenocryst assemblage composition are compatible up to garnet lherzolite levels. It suggests that both
intrusions could cross the diamond-stability field. The fO, of the TR-IV constrained by perovskite oxygen barometry presents an average
value of -2.4 for ANNO, with standard deviation of 1.30 (n = 120), whereas those calculations for LM-I have an average value of -1.31 for
ANNO, with standard deviation of 1.38 (n = 81). Considering these uncertainties, there is an important superposition of fO, values for both
intrusions, in which there is higher tendency of more reduced conditions for TR-IV. For the LM-1, an oxybarometer based on the composition
of monticellite yielded a similar ANNO range: -4.2 and +2.5. Some crystals and samples present trends towards more reduced conditions,
while others display more oxidized conditions for each intrusion. Due to the superposition of ranges and absence of a preferential trend, the

influence of f O, for the possible instability of diamonds in the study area remains uncertain.
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INTRODUCTION

Kimberlites are of remarkable scientific and economic rel-
evance for providing a better understanding about the genesis
and evolution of primitive magmas and for carrying diamonds,
as they are emplaced into the upper crust (Mitchell 1995).
Those rocks record the highest known oxygen fugacity val-
ues of terrestrial magmas, which is a phenomenon related to
the presence of deep oxidized sources and to the interaction
of ferrous iron and carbon-fluid equilibrium during ascent
(Canil and Bellis 2007). The fO, of kimberlites mainly reflects
the conditions of their source regions (Carmichael 1991).
Thus, this type of magma provides environmental informa-
tion from depths greater than 200 km, as evidenced by the
xenocrysts they bear. Moreover, in some cases, the oxygen fugac-
ity of kimberlite magmas can partially control the quality and

presence of diamonds in these rocks (Canil and Fedortchouk
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2001, Fedortchouk et al. 2005). Detailed petrographic studies
revealed that perovskite may be crystallized during along-time
span in the evolution of kimberlite magmas (i.e. soon after the
macrocrystal phases to late-stage magmatic degassing), over
a large range of P-T conditions (Sarkar et al. 2013). Due to
such protracted crystallization history of perovskite, this oxy-
barometer can potentially indicate, in great details, the fO,
recorded during the formation and emplacement of the kim-
berlite in different magma batches and/or eruption phases
(Chakhmouradian and Mitchell 2000).

Itisalso known that other intensive variables (e.g. P-T) may
have an important role in the presence of diamonds in kimber-
lites. As highlighted by Ogilvie-Harris et al. (2009), during the
ascent of kimberlite magmas, processes such as decompression
(Carmichael and Ghiorso 1986), cooling, degassing, assim-
ilation of crustal and mantle minerals (Sparks 2013), crys-
tallization (Carmichael and Nicholls 1967), and interaction
with crustal fluids (Ogilvie-Harris et al. 2009) may cause sig-
nificant variations in pressure, temperature, volatile content,
and oxygen fugacity (Ballhaus and Frost 1994). Such varia-
tions in the intensive parameters may cause, in turn, changes
in mineral assemblages, mineral and melt compositions and
physical properties of magmas (Ogilvie-Harris et al. 2009).

The ultrabasic and mainly potassic rocks generated by the
Cretaceous alkaline magmatism, which took place in the cen-
tral and southeastern portions of the Brazilian platform, are
important for understanding the composition and evolution
of the lithospheric and sub-lithospheric mantle in the region,

based on the study of xenoliths and xenocrysts samples from
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these magmas (e.g., Meyer and Svisero 1980, Gonzaga and
Tompkins 1991, Leonardos and Meyer 1991, Bizzi et al. 1994,
Meyer et al. 1994, Carlson et al. 1996, Brod et al. 2000, Aratjo
et al. 2001, Junqueira-Brod et al. 2002, 2004). Despite numer-
ous studies, the petrological constraints from some classical
occurrences remain poorly understood, especially in Alto
Paranaiba Alkaline Province (APAP), where mantle xenoliths
and xenocrysts are abundant.

Among the hundreds of known kimberlite intrusions in
Alto Paranaiba region, only 18 have been estimated to be dia-
mond-bearing occurrences (Cabral Neto et al. 2017). Some of
the reasons that could explain the presence of diamonds only in
afewbodies are: depths at which magmas are formed; variations
in oxygen fugacity conditions that would lead to greater unsta-
bilization of the diamonds carried by these magmas; and local
mantle heterogeneities, which would allow sampling of certain
minerals (such as diamond) possibly absent in other portions.

The main question of this study regards the influence that
oxygen fugacity might have had on the instability of carried

(or possibly carried) diamond xenocrysts when barren- and

diamond-bearing kimberlite intrusions from APAP were com-
pared with each other. As detailed study targets, we selected
the Trés Ranchos IV (TR-IV) intrusion, which is known to be
a microdiamond-bearing intrusion, and the barren Limeira I
(LM-I) intrusion. In addition, we discuss some possible implica-
tions associated with the diamond potential of these intrusions.
This is a pioneering study of APAP rocks and the first approach
to quantify the oxygen fugacity from cognate phases and to dis-

cuss the implications of the variation of this intensive parameter.

GEOLOGICAL SETTING

More than 100 alkaline bodies of Permian-Triassic to
Paleogene age are known in the central and southeastern Brazilian
Platform, especially those close to the limits of Parand Basin
(Riccomini et al. 2005). Almeida (1983) introduced the concept
of alkaline province for alkaline bodies clusters of similar petro-
graphic, age and tectonics and, later, 15 provinces were defined
in the central-southeastern Brazilian Platform (Riccomini et al.
2005). Among them, the APAP (Fig. 1) is one of the largest

Figure 1. Sketch map of Alto Paranaiba Alkaline Province (APAP) and Mata da Corda Formation, following Meyer et al. (1994). The inset
presents the APAP relationships with the main Brazilian structural domains (Gibson et al. 1995b).
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potassic-ultrapotassic provinces in the world (> 15,000 km?;
Gibson et al. 1995a, 1995b, Brod et al. 2000, Aratjo et al. 2001,
Comin-Chiaramonti and Gomes 2005 ), consisting of a diversity
of ultrabasic and ultrapotassic rock types (i.e., kimberlites, lam-
proites and large volumes of kamafugite lava flows) and several
plutonic alkaline complexes with associated carbonatites (Brod
et al. 2000). Most of the rocks show an economic potential for
precious minerals and industrial applications, such as diamonds
in kimberlite occurrences or P, Nb, Ti, REE (rare earth elements)
that occur as residual and supergene enrichments over carbon-
atite complexes (Biondi 2005).

In the APAP, Coromandel-Trés Ranchos kimberlitic field
(Cabral Neto et al. 2017) covers an area of approximately
11,600 km?within APAP and includes more than 500 kimberlitic
intrusions. They usually show structures of pipes up to 300 ha
large (e.g, Japecanga-6 kimberlite), as well as hypabyssal, dia-
treme and craters facies in several occurrences. Bodies show-
ing hypabyssal facies features include TR-IV and LM-I kim-
berlites (Svisero et al. 1980, Svisero et al. 1984, Meyer et al.
1994, Costa et al. 1997) that are described as: TR-IV occurs
as blocks in an area of approximately 0.5 ha and, according
to Costa et al. (1997), this kimberlite intrudes granitic rocks,
quartzites, schists, and amphibolites of Araxd Group, which
occur as xenoliths; LM-1, also named Perdizes 04a (Cabral
Neto et al. 2017), occurs as blocks and boulders in an area of
~3.5 ha, intruding the basement and has not been reported

to bear diamonds.

INTENSIVE PARAMETERS
ON ALTO PARANAIBA
KIMBERLITES: PREVIOUS WORKS

Several works have reported pressure and temperature
estimations obtained from xenoliths of APAP. Leonardos et al.
(1993) calculated intervals of 977 to 1,273°C for TR-IV kim-
berlite temperature, a pressure ranging from 55.5 to 78 Kbar,
and a geotherm that approaches a 40 W/m? heat flow model
(for a steady-state conductive lithosphere), using diopside and
Cr-diopside from a garnet Iherzolite xenolith. By applying several
geothermobarometers from TR-IV xenoliths, Costa (2008) pre-
sented a temperature range of 974 to 1,139°C, a pressure range
of 36 to 51 Kbar, and geotherms of about 38 and 63 mW/m?
For LM-I kimberlite xenoliths, Almeida (2009) introduced
temperatures ranging from 622 to 921°C that were obtained
from orthopyroxene, clinopyroxene, olivine, and spinel geo-
thermometers. A compilation of geochemical data from several
publications on the APAP allowed Cabral Neto et al. (2017)
to determine, from the clinopyroxene geothermobarometer
of Nimis and Taylor (2000), a geotherm ranging from 40 to
50 mW/m? for the lithosphere related to the LM-I kimberlite
and 35 to 40 mW/m? for TR-IV. Read et al. (2004) introduced
animportant approach to single grain thermobarometric meth-
ods for mantle-derived xenocrystic clinopyroxene derived from
kimberlite samples of APAP. Spinel-facies clinopyroxenes occur
predominantly in the temperature interval between 625 and
875°C, overlapping the lower end of the 700-1,000°C tempera-

ture range, in which garnet-facies clinopyroxenes predominate

(Read etal.2004). A geotherm close to 37 mW/m?is proposed,
which is close to the heat flow model for steady-state conduc-
tive lithosphere (Pollack and Chapman 1977).

SAMPLES AND
ANALYTICAL TECHNIQUES

Thirty-four thin sections from LM-I and TR-IV kimberlites
were analyzed in order to identify the mineral assemblages and
xenocrysts present and to estimate their modal volumes (Mitchell
1986, 1995, Le Maitre 2002). Photomicrographs were taken in the
Petrographic Microscopy Laboratory (GeoAnalitica-USP), using
a Zeiss Axio Imager A2m microscope coupled to an AxioCam
MRc digital camera. Five polished thin sections (80 {im-thick)
from TR-IV and seven from LM-I were analyzed in a FEI Quanta
600F scanning electron microscope under a 20kV accelerating
voltage in the Technological Characterization Laboratory of the
Department of Mining and Petroleum Engineering, Polytechnic
School, at Universidade de Sao Paulo (USP). A 20-25m carbon
coat was applied to every sample before analysis. High-resolution
backscattered electron (BSE) images were taken to identify any
zoning or fracturing present and to establish the textural relation-
ships in mineral phases as ilmenite, spinel, olivine, perovskite,
magnetite, and monticellite.

Mineral chemistry data were acquired in the Electron
Microprobe Laboratory of Geo-analytics from USP, withaJEOL
JXA-8530 Electron Probe Microanalyzer (EPMA). Natural and
synthetic standards were applied. Ten samples were covered
with a 20-25 nm carbon coat in an EDWARDS AUTO 306
evaporator prior to EPMA analyses. Five spectrometers were
used to assess these elements. Perovskite grains were analyzed
under an accelerating voltage of 25 kV and an emission cur-
rent of 100 NA for better quantification of REEs, minor and
trace element analysis. Major elements of monticellite, olivine,
pyroxene, spinel, garnet, and ilmenite were measured under
an accelerating voltage of 15 kV and an emission current of
20 MA. Matrix corrections were performed with CITZAF
(Armstrong 1995) and ZAF algorithms. The EPMA data for
the analyzed minerals are listed in Supplementary Material A.

The concentrations of trace elements and REE were ana-
lyzed at Geoanalitica-USP Chemistry Laboratory by laser
ablation inductively coupled plasma mass spectrometer
(LA-ICP-MS) in olivine, garnet, perovskite, and pyroxene. A
Thermo Scientific™ iCAP™ RQ ICP-MS coupled with a New
Wave UP213nm laser was used. Helium was applied as a car-
rier gas of the ablated sample into the Ar plasma. NIST-612
(glass), BHVO (basalt), and BIR (glass) calibration standards
were applied to all samples. Analytical procedures were per-
formed according to Andrade et al. (2014). A total of eight
polished thin sections were selected, four from each kimber-
lite intrusion. Primary data reduction and normalization were
performed with Glitter v.4.0 (Macquarie University), using
reference values from GEOREM website for calibration stan-
dards. Ca was used as internal standard for perovskite, and Si
for olivine. The concentrations of the selected elements were
analyzed previously by EPMA. The LA-ICP-MS results for

the analyzed phases, as well as the standard mass spectrometer
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and laser setup of a typical session, are given in Supplementary
Material B.

Studies on Brazilian kimberlites are hampered by the scar-
city of fresh outcrops due to intense tropical weathering. In the
investigated bodies, un-weathered rocks are only found as rare
boulders and blocks close to the drainage network. We have
collected fresh samples from each kimberlite intrusion (TR-TV
and LM-I — see detailed petrographic description below), and
these materials were carefully hand-picked in order to avoid any
weathered portions. The samples were then crushed for whole
rock geochemical analyses, firstly in a steel jaw crusher, then
in a disk mill of agate. Subsequently, each powdered sample
was used to prepare pressed pellets and fused beads for X-ray
fluorescence analysis, and chemically dissolved for ICP-MS
analyses (Mori et al. 1999). Whole-rock major compositions
were obtained using a PANalytical AxiosMAX Advanced
spectrometer, following the analytical protocol of Mori et al.
(1999) and Sertek et al. (2015), at the X-Ray Fluorescence
Laboratory of Geoanalitica-USP core facility.

PETROGRAPHY

Both TR-IV and LM-I are classified as Group I coherent
macrocrystic kimberlites (Cas et al. 2008, Le Maitre 2002,
Mitchell 1997), with an inequigranular texture (Figs. 2A, 2B)
formed by partially-to-fully altered olivine (mega-, macro-, and
microcrysts), phlogopite mega- and macrocrysts, and crustal
xenoliths set in a very fine groundmass composed mainly of
perovskite, olivine, phlogopite, spinel, serpentine, and carbon-
ates. Apatite, ilmenite, and monticellite are also present, but
only in LM-I. Garnet macrocrysts and centimetric pyroxene
xenocrysts phases are also present in TR-IV and LM-, respec-
tively (Figs. 2C, 2D). In both intrusions, the mantle xenoliths
are peridotites, predominantly dunite or metasomatized harz-
burgite, with phlogopite, secondary clinopyroxene, chromite,
ilmenite, and others. Estimated modal abundances of all the
constituent phases are provided in Supplementary Material C.

In TR-IV and LM-I kimberlites, perovskite grains are,
in general, similar to the perovskites of group I kimberlites
(Chakhmouradian and Mitchell 2000). In both kimberlites,
perovskite appears as a major groundmass phase that composes
about 5 to 10 vol. % of the rock. The grains are euhedral to sub-
hedral, ranging up to 0.2 mm in size. In LM-I, some perovskite
grains show very distinct zoning, occurring as reaction rims in
ilmenite. Some small grains are homogeneous, even though many
of them show step zoning, with brighter cores and darker rims.

The perovskite crystals were identified in various paragen-
esis: discrete grains in the groundmass; grains along bound-
aries of olivine macrocrysts, and macrocrysts forming a “gar-
land” or “necklace” texture (Mitchell 1986; Fig. 2E); complex
intergrows with groundmass spinel or titanomagnetite; a reac-
tion rim around Ti-bearing phases like ilmenite macrocrysts
(Fig. 2F). All four paragenesis were observed in LM-L Type (4)
is rare in TR-IV. Euhedral inclusions of serpentinized olivine
and phlogopite are common in both intrusions. Perovskite is
sometimes observed as tiny crystal inclusions within larger

poikilitic phlogopite crystals. Those features indicate that

perovskite has a protracted crystallization history, allowing
the determination of the fO, range during the main magmatic

evolution of these intrusions.

MINERAL CHEMISTRY

Analyses of major- and minor-element mineral composi-
tions by EPMA are listed in Supplementary Material A for the
EPMA data, and analyses of trace-element mineral composition

by LA ICP-MS are presented in Supplementary Material B.

Olivine and monticellite

Olivine compositions for TR-IV (o, ) and LM-I (Fo,, )
fall within the compositional range of APAP (Fo,, ., Aratjo
et al. 2001; Fig. 3A) and worldwide (FOSHS; Mitchell 1986)
reported kimberlites. In general, the olivine cores of LM-I
present higher NiO and CaO content than those from the
TR-IV (Fig. 4).

The NiO, CaO, and Mg# are typically used in the distinc-
tion between the mantle and igneous olivine (Bussweiler et al.
2015, Foley et al. 2013). The “mantle trend” represents typical

mantle olivine compositions and it is mainly associated with

87-92.

core analyses, with restricted compositions at relatively high
NiO and low CaO concentrations (Bussweiler et al. 2018,
Foley et al. 2013). According to Bussweiler et al. (2015), the
“melt trend” has been observed in all rim analyses, with the
characterization of a decrease in NiO and an increase in CaO
concentrations at an almost constant Mg# [Mg/(Mg + Fe),
in molecular proportions). However, as the TR-IV and LM-I
olivines show extensive serpentinization along crystals rims,
the “melt trend” is identified only in a few samples (Fig. 4).

The trace-element contents of olivine are similar to both
kimberlites, with Li, Zn and Mn concentrations higher at the
olivine rims. The melt trend is enriched in Zr, Ga, Nb, Sc, V,
P, Al, Ti, Cr, Ca, and Mn, whereas Zn, Co, Ni and possibly Na
are enriched in the mantle trend. The rim and core analysis
of both TR-IV and LM-I analyzed olivines results are closely
compatible with the described patterns.

Monticellite was only found preserved in the groundmass
of LM-I kimberlite. Its Mg# ranges from 72 to 94, indicating a
significant compositional variation that is in agreement with
literature on APAP kimberlites (74-92; Melluso et al. 2008,
Araujo et al. 2001, Meyer et al. 1994, Guarino et al. 2013;
Fig. 3A). Ca/(Ca + Mg) ratios range between 0.35 and 0.58.

Perovskite

The major and trace element analyses of perovskite sam-
ples from TR-IV and LM-I normally indicate a major pres-
ence of the ideal CaTiO, endmember (69-93 mol.% for
TR-1V, 86-95 mol.% for LM-I), with contributions of loparite
(4-23 mol.% for TR-IV, 2—7 mol.% for LM-I) and REEFeO s
(1-4 mol.% for TR-IV, 2-4 mol.% for LM-I) components
(Fig. 3B; calculated following Locock and Mitchell 2018).
In general, cores are enriched in REE components, and rims
are enriched in the CaTiO, component.

The highest concentrations of LREE, Nb, and Fe** (up to

8.8, 4.4 and 5.3 mass% of the respective oxides) are observed
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in perovskites from TR-IV samples, which also present higher
Sr and Na values (up to 0.86 and 2.8 mass% of the respective
oxides) than those from the LM-L. The perovskite trace element
compositions of TR-IV and LM-I, which are representative of
a single LA-ICP-MS analysis for each crystal due to the large
spot-size (providing an average composition of zones of each
crystal), are characterized by high concentrations of St, Nb, Zr,
and REE and show a strong positive correlation between Nb
and Ta, Y and Ho, Zr and Nb, Mn and Fe (Fig. S).

lImenite

The macrocrystic ilmenites of LM-I fall into the kimber-
litic field, which agrees with literature data from other APIP
kimberlites (Guarino et al. 2013); however, it is characterized
by higher MgO at a given TiO,. There is also a large variation
in Cr,O,. Based on these variations, Golubkova et al. (2013)
divided Mg-ilmenites from kimberlites into three different
groups and showed three different zoning patterns (trends)

that define a characteristic parabolic curve (Fig. 6). The first

A B
C D
E F

Figure 2. Petrographic aspects of TR-IV and LM-I kimberlites. General view of inequigranular macrocrystic texture of (A) TR-IV and (B)
LM-I kimberlites. (C) TR-IV garnet xenocryst with a keliphitic rim (plane-polarized transmitted light). (D) LM-I pyroxene xenocryst with
serpentine rim (BSE image). BSE images showing petrographic aspects of perovskites: (E) zoned perovskite crystals as “garland” or “necklace”
textures in olivine (LM-I); (F) perovskite as a reaction rim around an ilmenite crystal (LM-I).
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two trends are observed in LM-I ilmenites. Trend 1 is charac-
terized by reversed zoning patterns with an increase in MgO
towards the rims. An increase in the MnO content is also
observed towards the rims around 0.7 mass%. Trend 2 is char-
acterized by an increase in MgO and a decrease in Cr,O, con-
tent towards the rims in some Mg-ilmenite grains. In terms of
MgO and Cr,O, concentration, this trend corresponds to the
left side of the parabolic curve in the binary diagram. The third
type of zoning patterns (Trend 3) presents a significant drop
inMgO and Cr,0, and an increase in MnO content, which is
not observable in LM-I Mg-ilmenites compositions.

Clinopyroxene

Clinopyroxene xenocrysts from LM-I (mantled by a reac-
tion zone with serpentine and monticellite) and microcrysts in
the groundmass of TR-IV (associated with reaction zones
of crustal xenoliths) plot in the diopside-hedenbergite
field in the Es-Wo-Fs diagram (Fig. 3C). Clinopyroxenes
from all the samples vary in CaO, Na,O, and Cr,O, con-

tent. Xenocrystic clinopyroxene from LM-I presents higher

MgO and FeO concentration than microcystic clinopy-
roxenes from TR-IV.

Garnet

All the garnet samples are identified as pyrope (62 to
73 mol.%) with Cr,O, contents between 0.67 and 7.20 mass%,
and CaO contents between 3.99 and 5.67 mass%. TiO, is
generally low, and Mg# values are variable (72 to 79 mol.%).
According to the garnet classification scheme of Griitter et al.
(2004), the TR-IV studied samples can be identified as lher-
zolitic (G9) and pyroxenitic (G4, GS), as seen in Fig. 3D.

BULK ROCK COMPOSITIONS

Major element concentrations of TR-IV and LM-I
kimberlites are reported in Supplementary Material D.
Both LM-I and TR-IV kimberlites are ultrabasic, silica-un-
dersaturated, Al-poor (A1203 < S wt.%), with high LOI
(largely due to the abundant presence of volatile-bearing

phases, such as carbonates, serpentine and phlogopite)

Figure 3. Mineral compositions of LM-I and TR-IV kimberlites. (A) Olivine diagram. (B) Perovskite composition plotted in the tausonite-
perovskite-loparite ternary system (Locock and Mitchell 2018). (C) Classification diagram of clinopyroxenes. (D) Pyrope analyses plotted
in the G-number nomenclature classification scheme (after Griitter ef al. 2004). Symbols - light blue: LM-I brown: TR-IV; diamond: crystal
rim; circle: crystal core. Grey fields are APAP literature data compiled from Meyer et al. (1994), Aratjo et al. (2001), Melluso et al. (2008),

Guarino et al. (2013), Felgate (2014).
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and high Mg# [MgO/(MgO + FeQ,.), in mol. proportion].
Overall, those rocks are CaO-rich, Al,O,-and Na,O-poor,
as well as potassic in character (K,0 = 0.9-1.6 mass%
and 0.7-1.2 mass% for LM-I and TR-IV respectively).
All major element contents are within the intervals known
from the literature data based on the APAP kimberlites
(SiO2 = 25.3-34.2 mass%; MgO = 20.2-32.7 mass%;
Mg# 60-86; CaO = 6.5-15.4 mass%; Al, O, = 4-3-3 mass%;
Na,O = 0.02-1.4 mass%; K O = 0.54-3 mass%; Bizzi et al.
1994, Meyer et al. 1994, Gibson et al. 1995a, Carlson et al.
1996, Melluso et al. 2008, Felgate 2014). The Fe,O, range for
LM-1(10.93-11.06 wt.%) is a little higher than that found for
the TR-IV (9.21-9.44 wt.%). For whole-rock trace element
and isotopic compositions of LM-I and TR-IV kimberlites,
the reader is referred to Carlson et al. (1996), Gibson et al.
(1995a,b) and Melluso et al. (2008).

QUANTIFICATION OF
INTENSIVE PARAMETERS

P-T conditions

Due to the presence of distinct paragenesis in LM-I and
TR-IV kimberlites, different geothermobarometers were tested:
enstatite-in-clinopyroxene, Al-in-olivine, chromium-in-py-
rope, and Ni-in-garnet.

For the LM-, the geothermometer of Nimis and Taylor
(2000), based on enstatite-in-cpx, was applied to its diopside
xenocrysts, following the compositional recommendations
of Nimis and Griitter (2010) for a safer selection of clinopy-
roxenes. The calculated temperature ranges from 718 to 986°C,
using a constant pressure of 40 Kbar, which is an average pres-
sure value reported in literature for several APAP kimberlites.

The uncertainties related to that geothermometer are considered

Figure 4. Variation diagrams for mega- macro- and microcrystic olivine; Mantle trend (green) and melt trend (orange) fields are from
Bussweiler et al. (2015) and were determinate according to South African kimberlites compositions. Grey fields represent APAP literature
data compiled from Meyer et al. (1994), Aratjo et al. (2001) and Melluso et al. (2008).
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equivalent, or most of the widely used thermobarometers for
garnet peridotites (Nimis and Taylor 2000). The LM-I clinopy-
roxene xenocrysts analyzed in this paper are identified as gar-
net-facies clinopyroxene, which can be interpreted as mantle
xenocrysts derived from disaggregated garnet-facies lherzolite
xenoliths (Read et al. 2004, Fig. 7A). Read et al. (2004) pro-
posed a single empirical curve for all APAP garnet-facies clino-
pyroxene that falls within a 600 to 1,000°C temperature range,
which represents the lithospheric geotherm at the kimberlite
eruption (37-mW/m?). Based on the calculated temperature,
an estimation of pressure with such geotherm empirical curve
resulted in a variation from 37 to 47 Kbar for clinopyroxene
from the LM-I kimberlite. Another approach to temperature
calculations is the Bussweiler et al. (2017) Al-in-olivine ther-
mometer for mantle peridotites. This version of the Al-in-olivine
thermometer is applicable to garnet peridotites (Iherzolites and
harzburgites), but not to spinel-bearing peridotites (Bussweiler
et al. 2017). Some olivine cores from the LM-I fall within the
garnet peridotite field (high Aland high V, Fig. 7B), which was
used in the Al-in-olivine thermometer with a constant pressure
of 47 Kbar and calculated with the empirical geotherm curve
of Read et al. (2004). The application of this geothermometer
resulted in a temperature range from 985+ 13°C. The 26 error
presented in the Ni content has been considered.

For the TR-IVkimberlite, chromium-in-pyrope geobarometer
of Griitter et al. (2006) was applied for their pyrope xenocrysts

A

Figure 6. Variation of MgO wversus Cr,0, concentrations on
LM-I and TR-IV ilmenites. Dashed “parabolic” curves represent
I - “typical” Mg and Cr distribution in ilmenite megacrysts from
kimberlites after Haggerty (1983); Trends 1 and 2: curves defined
by Golubkova et al. (2013) for Mg-ilmenites from kimberlites.

Figure 5. Compositional variations of major and trace elements in perovskites from TR-IV and LM-L
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and yields pressures that range from 18 to 34 Kbar. With the
same barometer, an estimation using the available chemical data
(Cabral Neto et al. 2017) in garnets from other APAP kimber-
lites resulted in 18 to 42 Kbar. Ni-in-garnet geothermometers
(Canil 1999), which use partitioning of Ni between olivine and
garnet, were applied to a sample of TR-IV kimberlite using a
constant pressure of 34 Kbar. This partition is temperature-de-
pendent and can constitute a useful geothermometer in the
interpretation of mantle-derived garnets (Canil 1999). With
this thermometer, calculations for TR-IV yield a temperature
range from 975 £ 19 to 1,050 + 24°C. Some olivine cores from
TR-IV present the chemical characteristics of a garnet peridot-
ite (Fig. 7A). The Al-in-olivine thermometer (Bussweiler ef al.
2017) under constant pressure of 36 Kbar (estimated from gar-
net composition of the same rock sample) yielded a tempera-
ture of 1,270+ 13°C (considering analytic aluminum 2G error).

Oxygen fugacity

Several studies have used the composition of perovskite
to estimate fO, through Nb and Fe content (Fedortchouk and
Canil 2004). Bellis and Canil (2007) calibrated the compo-
sitional variation of perovskite experimentally as an oxygen

barometer, applying an empirical relation (Equation 1) to
describe the covariation of Fe and Nb cations in the mineral
with fO, related to the NNO variation (uncertainties at 20,
besides Nb and Fe as cations by three oxygens):

[ 0.50(0.021)x Nb— Fe(+0.031)+0.030(0.001) | (1)

ANNO=
0.004(£0.0002)

The variation in nickel-nickel oxide buffer (ANNO, f O,
related to that of the Nickel-bunsenite NNO buffer) was cal-
culated for the perovskites of LM-I and TR-IV, both present-
ing wide intervals that are similar to other kimberlites of the
literature (Canil and Bellis 2007; Fig. 8A). Perovskite crystals
from LM-I (Fig. 8B) indicate ANNO, ranging from -3.2 to
+2.1, with an average value of -1.3 and standard deviation of
* 1.4 (n = 81). Perovskite crystals from TR-IV (Fig. 8B) indi-
cate ANNO ranging from -5.9 to +2.5, with an average value
of -2.4 and a standard deviation of +1.3 (n = 120).

Another oxygen fugacity calculation procedure involves the
estimation of Fe composition in kimberlite liquid and monti-
cellite. Studies by Le Pioufle and Canil (2012) demonstrated
the use of an oxybarometer for kimberlite magmas, based on

Figure 7. (A) P-T conditions and compositions for LM-I clinopyroxenes. The grey field for the APAP kimberlites and clinopyroxene samples

(garnet-facies: grey squares; spinel-facies: grey crosses) are compiled from Read et al. (2004); (B) Al versus V concentration of olivine rims and

cores from TR-IV and LM-I (bars represent 20 error/uncertainties for the analyzed olivine). Grey fields represent compositional variations of
different mantle facies (based on data by Bussweiler et al. 2017); (C) FeO versus MgO discrimination diagram for the LM-I ilmenite samples.
Fields proposed by Gurney and Zweistra (1995) define the diamond preservation grade in kimberlite from the composition of its ilmenite

xenocrysts.
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Figure 8. Oxygen fugacity variation in function of ANNO (calculated based on the composition of perovskite according to Bellis and Canil
2007). (A) fO, intervals for global kimberlite bodies and other mantle-derived magmas (from Canil and Bellis 2007) and for previously
published perovskite data of Alto Paranaiba Alkaline Province (Meyer et al. 1994, Aratijo et al. 2001, Melluso et al. 2008, Felgate 2014).
(B) Histogram of fO, calculated values (in terms of ANNO) for TR-IV and LM-I intrusions. (C, D) Histogram of fO, calculated values
(in terms of ANNO) for TR-IV and LM, respectively, contrasting the values obtained from core and rim compositions.

10



Braz. J. Geol. (2020), 50(1): e20190087

the amount of Fe in monticellite (CaMgSiO,) in equilibrium
with kimberlite liquids in experiments at 100 kPa, with tem-
peratures varying from 1,230 to 1,350°C and log fO, from
NNO -4.1to NNO +5.3. The equation proposed for this oxy-
barometer (Equation 2) is:

Lig
{log{O.SSS(i0.0Zl)jg;k —1}0.139(10.022)}
ANNO= = ©)
0.193(£0.004)

Inwhich XFe,, andXFe,, correspond to the molar fraction
of Fe in the liquid and monticellite, respectively (Le Pioufle and
Canil 2012). The global analysis of the matrix of such samples
may be considered a good approximation of such liquid, since
many xenocrysts are carried by kimberlitic magmas. This oxy-
barometer was applied only to LM-I kimberlite, once monti-
cellite was not found in the TR-IV, which had been probably
replaced with serpentine. All bulk compositions were recalcu-
lated on a volatile-free basis. XFe,, was determined for three
LM-I samples from bulk composition data. An average value
was therefore applied to different samples of the same pipe.

The Fe present in the “liquid” composition was calculated
based on whole-rock compositions and without including the
amount of the main xenocrysts. The amount of olivine (with less
than 5% considered to have crystallized from the magma itself,
Brett et al. 2009) and phlogopite macrocrysts was interpreted
as the main xenocrysts in these rocks (Supplementary Material
C). Ubide et al. (2012) suggest Equation 3 to yield quantita-
tive proof that the proportions of each member (groundmass
and mega-, macrocrysts) reflect its proportions in the rock:
Cur =CM,(1—ZV)+Z(C},ngv) (3)
In which:

Civg, Cots C;@ =the concentrations of an i element in the whole
rock composition (WR), in both matrix (Mt) and mega-,
macrocrysts (Mg), respectively;

v = the modal volume of the mega-, macrocrysts of olivine

and phlogopite.

Likewise, the following equation was applied to the stud-
ied kimberlites (Equation 4):

i i i
Cwr —Coux vpy —Cux v,

Ci = (4)

1=vpy — vy

All elements were then recalculated on an anhydrous
basis (Cyy mass% / sum. x100). The calculated liquid com-
positions are also presented in Supplementary Material D.
For LM-1, XFe
XFe,, is 0.120 (Fig. 9). The same molar fractions were calcu-

. ranges from 0.020 to 0.087. The average of
lated based on APAP monticellite data reported in literature,
with XFe  and XFe,, ranging from 0.022 to 0.077 and from
0.090 to 0.184, respectively. The fO, for LM-I monticellite
calculated using Equation 3 varies from -4.2 to +2.5 ANNO,
with a ANNO average of -0.1 and standard deviation of 1.74
(n = 84). As calculated from compilation of previous APAP
data, it varies from NNO -4.50 to +2.60.

DISCUSSION

Crystallization interval for
Alto Paranaiba kimberlites

P-T data acquired from LM-I samples show that even
though the kimberlite is known to be barren, the garnet-lher-
zolite facies clinopyroxene and olivine xenocrysts analyzed in
this study indicate that the magma could have at least crossed
the diamond stability field (Fig. 7A). Mg-ilmenite, which is an
important indicator used in diamond exploration, is also pres-
entasxenocrystic phases in the LM-I samples (Fig. 7C). On the
other hand, garnet data from samples of the diamond-bearing
TR-IVkimberlite in this study indicate much lower pressure than
the ones from the diamond stability field. However, the Cr-in-
pyrope barometer is related to a minimum pressure estimate for
such xenocrysts. Therefore, it does not rule out the relationship
with the diamond field. These specific sampled xenocrysts may
have been formed at shallower horizons, so the comparison of

pressure and temperature in TR-IV and LM-I and their relation

Figure 9. XFe of monticellite and bulk kimberlite “liquid” composition, and ANNO estimates for LM-I kimberlite. (A) XFe of monticellite
expressed as molar fraction. (B) XFe of the bulk composition expressed as molar fraction. (C) ANNO calculated with Equation 3 for LM-I
and other kimberlites from APAP (calculated using mineral chemical data from Melluso et al. 2008, Meyer et al. 1994, Guarino et al. 2013).
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to diamond stability in these magmas is inconclusive. It is known
that besides P-T conditions, diamond stability is also dependent
on oxygen fugacity, and this parameter may affect the properties,
textures and preservation of diamonds in the kimberlite magma
(Bellis and Canil 2007, Nowicki et al. 2007).

During the crystallization history of kimberlite magmas,
the fO, can vary significantly from initial to late stages, as indi-
cated by the perovskite compositions in occurrences worldwide
(Bellis and Canil 2007, Canil and Bellis 2007, Sarkar et al. 2013).
Perovskite crystallization follows most macrocrystic phases, such
as olivine and Cr-spinel (Clement 1982, Mitchell 1986, 2008,
Chakhmouradian and Mitchell 2000, Sarkar et al. 2013), but it
may also coexist with Fe-Ti spinel and magnetite, which suggests
simultaneous crystallization. This cognate phase becomes very
unstable during the final magma evolution stages, when there
is excessive CO, in the system (Mitchell and Chakhmouradian
1998). This leads to the reaction of perovskite with the CO,-
rich fluid, forming a TiO, polymorph (rutile) and calcite that
could precipitate in the perovskite vicinities, giving the grains
a spongy appearance (Sarkar ef al. 2013).

In our study case, most of the TR-IV and LM-I perovskite
crystals occur as a discrete groundmass phase and appear to have
remained very fresh and not converted into rutile. Thus, a reaction
with a CO, fluid may not have taken place. Considering uncer-
tainties, there is an important superposition of fO, values between
the two intrusions, with a tendency for more reduced conditions
for TR-IV. The core-to-rim fO, variations are very low and pres-
ent trends towards more reduced conditions for some crystals,
while trends towards more oxidized conditions were also found
in similar proportions. Therefore, both oxidation and reduction
tendencies can occur during the crystallization of each intrusion.
In general, the fO, ranges calculated for the core compositions are
very similar to the ranges calculated for the rim compositions of
each intrusion (Fig. 8C, 8D). This variability in the oxygen fugac-
ity values can be caused by several processes, such as degassing,
decompression (Carmichael and Ghiorso 1986, Sparks et al.
2006), crystallization (Carmichael and Nicholls 1967), and
magma mixing (Sarkar et al. 2013). Both f O, ranges are within
the variation found for previously published perovskite values for
other kimberlites from APAP (Melluso et al. 2008, Felgate 2014,
Aratjo etal. 2001, Meyer et al. 1994) and worldwide (Bellis and
Canil 2007, Trickett 2007), as seen in Fig. 8.

The perovskite oxybarometer from Bellis and Canil (2007)
yields fO, values that range from -3.2 to +2.1 ANNO for LM-I
kimberlite, while the monticellite oxybarometer of Le Pioufle
and Canil (2012) yields f O, values that range from -4.2 to
+2.5 ANNO for the same intrusion. This comparison was not
possible for the TR-IV, considering the possible monticellites
were completely altered in the groundmass. This represents
the monticellite oxybarometer first limitation, because this
mineral may be altered and replaced with serpentine in kim-
berlite intrusions. Calibration of the perovskite oxybarometer
bears a large uncertainty of + 1 log fO, unit (Bellis and Canil
2007), but it has the potential advantage of being applicable
to distinct evolution stages of kimberlite magmas, which are
recognized by their different perovskite compositional types
in kimberlite intrusions (Canil and Bellis 2007).

12

Possible associations between
oxygen fugacity and diamond instability

It is widely recognized that many diamonds are partially
reabsorbed during the ascent of magma from the upper mantle
to the Earth’s surface, mostly by oxidation (Robinson 1979).
This isa common process. Many diamonds exhibit the rounded
dodecahedral morphology from their original octahedral shapes
(Nowicki et al. 2007), under which oxidation is considered
likely to cause many microdiamonds (> 0.5 mm) to be com-
pletely resorbed. High-temperature kimberlitic melts are very
reactive with the crust environment (Malarkey et al. 2010),
and this may possibly be the cause of diamond resorption.

Considering that co-crystallization of olivine-spinel occurs
below 1.0 GPa, the maximum oxygen fugacity values of kim-
berlitic magmas (in a silica-buffered activity and diopside-mon-
ticellite) are in the graphite stability field, i.e. very close to the
D/GCO (Diamond/Graphite and CO, ) buffer (Fedortchouk
and Canil 2004). With increasing pressure, fO, values reach the
CO, stability field. Thereby, any diamond released from depth
xenoliths will have undergone dissolution in the graphite sta-
bility field, while those in contact with the magma in the final
stages of eruption are possibly reabsorbed in the CO, stability
field (Fedortchouk and Canil 2004). Although the diamond
preservation degree is probably a result of the amount of these
crystals in the mantle by ascending kimberlitic magma, the
kimberlites f O, are estimated to be of some utility in predict-
ing the quality or properties of such diamonds (Fedortchouk
and Canil 2004). Kimberlite pipes with higher oxygen fugacity
display the largest proportions of strongly absorbed diamonds,
while pipes with lower fO, values present lower degrees of
diamond absorption (Canil and Bellis 2007). This suggests
that oxygen fugacity affects the properties and textures of the
diamonds preserved in the magma (Canil and Bellis 2007).

Studies have demonstrated that all reabsorbed natural dia-
monds undergo powerful condition-controlled dissolution,
which overwhelms the effects of internal factors on diamond
resorption (Fedortchouk et al. 2005, Fedortchouk and Canil
2009, Zhang 2016). In the lithospheric mantle, diamonds are
stable at T = 900-1,400°C, P = 4 to 7 GPa, and fO, at NNO
between -S and -1 (Stagno et al. 2013, Stachel and Luth 2015).
Kimberlites are believed to be formed at 1,450°C (Kavanagh and
Sparks 2009), and their average crystallization T is ~ 1,030°C
estimated through olivine-spinel thermometry (Fedortchouk
and Canil 2004). The fO, of TR-IV constrained by perovskite
(kimberlite cognate phase) oxygen barometry presents an
average value of -2.4 for ANNO, with standard deviation of
+1.30 (n = 120), whereas those calculations for LM-I have an
average value of -1.31 for ANNO, with standard deviation of
+1.38 (n = 81). Considering these uncertainties, there is an
important superposition of fO, values between both intru-
sions, with a possible tendency for more reduced conditions
for TR-IV (Fig. 8).

Although perovskite and monticellite data are available for
several Brazilian kimberlite intrusions (e.g, Indai4, Limeira,
Pantano, Trés Ranchos — Araujo et al. 2001, Melluso et al. 2008,
Felgate 2014), only TR-IV isreported as a diamond-bearing kim-

berlite. When compared to other diamond-bearing kimberlites
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worldwide, TR-IV shows a fairly large range of ANNO, which
is similar to that obtained for the diamond-bearing Orapa kim-
berlite, Botswana (ANNO from -5.5 to ~1, Sarkar et al. 2013).
Orapa f O, values show a tendency for more reduced conditions,
which is equal to that suggested for TR-IV. However, it is note-
worthy that the barren kimberlites from APAP (Fig. 8) display
fO, conditions mostly within the range of diamond-bearing
kimberlites from Lac de Gras area, Canada (ANNO from -4 to
+6; Canil and Bellis 2007). Due to the superposition of ranges
and absence of a preferential trend, we consider the influence
of fO, uncertain for the possible instability of diamonds on
APAP. During the crystallization history of kimberlite magmas,
it is difficult to assign only a single intrinsic parameter to the
diamond grade of preservation or even its dissolution. A com-
bination of intensive parameters during the crystallization of
kimberlite magmas may also have some effect on the preserva-
tion grade of the diamond or on its dissolution: the fO, and P-T
variations during the final stages of crystallization, the degree
and speed of undercooling, the action of fluids, and the ascent
rate (Zhang 2016). In some cases, in which diamond-bearing
kimberlite occurrences experienced high amounts of CO, degas-
sing, such as Premier pipe (South Africa), groundmass mineral
oxybarometry may have little value for the diamond prediction
(Dongre and Tappe 2019). This does not seem to be the case
for APAP occurrences. However, as highlighted by Talukdar and
Chalapathi Rao (2015), only a combined approach (detailed
petrography, geochemistry and oxybarometry) on individual
intrusions may provide reliable predictions regarding the pres-
ence of diamonds in kimberlites, considering the uncertainties.

CONCLUSIONS

Two kimberlite intrusions (diamond-bearing TR-IV and
barren LM-T) in the APAP were discriminated based on P-T-f O,
conditions, the main mineral phases chemistry and bulk rock
geochemistry. Several geothermobarometers applied for rocks
of these intrusions, as well as the compositional trends found
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for mantle xenocrysts, indicated that both intrusions crossed
the mantle garnet-facies, and potentially the conditions of the
diamond stability field. The TR-IV fO, constrained by per-
ovskite (kimberlite cognate phase) oxygen barometry presents
an average value of -2.4 for ANNO, with standard deviation of
+1.30 (n = 120), whereas those calculations for LM-I have an
average value of -1.31 for ANNO, with standard deviation of
+1.38 (n = 81). Considering these uncertainties, there is an
important superposition of fO, values between both intrusions,
with a tendency for more reduced conditions for TR-IV. For
the LM-I intrusion, an oxybarometer based on the composi-
tion of monticellite, a cognate late-stage phase in kimberlites,
yielded a value range between -4.2 and +2.5 for ANNO, which
is congruent with the range calculated from the perovskite com-
positions (ANNO: -3.2 to +2.1). Due to the superposition of
ranges and absence of a preferential fO, trend between the two
intrusions, we consider the influence of fO, uncertain for the
possible instability of diamonds. This study only represents a
first approach in this theme, trying to evaluate an additional

variable in the discussion of the APAP economic potentiality.
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