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We present new petrographic and chemical data together with calculated P-T equilibrium conditions of 
peridotite xenoliths enclosed in kimberlites from Rondônia, Northern Brazil (Cosmos-1 and Carolina-1) 
and Minas Gerais, Southeastern Brazil (Canastra-1) located in the Azimuth 125º Lineament. The 
composition of the mantle minerals is distinct in both areas, which can be related to the diversity of 
the lithospheric mantle beneath the southwestern portion of the Amazonian Craton and the Brasília 
Belt. New and compiled chemical data indicate that subcalcic G10 garnet occurs in samples from the 
Canastra-1 kimberlite and other occurrences of the Alto Paranaíba Igneous Province and can be related 
to the remnants of the Archean lithospheric mantle of the São Francisco Craton beneath the area. 
The garnets from Rondônia are mostly G5 (pyroxenitic) and G9 (lherzolitic) with a higher abundance 
of G3 (eclogitic) and G4 (pyroxenitic/eclogitic) relative to the Alto Paranaíba Igneous Province. Higher 
pressures and temperatures were calculated for the samples from Rondônia (40-60 kbar and 1030-1380 
ºC) compared to samples from Minas Gerais (25-40 kbar and 730-1000 ºC). The peridotite xenoliths 
from Rondônia show P-T equilibrium conditions in the diamond stability field and can be the source of 
at least part of the diamond from the area. The P-T stability fields of the xenoliths from both locations 
are aligned close to the 40 mW/m2 geotherm. The data indicate that the cratonic 40 mW/m2 geothermal 
gradient in Rondônia may be related to a process of thermal relaxation of the lithospheric mantle after 
the Paleoproterozoic to Mesoproterozoic tectonothermal events of the southwestern Amazonian Craton 
until the sampling of the xenoliths by the magma in the Permian-Triassic.

Composition and P-T conditions of the lithospheric mantle beneath the 
Azimuth 125º Lineament, Northern and Southeastern Brazil: constraints 
from peridotite xenoliths enclosed in diamond-bearing kimberlites

1. Introduction

The composition of the subcontinental lithospheric mantle
(SCLM) beneath igneous provinces is closely related to the 
chemical and isotopic signatures inherited by magmas and 
related mineral deposits (e.g., Marques et al. 2016; Holwell 
et al. 2019; Hutchison et al. 2021). The igneous provinces in 
Brazil include one of the largest mafic-potassic provinces in 
the world (Alto Paranaíba Igneous Province, APIP), with the 
presence of mantle xenoliths enclosed in ultramafic rocks 
brought up by rapid ascension magmas (e.g., kimberlites, 
kamafugites). The occurrence of these rocks is an opportunity 
to directly study the SCLM, with implications for the geological 
models of tectonothermal evolution of the Brazilian Platform.

The Azimuth 125º Lineament (Bardet 1977; Figure 1) is 
a key area to understand the distribution of carbonatite and 
kimberlite-like rocks in Brazil. The WNW-ESE-trending zone 
contains Permian-Triassic to Late Cretaceous alkaline and 
mafic-potassic intrusions emplaced in distinct tectonic settings, 
including rocks from the Amazonian Craton, in Rondônia and 
Mato Grosso states and rocks from the São Francisco Craton 
and the Brasília Belt, in Minas Gerais State. These rocks 
are related to mineral deposits rich in phosphate, diamond, 
niobium, titanium and rare earth elements (e.g., Carvalho and 
Bressan 1981; Cordeiro et al. 2010, 2011). Despite the area’s 
significance, publications about peridotitic, pyroxenitic and/
or eclogitic mantle xenoliths are scarce, primarily those using 
modern analytical techniques. Compositional data coupled 
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3. Geological Setting

The Azimuth 125º Lineament (Figure 1) is a zone that 
extends from the north to the southeast of Brazil that presents 
a concentration of carbonatite, kimberlite and kamafugite along 
with diamond occurrences. It was first described by Bardet 
(1977) as a zone of diamond occurrences from Minas Gerais 
to Rondônia states. However, the extension of the lineament is 
under debate, as some works do not consider that it extends 
from Mato Grosso to Rondônia states, based on the lack of 
aeromagnetic geophysical evidence in this area (Rocha 2013; 
Rocha et al. 2019), whereas other authors consider that it extends 
from Rondônia to Rio de Janeiro states (e.g., Gonzaga and 
Tompkins 1991; Zaffari et al. 2018). In fact, in Rondônia, there 
are three kimberlite fields (Pimenta Bueno, Ariquemes, Colorado 
D’Oeste) that have Permian-Carboniferous (Colorado D’Oeste, 
268 ± 9 Ma, U-Pb perovskite; Felgate 2014) and Triassic aged 
rocks (Pimenta Bueno, 243.9 ± 2.4, Rb-Sr phlogopite; Felgate 
2014), both cross-cut Paleozoic units from the Parecis Basin (e.g., 
Pimenta Bueno Graben; Quadros and Rizzotto 2007) and Paleo 
to Mesoproterozoic units of the southwestern portions of the 
Amazonian Craton (1.8-1.0 Ga; Tassinari and Macambira 1999). 
Petrological and geochronological data from these occurrences 
are scarce, especially for the Ariquemes kimberlite field, for which 
the ages of the intrusions are still unknown. Textural features of 
the lithotypes from the region are similar to those found in pipes 
from South Africa (Masun and Scott-Smith 2008).

The kimberlite pipes from the Mato Grosso state are grouped 
in the Juína, Paranatinga, Traíra and Jauru fields. The region 
has been responsible for significant diamond production since 
1970 (Kaminski et al. 2010; Costa 2013; Nannini et al. 2017). 
The region of Juína presents a greater number of kimberlite 
occurrences, also cross-cutting the crystalline basement of the 
Amazonian Craton and units from the Parecis Basin (Kaminski 
et al. 2010). The kimberlites from Juína are younger (~91-95 
Ma, U-Pb zircon; Heaman et al 1998; Kaminski et al 2010) than 
those from Paranatinga (126-120 Ma, U-Pb zircon; Heaman 
et al. 1998), and the kimberlite pipes comprise crater facies 
lithotypes, with pyroclastic and epiclastic rocks and diatreme 
facies breccias (Nannini et al. 2017).

The Minas Gerais and Goiás states present kimberlite 
pipes from the Alto Paranaíba Igneous Province (APIP; 
Gibson et al. 1995; Cabral Neto et al. 2017b), one of the 
largest mafic-potassic provinces in the world (>15000 km3 in 
volume; Gibson et al. 1995). Despite the significant number of 
kimberlites in the area, only a few occurrences were subjected 
to petrological studies (Cabral Neto et al. 2017b). The region 
presents crater, diatreme and hypabyssal kimberlite pipes, 
with ages from 90 to 80 Ma, and lamproites, carbonatites and 
kamafugite lava flows (e.g., Mata da Corda Formation; Carlson 
et al. 1996). Lava flows also occur in the Goiás Alkaline 
Province to the northwest (e.g., Santo Antônio da Barra; 80-85 
Ma Junqueira-Brod et al. 2002), together with subvolcanic and 
mafic-ultramafic alkaline complexes (e.g., Iporá; Junqueira-
Brod et al. 2002). Many kimberlite pipes from the APIP occur 
in the Brasília Belt, surrounding the Paraná Basin and next to 
the western margin of the São Francisco Craton. 

3.1. The Cosmos-1 and Carolina-1 kimberlites

The mantle xenoliths from Rondônia investigated in 
this work were sampled from the Cosmos-1 and Carolina 

with pressure and temperature calculations from garnet 
peridotite and eclogite samples from Rondônia and Mato Grosso 
states, are present in some unpublished academic thesis 
and dissertations (e.g., Costa 1996; Costa 2013; Weska and 
Svisero 2001; Nannini 2016; Cabral Neto et al. 2017a), whereas 
significant international publications are restricted to the study 
of diamonds derived from the lithospheric and sublithospheric 
mantle (e.g., Kaminsky et al. 2010; Pearson et al. 2014b; Hunt 
et al. 2009; Thomson et al. 2016; Borges et al. 2016; Rudloff-
Grund et al. 2016; Navon et al. 2017). Mantle xenoliths hosted 
by kimberlites and kamafugites are otherwise more reported in 
papers from the APIP (Meyer and Svisero 1991; Leonardos et 
al. 1993; Carlson et al. 2007; Almeida et al. 2014; Nannini 2016; 
Fernandes et al. 2021). Overall, the geophysical, isotopic and 
microstructural data on peridotite samples provide evidence for 
the presence of remnants of an Archean cratonic root beneath 
the Brasília Belt in the region of the APIP (Carlson et al. 2007; 
Pinto 2009; Fernandes et al. 2021).

In order to provide a broader view regarding the nature 
of the SCLM beneath the Azimuth 125º Lineament, we 
present new data on the composition of (mantle) peridotite 
xenoliths enclosed in diamond-bearing kimberlites from 
Rondônia and Minas Gerais states in comparison with a 
comprehensive compilation of data from previous works. The 
peridotite samples are enclosed in Cosmos-1 and Carolina-1 
kimberlites from Rondônia (Pimenta Bueno kimberlite field) 
and Canastra-1 kimberlite from APIP. We report mineral 
compositions of peridotite xenoliths from these kimberlite 
pipes, and derived P-T calculations for equilibrium mineral 
assemblages. An extended scope of this study is to compare 
the geothermal gradients between the two areas and discuss 
the implications for diamond genesis and the preservation of 
cratonic roots beneath the Azimuth 125º Lineament.

2. Analytical techniques

Mantle xenoliths enclosed in Cosmos-1 and Carolina-1 
kimberlites were identified and collected from drill cores in the 
Geological Survey of Brazil facilities. The thin sections were 
described and selected for electron microprobe analyses 
based on the existence of well preserved mantle minerals 
(olivine, pyroxene and garnet). Major elements in minerals 
were analyzed with JEOL JXA-8200 and JEOL JXA-8230 
electron microprobes at the CRTI (Federal University of 
Goiás) and São Paulo State University, respectively. Analyses 
were performed at 15 kV acceleration voltage and 20 nA 
beam current; beam diameter was normally 5 µm.  The 
analyses performed at CRTI include the following standards: 
enstatite (Si), SiO2 (Si), Al2O3 (Al), TiO2 (Ti), olivine (Mg), 
jadeite (Na), orthoclase (K), diopside (Ca), Mn (Mn), Fe3O4 
(Fe), olivine (Ni) and ZnO (Zn). The analyses performed at 
São Paulo State University include the standards: orthoclase 
(Si, K), wollastonite (Ca), anorthite (Al), albite (Na), olivine 
(Mg), ilmenite (Fe, Ti), rodonite (Mn), chromite (Cr), celestine 
(Zn) and NiO (Ni). Corrections were performed according 
to the ZAF method. The mineral structural formulas were 
calculated using Winpyrox (Yavuz 2013), Wingrt (Yavuz and 
Yildirim 2020), the spreadsheet of Locock (2008) and Minpet 
(Richard 1995). Temperature and pressure estimates were 
obtained using the spreadsheet PTEXCL (available at cms.
eas.ualberta.ca/team-diamond/downloads/) and the software 
PTQuick (Simakov and Dolivo-Dobrovolsky 2009).

http://cms.eas.ualberta.ca/team-diamond/downloads/
http://cms.eas.ualberta.ca/team-diamond/downloads/
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kimberlites, both belonging to the Pimenta Bueno kimberlite 
field (Figure 2a). The area presents 54 known intrusions, 
located within and adjacent to the Pimenta Bueno Graben 
(Cabral Neto et al. 2017a). According to Masun and Scott 
Smith (2008), the pipes are similar to the kimberlites from 
South Africa.

The Cosmos-1 is located in the Cosmos-Pepper cluster 
and is cross-cutting Paleozoic units of the Pimenta Bueno 
Graben. The intrusion presents 2.3 ha and was the subject of 
a textural study by Masun and Scott Smith (2008). The authors 
described the presence of common mantle xenoliths together 
with olivine, ilmenite, peridotitic garnet and rare eclogitic 
garnet xenocrysts in Cosmos-1. A total of 117 diamonds (2.45 
ct) were recovered from 62.2 tons of rocks from the intrusion 
(Cabral Neto et al. 2017a).

The Carolina-1 kimberlite is located in the Carolina cluster 
that comprises only two intrusions (Carolina-1 and Cometa-1) 
with diatreme and hypabyssal facies, respectively (Cabral 
Neto et al. 2017a). The intrusion presents 1.2 ha and is cross-
cutting Mesoproterozoic units of the Amazonian Craton, next 
to the edge of the Pimenta Bueno Graben (Cabral Neto et al. 
2017a; Figure 2a). The kimberlite age was determined at 232 
± 2.3 Ma based on Rb-Sr in phlogopite (Hunt et al. 2009). 

Hunt et al. (2009) described the Carolina kimberlite as an 
unconventional diamond deposit since the diamond potentially 
derives from an eclogitic source. Between 10000 to 12000 ct 
of diamonds were recovered from alluvial/colluvial deposits 
close to the intrusion (Maunula 2006).

3.2. The Canastra-1 Kimberlite

The mantle xenoliths from Minas Gerais investigated in this 
work are enclosed in the Canastra-1 kimberlite in the APIP (e.g., 
Gibson et al. 1995). There are 973 known kimberlite intrusions 
in Minas Gerais and adjacent areas that were grouped by 
Cabral Neto et al. (2017b) in 12 kimberlite fields. The Canastra-1 
is located in the Serra da Canastra kimberlite field (Figure 2b) 
and presents 1.8 ha. The pipe cuts through  greenschist facies 
metasedimentary rocks of the Canastra Group, Brasília Belt 
(Figure 2b). A K-Ar age of 120 Ma in phlogopite was obtained for 
the intrusion (Pereira and Fuck 2005). It is considered the first 
mineralized kimberlite from Brazil that is economically viable 
for exploitation from a primary source (Chaves et al. 2008a,b; 
Cabral Neto et al. 2017b). Microstructural and petrological data 
of peridotite mantle xenoliths were obtained by Costa (2008) 
and Fernandes et al. (2021).

FIGURE 1 – Location of the Azimuth 125º Lineament area from Rondônia to Rio de Janeiro states (Gonzaga and Tompkins 1991) 
with the cratonic limits in the Brazilian territory (Cordani et al. 2016). The location of the kimberlites and diamond occurrences in 
Brazil is available at geoportal.cprm.gov.br/diamante.
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FIGURE 2 – (a) Geological map of the Pimenta Bueno kimberlite field in Rondônia, with the location of Cosmos-1 and Carolina-1 
kimberlites; (b) Geological map of the Serra da Canastra kimberlite field in the APIP, with the location of Canastra-1 and 2 kimberlites. 
Adapted from Cabral Neto et al. (2017a).
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4. Mantle xenoliths

The composition of the most preserved peridotite samples 
investigated in this work is plotted in the ternary diagram in 
Figure 3. The mineral proportions of representative thin sections 
are in Table 1. The Cosmos-1 kimberlite presents a fine-grained 
matrix where millimetre and centimetre-size xenoliths from 
the country rock are disposed together with millimetre and 
centimetre-size macrocrysts and xenocrysts of phlogopite, 
garnet, clinopyroxene, olivine pseudomorphs and ilmenite 
(Figure 4a). Partially and completely altered peridotite xenoliths 
also occur. The abundance of xenoliths from the country rock 
decreases with depth, while the occurrence of larger mantle 
xenoliths embedded in the kimberlite matrix are more frequent 
in the deeper parts of the drill cores. The mantle xenoliths are 
rounded, medium- to coarse-grained, up to 5 cm in diameter, 
composed of both serpentinised and well-preserved grains 
of 1-2 mm light-green clinopyroxene and 1-5 mm size lilac 
garnet (Figures 4b-c, 5a-b). The lack of other well preserved 
mineral phases in the investigated samples harmed the correct 
petrographic classification of the peridotites. In thin section, a 
reaction rim between the partially altered peridotite xenoliths 
and the host kimberlite is observed.  Smaller clinopyroxene 
grains also occur included in garnet. Some samples present 
aggregates of clinopyroxene neoblasts (<0.1 mm) located along 
fractures and grain boundaries of deformed clinopyroxene 
grains with undulose extinction and deformation twins (Figure 

5b-c). Kelyphitic rims composed of small grains of spinel and 
phlogopite surrounding garnet grains locally occur (Figure 5d).

The Carolina-1 kimberlite presents a fine-grained matrix 
and variable proportions of xenoliths of the country rock 
(e.g., amphibolite, gneiss) and millimetre to centimetre-size 
phlogopite and olivine macrocrysts, garnet xenocrysts and 
peridotite xenoliths (Figure 4d). The abundance of xenoliths 
from the country rock decreases with depth. Centimetre and 
decimetre-size rutile-bearing eclogite and clinopyroxene-
phlogopite xenoliths also occur, but are not the focus of the 
present work. The peridotite xenoliths are rounded, up to 12 
cm in diameter, with massive or foliated structures (Figures 
4e-f). Some samples present a thick serpentinized rim with 
a well preserved core (Figure 4f). The olivine grains are 
better preserved in these samples, but partially serpentinized 
peridotite xenoliths only with pyroxene and garnet also occur. 
The most preserved peridotite samples are classified as 
dunites (Figure 3). Among these, one garnet-bearing dunite 
has a porphyroclastic texture (Figure 5e) in which large olivine 
grains are surrounded by an olivine neoblasts (<0.1 mm) 
matrix. Small pyroxene grains surrounded by olivine neoblasts 
occur in altered domains (Figure 5e).

The peridotite xenoliths enclosed in the Canastra-1 
kimberlite are medium- to coarse-grained garnet harzburgite, 
garnet lherzolites and wehrlite with 7-13 cm wide in diameter 
(Figure 3, 4g-h). The samples are massive or foliated. 
The garnet harzburgite xenoliths show a protogranular-

FIGURE 3 – Modal classification of the fresh peridotite xenoliths based on the proportions of olivine (Ol), orthopyroxene (Opx) and 
clinopyroxene (Cpx) (Streckeisen 1973).
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porphyroclastic transitional texture and a porphyroclastic 
texture with ~65% vol.% of neoblasts. Anhedral 0.5-2 mm 
garnet grains present tiny spinel grains at the rims (Figure 
6a). There are portions with concentration of olivine neoblasts 
(<0.1 mm) (Figure 6b). Up to 1.5 cm size olivine grains show 
undulose extinction and microfractures filled with serpentine. 
Small orthopyroxene neoblasts (<<0.1 mm) locally occur at 
grain boundaries of larger deformed orthopyroxene grains 
(2-10 mm). Garnet lherzolites show protogranular textures 
with lobated and straight contacts between the minerals. 
Reaction rim coronas composed of phlogopite and light-green 
clinopyroxene surrounding garnet are present in these samples 
(Figure 6c). Clinopyroxene can also occurs in reaction rims 
surrounding orthopyroxene and as anhedral grains of 1-3 mm. 
The wehrlite presents a porphyroclastic texture with olivine (6 
mm) and light-green clinopyroxene porphyroclasts (2-6 mm) 
in a matrix with small olivine neoblasts and serpentine (Figure 
6d). The olivine porphyroclasts show undulose extinction 
and deformation lamellaes. Small spinel grains included in 
clinopyroxene locally occur.

5. Electron microprobe data

5.1. Major element composition

Representative composition of the main minerals (olivine, 
orthopyroxene, clinopyroxene, spinel and garnet) are shown 
in tables 2-5. The mantle xenoliths enclosed in the Cosmos-1 
kimberlite present only olivine pseudomorphs composed of 
serpentine and fine-grained micaceous material, so fresh 
olivine grains of the xenoliths from Rondônia were only analyzed 
in a porphyroclastic garnet dunite (VV-36) and a partially 
altered peridotite (VV-44) enclosed in Carolina-1 kimberlite. 
The olivine of the garnet dunite has high Mg# (100*Mg/Mg+Fe) 
(91.8-92.0) with no considerable variation from core to rim or 
between neoblasts and porphyroclasts (Table 2). NiO ranges 
from 0.36 to 0.41 wt%. The partially altered peridotite presents 
olivine grains with higher concentration in FeO (11.7-11.9 wt%) 
and NiO contents from 0.35 to 0.4 wt%.

The olivine of the peridotites enclosed in the Canastra-1 
kimberlite presents variable Mg# values, with FeO ranging 

from 6 to 9.8 wt%, while NiO contents are from 0.3 to 0.5 wt%. 
The olivine of the harzburgite xenolith presents higher Mg# 
values with a narrow range (93.6-93.9), with the lowest FeO 
content (6-6.3 wt%), while the olivine from the lherzolite VV-33 
presents Mg# from 91.9 to 92.3, with FeO from 7.5 to 7.9 wt%. 
The lherzolite VV-31 presents olivine grains with distinct Mg# 
(89.9-93.4) with rims with slightly lower Mg# and higher FeO 
(7.9-9.7wt%). The olivine of the wehrlite shows Mg# from 92.0 
to 92.4 and FeO from 7.5 to 7.9 wt%.

The garnet dunite (VV-36) enclosed in Carolina-1 kimberlite 
is the only examined sample from Rondônia that presents 
orthopyroxene relics. In this case, the grains present Mg# from 
90.5 to 91.7 and 0.1 wt% of TiO2. The harzburgite (VV-32) of 
the Canastra-1 kimberlite presents higher Mg# (93.8-94.7), 
while the lherzolites show grains with lower Mg# from 91.2 to 
92.8 (VV-33) and 92.1 to 94.4 (VV-31) (figures 7a and 8a). The 
grains of the sample VV-31 show a wide range of the Mg# from 
90.8 (rim) to 94.4 (points both in core and rim; Figure 8a).

The clinopyroxene composition is shown in figures 7b-e, 
8b and 9. All the grains of the xenoliths from Rondônia are Ca-
Mg-Fe clinopyroxenes (augite and diopside) with Mg# ranging 
from 81.4 (rim) to 93.3 in partially altered peridotites, while the 
grains in garnet dunite show Mg# from 88.8 to 92.2. Most of 
the grains present Cr# (Cr/Cr+Al) between 0.2 and 0.3, except 
for the partially altered peridotite VV-44, which presents 
several points with higher Cr# (>0.7). The clinopyroxene of the 
Canastra-1 samples are diopside and augite grains with Mg# 
from 90.8 to 92.8 in the wehrlite and from 88.4 (rim) to 94.3 in 
the lherzolites. In general, the clinopyroxene of the lherzolite 
VV-34 shows higher Na apfu and some grains located in 
reaction rim coronas surrounding garnet can be classified 
as omphacite (figures 7c and 8b). The grains present Cr# 
from 0.1 (lherzolite) to 0.6 (wehrlite). The composition of 
the clinopyroxene from both localities (Rondônia and Minas 
Gerais) is predominantly in the on craton garnet peridotite field 
of Figure 9a-b (Ramsay 1992).

The investigated garnet grains of the samples from 
Rondônia were sampled from peridotite xenoliths and 
as xenocrysts surrounded by the kimberlitic matrix. The 
composition of the garnet is dominated by pyrope (53-76 
mol%), 2-20 mol% almandine and 3-21 mol% uvarovite (Figure 

TABLE 1. Mineral proportions of representative thin sections of peridotite xenoliths.

Sample Lithotype Ol Cpx Opx Grt Sp Phl Opc Chl Alt. (Srp) Cb Tlc Host rock Matrix
VV-1A Partially altered peridotite - 10 - 25 - 2 - tr 63 - - - -
VV-2 Partially altered peridotite - 4 - 5 - 2 2 tr 84 - 3 - -
VV-3 Partially altered peridotite - 7 - 6 - - 2 - 82 1 2 - -
VV-4 Partially altered peridotite - 7 - 6 - - 2 - 74 8 3 - -
VV-5B* Partially altered peridotite - Tr - 4 - 1 9 tr 25 - 6 20 35
VV-27 Partially altered peridotite - 30 - - - - 3 - 67 - - - -
VV-29 Wehrlite 78 20 2 - tr - - - - - - - -
VV-30 Grt harzburgite 75 2 14 6 tr 3 tr - - - - - -
VV-31 Lherzolite 53 5 25 7 - 7 3 - - - - - -
VV-32 Harzburgite 52 35 10 3 - - - - - - - -
VV-33 Lherzolite 67 5 8 20 - - - - - - - - -
VV-34 Lherzolite 66 6 13 10 tr 5 - - - - - - -
VV-36 Grt dunite 77 5 1 3 - 2 - - - - - - -
VV-44 Partially altered peridotite - 6 - 5 - tr - 1 80 - - - -
VV-52 Partially altered peridotite Tr 1 - 5 - 1 - tr 90 - - - -

*Thin section of the Cosmos-1 kimberlite with garnet xenocrysts locally with inclusion of clinopyroxene. 
Ol – olivine, Cpx – clinopyroxene, Opx – orthopyroxene, Grt – garnet, Sp – spinel, Phl – phlogopite, Opc – opaque minerals, Chl – chlorite, Alt. - alteration, 
Srp – serpentine, Cb – carbonate, Tlc – talc, tr- trace, Host rock – xenoliths of the host rock, Matrix – fine-grained matrix.
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FIGURE 4 –  (a) Drill core of the Cosmos-1 kimberlite showing a fine-grained matrix with xenoliths, xenocrysts and 
macrocrysts; (b) and (c) Partially altered peridotite xenoliths found in drill cores of the Cosmos-1 kimberlite; (d) Drill 
core of the Carolina-1 kimberlite showing a fine-grained matrix with xenoliths, xenocrysts and macrocrysts; (e) and (f) 
Peridotite xenoliths with serpentinized rims found in drill cores of the Carolina-1 kimberlite; (g) and (h) Peridotite xenoliths 
of the Canastra-1 kimberlite.
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FIGURE 5 – Photomicrographs of peridotite xenoliths enclosed in kimberlites from Rondônia. (a) Preserved clinopyroxene (Cpx) grains surrounded 
by serpentine (Srp) in a partially altered peridotite; (b) Clinopyroxene neoblasts located in microfractures of larger clinopyroxene grains; 
(c) Small clinopyroxene neoblasts located along fractures and limits of deformed clinopyroxene grains; (d) Kelyphitic rim with spinel (Spl) and 
phlogopite (Phl) surrounding garnet (Grt); (e) Thin section of the porphyroclastic texture of a garnet dunite with the location of garnet, olivine 
(Ol) and clinopyroxene.
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FIGURE 6 – Photomicrographs of peridotite xenoliths enclosed in the Canastra-1 kimberlite. (a) Garnet (Grt) grains in 
garnet harzburgite; (b) Olivine (Ol) neoblasts located in grain boundaries of garnet harzburgite; (c) Phlogopite (Phl) and 
clinopyroxene (Cpx) in coronas surrounding garnet in garnet lherzolite; (d) Olivine and clinopyroxene porphyroclasts 
surrounded by neoblasts.

TABLE 2. Representative composition of olivine of the peridotite xenoliths enclosed in the Carolina-1 (VV-36, VV-44) and Canastra-1 (VV-29, 
VV-31, VV-32, VV-33) kimberlites. Structural formulas are calculated on the basis of 4 oxygens.

Sample VV36 VV36 VV36 VV44 VV44 VV29 VV29 VV32 VV32 VV32 VV33 VV33 VV31 VV31
Location core rim int core rim rim core core rim int rim int rim core
lithotype dun dun dun alt alt wehr wehr harz harz harz lherz lherz lherz lherz
SiO2 41.66 41.11 41.53 40.05 39.84 41.35 41.18 41.59 41.20 41.34 41.17 40.66 40.74 41.32
Al2O3 0.03 0.01 0.00 0.06 0.01 0.01 0.01 0.02 0.03 0.03 0.04
Na2O 0.04 0.02 0.00 0.00 0.03 0.01 0.01 0.00 0.03 0.01 0.06 0.03 0.02
MgO 49.47 49.25 49.72 47.26 46.99 51.33 51.06 51.68 51.60 51.44 50.53 50.19 49.15 50.83
CaO 0.04 0.04 0.04 0.03 0.04 0.02 0.03 0.01 0.02 0.02 0.13 0.07 0.05
TiO2 0.03 0.03 0.01 0.00 0.01 0.02 0.02 0.03
Cr2O3 0.02 0.03 0.03 0.01 0.01 0.03 0.03 0.01 0.00 0.03 0.00 0.01 0.08 0.04
FeO 7.92 7.74 7.79 11.71 11.81 7.68 7.64 6.08 6.15 6.00 7.62 7.81 9.47 7.75
MnO 0.11 0.07 0.10 0.09 0.10 0.11 0.12 0.07 0.07 0.07 0.07 0.07 0.10 0.11
NiO 0.36 0.39 0.37 0.35 0.40 0.33 0.32 0.41 0.46 0.43 0.40 0.38 0.32 0.40
Total 99.68 98.69 99.58 99.51 99.28 100.88 100.42 99.84 99.49 99.37 99.84 99.36 99.99 100.59
Si 1.014 1.011 1.012 0.996 0.995 0.996 0.996 1.004 0.999 1.003 1.001 0.996 0.998 0.998
Al 0.001 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.001 0.001
Ti 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001
Fe2 0.161 0.159 0.159 0.244 0.247 0.155 0.155 0.123 0.125 0.122 0.155 0.160 0.194 0.157
Mn 0.002 0.001 0.002 0.002 0.002 0.002 0.002 0.001 0.001 0.001 0.001 0.001 0.002 0.002
Mg 1.796 1.806 1.806 1.753 1.749 1.843 1.841 1.860 1.866 1.860 1.832 1.832 1.795 1.831
Ca 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.000 0.001 0.001 0.003 0.002 0.001
Na 0.002 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.003 0.001 0.001
Ni 0.007 0.008 0.007 0.007 0.008 0.006 0.006 0.008 0.009 0.008 0.008 0.007 0.006 0.008
Cations 2.985 2.988 2.987 3.003 3.005 3.003 3.001 2.996 3.000 2.996 2.999 3.003 2.999 3.000
Fe# 8.2 8.1 8.1 12.2 12.4 7.8 7.8 6.2 6.3 6.2 7.8 8.0 9.8 7.9
Mg# 91.8 91.9 91.9 87.8 87.6 92.2 92.2 93.8 93.7 93.8 92.2 92.0 90.2 92.1

int – between core and rim; dun – dunite; alt – partially altered peridotite; wehr – wehrlite; harz – harzburgite; lherz – lherzolite.
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TABLE 3. Representative composition of orthopyroxene of the peridotite xenoliths enclosed in the Carolina-1 (VV-36) and Canastra-1 (VV-31, 
VV-32, VV-33, VV-34) kimberlites. Structural formulas are calculated on the basis of 6 oxygens.

Sample VV-36 VV-36 VV-31 VV-31 VV-32 VV-32 VV-32 VV-34 VV-34 VV-33 VV-33

Location int int rim core core int rim int int int int

Lithotype dun dun lherz lherz harz harz harz lherz lherz lherz lherz

SiO2 58.18 57.56 57.90 58.55 58.25 58.06 58.28 58.84 58.61 57.65 58.20

TiO2 0.11 0.12 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00

Al2O3 0.71 0.67 0.76 0.72 0.88 0.83 0.82 0.81 0.81 0.77 0.71

Cr2O3 0.23 0.22 0.36 0.35 0.35 0.37 0.37 0.39 0.39 0.22 0.27

FeO 4.71 4.60 3.90 3.95 3.77 3.80 3.63 4.00 3.98 4.97 4.87

MnO 0.10 0.09 0.09 0.12 0.07 0.08 0.07 0.12 0.09 0.11 0.08

NiO 0.12 0.09 0.10 0.11 0.10 0.09 0.09 0.12 0.11 0.08 0.07

MgO 34.94 34.24 36.60 36.63 36.39 36.50 36.54 35.99 36.16 35.48 35.92

CaO 0.53 0.68 0.37 0.36 0.31 0.29 0.28 0.43 0.39 0.26 0.20

Na2O 0.18 0.17 0.08 0.09 0.11 0.12 0.15 0.09 0.09 0.07 0.03

K2O 0.01 0.09 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.01

Total 99.81 98.54 100.16 100.87 100.22 100.13 100.23 100.81 100.65 99.60 100.36

Si (T) 1.986 1.988 1.969 1.979 1.981 1.975 1.980 1.982 1.982 1.982 1.983

Al (T) 0.014 0.012 0.030 0.021 0.020 0.025 0.021 0.018 0.018 0.018 0.017

Fe3+ (T) 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Total (T) 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000

Al (M1) 0.014 0.015 0.000 0.008 0.016 0.008 0.013 0.014 0.014 0.013 0.012

Fe3+ (M1) 0.000 0.000 0.027 0.009 0.002 0.015 0.008 0.000 0.000 0.004 0.000

Ti (M1) 0.003 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Cr (M1) 0.006 0.006 0.010 0.009 0.009 0.010 0.010 0.010 0.010 0.006 0.007

Ni (M1) 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.002 0.002

Mg (M1) 0.974 0.973 0.961 0.971 0.971 0.965 0.967 0.972 0.973 0.975 0.979

Fe2+ (M1) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Mn (M1) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Total (M1) 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Mg (M2) 0.805 0.790 0.895 0.875 0.874 0.886 0.883 0.835 0.850 0.843 0.846

Fe2+ (M2) 0.161 0.166 0.084 0.103 0.105 0.093 0.095 0.140 0.127 0.139 0.142

Mn (M2) 0.003 0.003 0.003 0.003 0.002 0.002 0.002 0.003 0.003 0.003 0.002

Ca (M2) 0.019 0.025 0.013 0.013 0.011 0.011 0.010 0.015 0.014 0.010 0.007

Na (M2) 0.012 0.012 0.006 0.006 0.007 0.008 0.010 0.006 0.006 0.005 0.002

K (M2) 0.000 0.004 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000

Total (M2) 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Wo 1.0 1.3 0.7 0.7 0.6 0.5 0.5 0.8 0.7 0.5 0.4

En 90.8 90.2 95.0 94.1 94.1 94.7 94.6 92.1 92.8 92.4 92.4

Fs 8.2 8.5 4.3 5.2 5.4 4.8 4.9 7.1 6.5 7.1 7.2

Mg# 91.7 91.4 94.4 94.3 94.5 94.5 94.7 92.8 93.5 92.7 92.8

                 int – between core and rim; dun – dunite; alt – partially altered peridotite; wehr – wehrlite; harz – harzburgite; lherz – lherzolite.
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Table 4. Representative composition of clinopyroxene of the peridotite xenoliths enclosed in the Cosmos-1 (VV-2, VV-3, VV-3, VV-4, VV-5b), 
Carolina-1 (VV-36, VV-44) and Canastra-1 (VV-29, VV-31, VV-33, VV-34) kimberlites. Structural formulas are calculated on the basis of 6 

oxygens.

Sample VV-02 VV-03 VV-03 VV-04 VV-05b VV-36 VV-44 VV-29 VV-29 VV-31 VV-31 VV-33 VV-34 VV-34

Location core rim core core core int core rim core core rim core rim int

Lithotype alt alt alt alt incl gr t dun alt wehr wehr lherz lherz lherz lherz lherz

SiO2 53.90 54.55 54.92 54.69 54.71 55.04 54.22 55.36 55.33 54.06 54.39 55.14 55.80 55.82

TiO2 0.08 0.31 0.31 0.33 0.24 0.30 0.12 0.25 0.25 1.00 0.65 0.00 0.13 0.09

Al2O3 1.85 1.95 1.93 1.97 2.57 2.44 1.17 1.74 1.74 1.17 0.82 2.08 3.31 2.49

Cr2O3 1.19 0.90 0.90 0.73 0.81 1.78 0.68 2.65 2.71 1.42 1.34 1.48 2.60 2.34

FeO 2.09 3.49 3.57 3.57 4.06 2.55 3.53 2.31 2.42 3.73 3.42 1.76 2.11 2.12

MnO 0.11 0.11 0.10 0.07 0.06 0.10 0.08 0.08 0.10 0.12 0.12 0.05 0.05 0.07

NiO 0.06 0.07 0.08 0.07 0.08 0.05 0.05 0.05 0.06 0.01 0.00 0.05 0.04 0.03

MgO 16.36 17.81 17.87 17.89 18.17 16.38 17.19 16.55 16.54 18.27 18.24 16.33 15.27 15.80

CaO 23.27 19.32 19.36 19.50 17.17 18.59 20.96 18.56 18.66 19.28 19.55 21.49 17.90 18.96

Na2O 1.14 1.34 1.26 1.24 1.57 2.28 1.07 2.36 2.21 1.19 1.16 1.58 3.02 2.48

K2O 0.01 0.03 0.03 0.04 0.03 0.03 0.02 0.02 0.02 0.00 0.00 0.01 0.01 0.00

Total 100.06 99.88 100.31 100.09 99.48 99.53 99.09 99.91 100.03 100.24 99.68 99.96 100.24 100.20

Si (T) 1.951 1.970 1.977 1.972 1.978 1.991 1.981 1.997 1.996 1.953 1.973 1.990 1.995 1.998

Al (T) 0.049 0.030 0.023 0.028 0.022 0.009 0.019 0.003 0.005 0.047 0.027 0.010 0.005 0.002

Fe3+ (T) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Total (T) 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000

Al (M1) 0.030 0.053 0.059 0.055 0.088 0.095 0.032 0.071 0.070 0.003 0.009 0.078 0.134 0.103

Fe3+ (M1) 0.061 0.029 0.011 0.023 0.009 0.009 0.038 0.009 0.000 0.032 0.026 0.000 0.000 0.000

Ti (M1) 0.002 0.009 0.008 0.009 0.007 0.008 0.003 0.007 0.007 0.027 0.018 0.000 0.004 0.002

Cr (M1) 0.034 0.026 0.026 0.021 0.023 0.051 0.020 0.076 0.077 0.041 0.038 0.042 0.074 0.066

Ni (M1) 0.002 0.002 0.002 0.002 0.002 0.001 0.001 0.002 0.002 0.000 0.000 0.001 0.001 0.001

Mg (M1) 0.872 0.882 0.894 0.890 0.871 0.836 0.906 0.836 0.845 0.897 0.910 0.878 0.788 0.827

Fe2+ (M1) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Mn (M1) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Total (M1) 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Mg (M2) 0.011 0.078 0.065 0.071 0.108 0.047 0.030 0.054 0.045 0.087 0.077 0.001 0.026 0.016

Fe2+ (M2) 0.003 0.076 0.096 0.085 0.114 0.068 0.070 0.061 0.076 0.080 0.078 0.056 0.077 0.082

Mn (M2) 0.004 0.003 0.003 0.002 0.002 0.003 0.003 0.002 0.003 0.004 0.004 0.002 0.002 0.002

Ca (M2) 0.902 0.748 0.747 0.753 0.665 0.721 0.821 0.717 0.721 0.746 0.760 0.831 0.686 0.727

Na (M2) 0.080 0.094 0.088 0.087 0.110 0.160 0.076 0.165 0.155 0.083 0.081 0.110 0.209 0.172

K (M2) 0.000 0.001 0.001 0.002 0.001 0.001 0.001 0.001 0.001 0.000 0.000 0.000 0.000 0.000

Total (M2) 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Wo 50.5 41.9 41.4 41.9 37.8 43.1 44.9 43.0 42.8 41.2 41.7 47.1 43.5 44.0

En 49.4 53.8 53.2 53.4 55.7 52.8 51.3 53.4 52.7 54.4 54.1 49.8 51.6 51.0

Fs 0.2 4.3 5.3 4.7 6.5 4.1 3.8 3.6 4.5 4.4 4.3 3.2 4.9 5.0

Q 1.8 1.8 1.8 1.8 1.8 1.7 1.8 1.7 1.7 1.8 1.8 1.8 1.6 1.7

J 0.2 0.2 0.2 0.2 0.2 0.3 0.2 0.3 0.3 0.2 0.2 0.2 0.4 0.3

Mg# 93.3 90.1 89.9 89.9 88.9 92.0 89.7 92.7 92.2 89.7 90.5 94.0 91.4 91.1

Cr# 0.30 0.24 0.24 0.19 0.17 0.33 0.28 0.50 0.51 0.45 0.52 0.32 0.35 0.39
   int – between core and rim; dun – dunite; alt – partially altered peridotite; wehr – wehrlite; incl grt – inclusion in garnet; lherz – lherzolite.
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FIGURE 7 – (a) Diagram with the classification of the orthopyroxene grains; (b) Classification of the clinopyroxene grains of the Rondônia mantle 
xenoliths in the Q-J diagram of Morimoto (1988); (c) Classification of the clinopyroxene grains of the peridotite xenoliths enclosed in the 
Canastra-1 kimberlite in the Q-J diagram of Morimoto (1988); (d) Classification of the Ca-Mg-Fe clinopyroxene from Rondônia in the Morimoto 
diagram; (e) Classification of the Ca-Mg-Fe clinopyroxenes of the xenoliths from the Canastra-1 kimberlite.

FIGURE 8 – (a) Mg# vs. Altotal and (b) Mg# vs. Na of orthopyroxene (Opx) and clinopyroxene (Cpx) grains, respectively.
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FIGURE 9 – Clinopyroxene Al2O3 vs Cr2O3 (wt%) classification diagram of Ramsay (1992) with the composition of the grains 
of Cosmos-1 and Carolina-1 samples in (a) and of the Canastra-1 samples in (b). The grey areas in (a) and (b) represent the 
composition of the clinopyroxene of mantle xenoliths and concentrates of the kimberlites from Rondônia (196 analyses) and 
APIP (1322 analyses), respectively, from previous works. Data compilation from: Costa (1996), Carvalho (1997), Zolinger 
(2005), Chaves (2008a), Costa (2008), Silva (2008), Melluso et al. (2008), Almeida (2009), Chaves et al. (2009), Thomaz 
(2009), Hunt et al. (2009), Nannini (2011), Andrade (2012), Guarino et al. (2013), Nannini (2016) and Gervasoni et al. (2022).
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TABLE 5. Representative composition of garnet of the peridotite xenoliths enclosed in the Cosmos-1 (VV-02, VV-03, VV-3, VV-4, VV-5b) 
Carolina-1 (VV-36) and Canastra-1 (VV-31, VV-32, VV-33, VV-34) kimberlites. Structural formulas are calculated on the basis of 12 oxygens.

Sample VV-02 VV-03 VV-03 VV-04 VV-05b VV-36 VV-31 VV-32 VV-32 VV-33 VV-34

Location core rim core core core core core rim core core

Lithotype alt alt alt alt xen dun lherz harz harz lherz lherz

SiO2 41.37 41.54 42.65 41.16 41.91 42.44 42.19 42.34 42.46 42.11 41.98

TiO2 0.09 0.77 0.79 0.84 0.58 0.39 0.00 0.00 0.00 0.01 0.03

Al2O3 20.23 22.51 21.40 20.07 20.93 21.44 21.29 20.79 20.87 22.63 19.95

Cr2O3 3.68 1.42 1.53 2.74 1.92 3.58 4.46 4.29 4.35 2.16 5.43

FeO 8.21 7.32 7.47 8.32 8.31 6.87 6.44 6.06 6.13 8.39 6.18

MgO 19.47 21.86 21.73 20.27 21.12 20.57 21.08 22.38 22.36 19.98 20.46

MnO 0.35 0.11 0.13 0.26 0.18 0.33 0.35 0.31 0.30 0.41 0.35

CaO 6.12 4.94 4.86 5.51 4.65 4.49 5.07 3.35 3.04 4.61 5.35

Na2O 0.03 0.05 0.06 0.07 0.07 0.08 0.04 0.02 0.03 0.00 0.03

Total 99.54 100.52 100.63 99.23 99.66 100.19 100.92 99.54 99.54 100.31 99.75

Si 2.982 2.916 2.999 2.966 2.987 3.010 2.976 3.009 3.015 2.992 3.009

Ti 0.005 0.041 0.042 0.045 0.031 0.021 0.000 0.000 0.000 0.001 0.002

Al 1.718 1.862 1.774 1.704 1.758 1.792 1.770 1.741 1.747 1.895 1.685

Cr 0.210 0.079 0.085 0.156 0.108 0.201 0.249 0.241 0.244 0.121 0.308

Fe3+ 0.102 0.151 0.067 0.128 0.107 0.000 0.035 0.002 0.000 0.000 0.000

Fe2+ 0.393 0.279 0.373 0.373 0.388 0.408 0.345 0.358 0.364 0.499 0.371

Mg 2.092 2.288 2.278 2.177 2.244 2.175 2.216 2.371 2.367 2.116 2.186

Mn 0.022 0.006 0.008 0.016 0.011 0.020 0.021 0.019 0.018 0.025 0.021

Ca 0.472 0.371 0.367 0.425 0.355 0.341 0.383 0.255 0.231 0.351 0.410

Na 0.004 0.006 0.008 0.010 0.010 0.011 0.005 0.003 0.005 0.000 0.004

Total (apfu) 8.000 8.000 8.000 8.000 8.000 7.978 8.000 8.000 7.991 7.999 7.995

Hutcheonite 0.3% 2.0% 0.0% 1.7% 0.7% 0.0%

Morimotoite 3.3% 0.1% 0.8%

NaTi garnet 0.4% 0.5% 0.5% 0.6% 0.1%

Majorite 0.6%

Uvarovite 10.5% 3.9% 4.3% 7.8% 5.4% 10.1% 12.4% 8.5% 7.7% 6.1% 13.7%

Knorringite 3.6% 4.5% 1.7%

Spessartine 0.7% 0.2% 0.3% 0.5% 0.4% 0.7% 0.7% 0.6% 0.6% 0.8% 0.7%

Pyrope 69.7% 76.3% 75.9% 72.6% 74.8% 72.7% 73.9% 74.7% 74.5% 70.5% 71.2%

Almandine 13.1% 9.3% 11.3% 10.4% 12.1% 13.6% 11.5% 11.8% 12.1% 16.6% 12.4%

Grossular 1.5% 3.2% 1.1% 1.2% 0.3% 5.6%

Andradite 3.5% 3.3% 3.3% 4.4% 4.8%

Skiagite 2.0% 0.6% 0.1%

Khoharite

Remainder 0.7% 1.9% 0.0% 0.0% 0.0% 1.2% 1.2% 0.2% 0.6% 0.3% 0.3%

Total 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%
int – between core and rim; dun – dunite; alt – partially altered peridotite; harz – harzburgite; lherz – lherzolite; xen - xenocryst.
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FIGURE 10 – (a) Ternary diagram showing the garnet composition with Prp (pyrope), Alm+Sps (almandine plus spessartine) and Grs (grossular) end-
members; (b) CaO vs Cr2O3 diagram with the classification scheme of Grütter et al. (2004) showing the composition of garnet of the investigated 
samples from Rondônia; (c) CaO vs Cr2O3 diagram with the classification scheme of Grütter et al. (2004) showing the composition of garnet of the 
investigated samples of the Canastra-1 kimberlite. The grey areas in (b) and (c) represent the composition of garnet of the mantle xenoliths and 
concentrates of the kimberlites from Rondônia (1037 analyses) and APIP (2967 analyses), respectively, from previous works. Data compilation 
from: Esperança et al. (1995), Carvalho (1997), Zolinger (2005), Tappert et al. (2006), Chaves (2008a,b), Costa (2008), Pasin (2008), Thomaz 
(2009), Coelho (2010), Hunt et al. (2009), Andrade and Chaves (2011), Andrade (2012), Weska et al. (2012), Fernandes et al. (2014), Hill et al. 
(2015), Nannini (2016), Cabral Neto et al. (2017a) and Gervasoni et al. (2022).

10a) with Mg# from 73.5 to 84.5. There is a compositional 
difference among the samples, as the grains are identified as 
G5 (pyroxenitic), G9 (lherzolitic), G1 (low-Cr megacrysts) and 
G12 (wehrlitic) following the classification scheme of Grütter et 
al. (2004). The composition is similar to the garnet analyzed in 
Rondônia kimberlites by other works (Figure 10b). There is no 
considerable variation between the core and rim observed in 
X-ray compositional maps and chemical profiles (Figure 11a-
d, Figure 12a). However, a slight decrease in Cr2O3 at the rims 
is observed in the chemical zoning profile present in Figure 
12b. A local decrease in CaO content at the rims also occurs. 
The reaction rim coronas surrounding garnet often present 
tiny spinel grains with Cr2O3 content ranging from 23 to 43 wt% 
and Al2O3 from 14 to 39 wt% (Table 6). Ilmenite grains, located 
near the contact between the xenolith and the kimberlitic 
matrix, present 11 wt% of MgO. Ilmenite macrocrysts present 
MgO from 12 to 17 wt% (Table 6).

The garnet of the peridotite samples enclosed in 
Canastra-1 kimberlite is dominated by pyrope (68-77 
mol%), with 10-17 mol% almandine, 5-14 mol% uvarovite 
and Mg# from 79.8 to 87 (Figure 10a). There is also a 
compositional difference between the samples, as the 

grains are classified as G5, G9 and G10 (harzburgite) 
following the classification scheme of Grütter et al. (2004) 
(Figure 10c). The chemical profiles performed across the 
grains are flat, showing locally rims with a slight increase 
in Cr2O3 content, as observed in garnet harzburgite VV-
32 (Figure 12c). A decrease in Cr2O3 content at the rims 
of garnet from lherzolite locally occurs. The garnet also 
presents thin reaction rims with small spinel grains with 
Cr2O3 ranging from 12 (harzburgite) to 51 wt% (Table 5). 
Isolated spinel grains in the wehrlite VV-29 present 59 wt% 
of Cr2O3 and 4 wt% of Al2O3 (Table 5).

5.2. P-T calculations

The P-T equilibrium conditions of the mineral assemblages 
were determined using the PTEXL spreadsheet (available 
at cms.eas.ualberta.ca/team-diamond/downloads/) and 
PTQuick software (Simakov and Dolivo-Dobrovolsky 2009). 
The average compositions of the grain cores were used in 
the calculations. Table 7 shows the results for representative 
samples calculated in the PTEXL, considering pressure and 
temperature presets of 40 kbar and 1000 ºC, respectively. 

http://cms.eas.ualberta.ca/team-diamond/downloads/


Almeida et al. - JGSB 2022, vol 5, nº 3, 177 - 203192

FIGURE 11 – Ca (a and c) and Fe (b and d) X-ray compositional maps of garnet (Grt) with inclusion of clinopyroxene (Cpx) enclosed in 
Cosmos-1 kimberlite.

The equilibrium temperatures calculated for the samples from 
Rondônia are higher relative to those from Minas Gerais based 
on the two-pyroxene thermometer of Brey and Köhler (1990) 
( 1130 ºC vs. 879 and 1097 ºC) , the garnet-clinopyroxene 
thermometers of Powell (1985) (1063-1279 ºC vs 880-1160 ºC) 
and Ellis and Green (1979) (1063-1279 ºC vs 903-1170 ºC) and 
also the single clinopyroxene thermometer of Nimis and Taylor 
(2000) (1032-1227 ºC vs 831-989 ºC). The new calibration of 
Sudholz et al. (2021) for the single clinopyroxene barometer 
provided a higher pressure to the garnet dunite VV-36 (50 kbar) 
enclosed in the Carolina-1 kimberlite. However, the pressure 
calculated for this sample using the garnet-orthopyroxene 
barometers of Brey and Köhler (1990) and Nickel and Green 
(1985) is otherwise in the same interval calculated for the 
peridotites enclosed in the Canastra-1 kimberlite (38-44 kbar).

Figures 13 and 14 show the P-T stability fields of the 
peridotite samples from Rondônia and Minas Gerais, 

respectively, as the areas formed by the intersections of the 
thermometers and barometers calculated using the PTQuick 
software. The stability fields of the garnet dunite and the 
partially altered peridotite samples from Rondônia present 
higher pressures (40-60 kbar) and temperatures (1030-1380 
ºC) relative to the those of the peridotite samples enclosed 
in the Canastra-1 kimberlite (25-40 kbar and 730-1000 ºC; 
Figure 14).

6. Discussion

6.1. Composition of the SCLM beneath the Azimuth 
125º Lineament

The alkaline provinces in the Azimuth 125º Lineament 
represent key areas to the better understanding of the 
structural and compositional diversity of the SCLM beneath 
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FIGURE 12 – Backscattered electron images and chemical zoning profiles of garnet (Grt) grains. (a) Garnet xenocryst in Cosmos-1 kimberlite; (b) 
Garnet in partially altered peridotite enclosed in Cosmos-1 kimberlite; (c) Garnet in harzburgite enclosed in the Canastra-1 kimberlite.

the Brazilian Platform. However, the amount of the data 
available is heterogeneous throughout the area, as the 
amount and distribution of major and trace element data 
in mantle minerals are distinct for each alkaline province. 
Most of the published chemical data are from the APIP 
(e.g., Carvalho 1997; Costa 2008; Nannini 2016) and 

form the compositional fields in figures 9 and 10 (2967 
analyses of garnet and 1322 of clinopyroxene). Data from 
the Paranatinga, Juína and Rondônia kimberlite fields 
are less abundant (e.g., Zolinger 2005; Hunt et al. 2009; 
Weska et al. 2012; 1836 analyses of garnet and 815 of 
clinopyroxene for the three locations). Figure 15 indicates 
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TABLE 6. Representative composition of spinel (Sp) and ilmenite (Ilm). Spinel is located in xenoliths enclosed in the Cosmos-1 (VV-02 and 
VV-08) and Canastra-1 (VV-29, VV-31 and VV-32) kimberlites. Ilmenite is in the partially altered peridotite xenolith and as macrocrysts in 
Cosmos-1 kimberlite (VV-2, VV-07 and VV-08). Structural formulas are calculated on the basis of 4 and 3 oxygens for spinel and ilmenite, 

respectively.

Sample VV-02 VV-08 VV-31 VV-31 VV-29 VV-32 VV-02 VV-07 VV-08

Mineral Sp Sp Sp Sp Sp Sp Ilm Ilm Ilm

Lithotype alt alt lherz lherz wehr harz alt macro macro

SiO2 0.02 0.02 0.05 0.13 0.08 0.21 0.84 0.00

TiO2 1.95 5.00 3.90 2.27 2.56 0.20 52.58 48.93 55.18

Al2O3 39.08 13.77 8.12 15.27 4.05 56.04 0.27 0.50 0.66

Cr2O3 22.96 42.79 51.03 48.03 59.46 12.30 4.54 8.21 1.08

Fe2O3* 4.93 5.40 5.91 4.64 4.14 0.60 2.40 6.89 4.28

FeO 13.37 19.20 18.42 15.97 16.78 7.34 26.94 17.55 22.26

MnO 0.37 0.39 0.34 0.28 0.33 0.15 0.64 0.55 0.36

MgO 17.02 12.14 11.58 13.18 11.37 21.78 11.04 15.10 15.15

ZnO 0.00 0.08 0.08 0.07 0.11 0.04 0.05 0.00

NiO 0.08 0.10 0.16 0.14 0.15 0.08 0.11 0.21 0.15

Total 99.78 98.88 99.59 99.97 99.03 98.74 98.57 98.77 99.12

Si 0.001 0.001 0.002 0.004 0.003 0.005 0.000 0.019 0.000

Ti 0.041 0.122 0.097 0.054 0.065 0.004 0.932 0.840 0.944

Al 1.299 0.526 0.317 0.570 0.162 1.717 0.008 0.013 0.018

Cr 0.512 1.097 1.338 1.203 1.596 0.253 0.085 0.148 0.019

Fe3 0.105 0.132 0.147 0.111 0.106 0.012 0.043 0.118 0.073

Fe2 0.315 0.521 0.511 0.423 0.476 0.160 0.531 0.335 0.423

Mn 0.009 0.011 0.010 0.008 0.009 0.003 0.013 0.011 0.007

Mg 0.716 0.587 0.572 0.622 0.575 0.844 0.388 0.513 0.514

Zn 0.000 0.002 0.002 0.002 0.003 0.001 0.001 0.000 0.000

Ni 0.002 0.003 0.004 0.004 0.004 0.002 0.002 0.004 0.003

Total 3.000 3.002 3.000 3.001 2.999 3.001 2.001 2.001 2.001

alt – partially altered peridotite; wehr – wehrlite; harz – harzburgite; lherz – lherzolite; macro – macrocryst. 
*calculated according to Droop (1987)

TABLE 7. P-T calculations of the PTEXCL spreadsheet of peridotite samples enclosed in Cosmos-1 (VV-01, 
VV-02, VV-03, VV-04, VV-5b), Carolina-1 (VV-36) and Canastra-1 (VV-29, VV-31, VV-32, VV-33, VV-34) 

kimberlites. Temperatures are in ºC, and pressures in kbar.

Sample VV-01 VV-02 VV-03 VV-04 VV-05b VV-36 VV-29 VV-31 VV-32 VV-33 VV-34

Lithotype alt alt alt alt xen dun wehr lherz harz lherz lherz

TBK90 1130.9 879.4 1097.4

TNG10 997.9 939.8 923.6 852.5 977.6

TEG79 1233.9 1062.6 1225.6 1238.6 1279.2 1139.5 903.2 1170.2

TP85 1227.5 1046.8 1218.7 1232.3 1275.3 1126.8 879.9 1159.8

TNT-00-T 1226.9 1137.9 1117.7 1214.1 1032.5 831.1 989.2

PBK90 41.3 41.0 37.8 43.3 38.7

PNG85 43.0 42.9 41.2 43.6 41.3

PNT100-P 31.4 40.4 40.8 40.2 37.7 45.2 40.7 42.6

PS21 33.1 43.4 45.6 46.4 43.5 50.0 43.4 45.5

alt – partially altered peridotite; wehr – wehrlite; harz – harzburgite; lherz – lherzolite; dun – dunite; xen – garnet xenocryst with inclu-
sion of clinopyroxene. 
TBK90: Two pyroxene Brey and Koehler (1990); TNG10: Nimis and Grütter (2010); TEG79: Ellis and Green (1979); TP85: Powell (1985); 
 TNT-00-T: Nimis and Taylor (2000);  PBK90: Garnet-orthopyroxene Brey and Koehler (1990); PNG85: Nickel and Green (1985);  
PNT100-P: Nimis and Taylor (2000); PS21: Sudholz et al. (2021).
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FIGURE 13 – P-T diagrams showing the stability fields (blue and red) generated by the intersections of the thermometers and barometers used 
in PTQuick software (Simakov and Dolivo-Dobrovolsky 2009) for the peridotite samples from Rondônia. TBK90c: Two pyroxene Brey and Köhler 
(1990); TNG10: Nimis and Grütter (2010); TEG79: Ellis and Green (1979); TP85: Powell (1985); TNT-00-T: Nimis and Taylor (2000); PBK90: Garnet-
orthopyroxene Brey and Köhler (1990); PNT100-P: Nimis and Taylor (2000); PS21: Sudholz et al. (2021).
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FIGURE 14 – P-T diagrams showing the stability fields (pink) generated by the intersections of the geothermometers and geobarometers used in 
PTQuick software (Simakov and Dolivo-Dobrovolsky 2009) for the peridotite samples enclosed in Canastra-1 kimberlite. TBK90c: Two pyroxene 
Brey and Köhler (1990); TNG10: Nimis and Grütter (2010); TEG79: Ellis and Green (1979); TP85: Powell (1985); TNT-00-T: Nimis and Taylor (2000); PBK90: 
Garnet-orthopyroxene Brey and Köhler (1990); PNT100-P: Nimis and Taylor (2000); PS21: Sudholz et al. (2021).

the higher abundance of harzburgite G10 garnet in the 
area of the APIP relative to the other provinces located in 
the Amazonian Craton (Figure 15b-c). The subcalcic G10 
garnet is typical of SCLM beneath areas older than 2.5 Ga 
and is traditionally linked with diamond deposits (Sobolev 
et al. 1973; Pearson et al. 2014a). Its presence in the APIP 
can be related to the remnants of the Archean lithospheric 
mantle in the area, as highlighted by previous works through 
Os isotopes, geophysics and microstructural data on mantle 
xenoliths (e.g., Carlson et al. 2007; Fernandes et al. 2021). 
The occurrence of G10 garnet in the Amazonian Craton 
is rare and only described in few works (Maunula 2006; 
Bulanova et al. 2008; Oliveira et al. 2019). The G10 garnet 
was only found in a harzburgite xenolith (VV-32) studied 
in the present work from the diamond-bearing Canastra-1 
kimberlite (Figure 10c). The garnets from Rondônia are 
mostly G5 (pyroxenitic) and G9 (lherzolitic) (figure 10b). In 
this case, the terranes of the Amazonian Craton, in which 
the kimberlite pipes are emplaced, are part of the Paleo to 
Mesoproterozoic southwestern geochronological provinces 

with no involvement of an Archean crust (1.8-1.0 Ga; Rio 
Negro-Juruena, Rondoniano-San Ignácio and Sunsás; 
Tassinari and Macambira 1999). In fact, the G10 garnet 
is considered less common in terranes with ages from 
2.5 to 1 Ga worldwide (Griffin et al. 1999; Pearson et al. 
2014a). Figures 15 and 16 indicate the higher abundance 
of G3 and G4 garnet and lower-Cr2O3 clinopyroxene with 
eclogitic composition in the Amazonian Craton relative to 
the APIP, which can be related to a distinct tectonothermal 
evolution of each area. Although the southwestern portion 
of the Amazonian Craton presents an extensively tectonic 
evolution in the Precambrian, the eclogitic garnet of the 
area is considered by Gervasoni et al. (2022) as the record 
of a Paleozoic subduction in western South America. 
These tectonic processes beneath the Amazonian Craton 
can result in the deformation observed in some mantle 
xenoliths. Microstructural and chemical data indicate that 
the Cretaceous magmatism of the APIP is related to the 
development of the porphyroclastic textures of peridotites 
beneath the area (e.g., Fernandes et al. 2021).
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FIGURE 15 – Density diagrams using garnet compositions of the kimberlite fields along the Azimuth 125º Lineament 
from APIP (a), Rondônia (b) and Juína (c). Data compiled from: Esperança et al. (1995), Costa (1996), Carvalho 
(1997), Zolinger (2005), Tappert et al. (2006), Chaves (2008a,b), Costa (2008), Pasin (2008), Thomaz (2009), 
Coelho (2010), Hunt et al. (2009), Andrade and Chaves (2011), Andrade (2012), Weska et al. (2012), Costa (2013), 
Fernandes et al. (2014), Hill et al. (2015), Nannini (2016), Cabral Neto et al. (2017b), Gervasoni et al. (2022).
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FIGURE 16 – Density diagrams using clinopyroxene compositions of the kimberlite fields along the Azimuth 125º 
Lineament. APIP (a), Rondônia (b) and Juína (c). Data compiled from the same references present in Figure 15.
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FIGURE 17 – Geothermal gradients after Hasterok and Chapman (2011) and P-T stability fields calculated from the investigated mantle xenoliths of 
the present work in comparison with the data obtained from previous works on the Azimuth 125º Lineament.

6.2. Geothermal gradients

Figure 17 shows that the P-T stability fields of the peridotite 
xenoliths enclosed in the Canastra-1 kimberlite are close to the 
40 mW/m2 geotherm, considering the geothermal gradients 
after Hasterok and Chapman (2011). The P-T calculations 
obtained by Costa (2008) in the peridotite xenoliths enclosed in 
the same kimberlite also plot near the 40 mW/m2 geotherm, but 
in higher pressure and temperature conditions in the diamond 
stability field (Figure 17). These data are, for the most part, 
included in the field formed by the P-T calculations of Read 
et al. (2004) based on the composition of clinopyroxene of the 
APIP. Spinel peridotites of the APIP are equilibrated along a 
warmer geotherm (40-50 mW/m2), according to Cabral Neto 
et al. (2017b) and Fernandes et al. (2021).

The P-T stability fields of the peridotite samples from 
Rondônia are aligned near the cratonic 40 mW/m2 geotherm 
in the diamond stability field, except for the partially altered 
peridotite xenolith VV-02. The data is distinct from those 
obtained by Costa (2013) in peridotite xenoliths enclosed in 
Juína kimberlites, as the P-T estimates are located closer 
to the 50 mW/m2 geotherm (Figure 17). Considering that the 
Juína kimberlites are younger than the occurrences from 
Rondônia (80-90 Ma vs. ca. 260-240 Ma; Heaman et al. 
1998; Kaminski et al. 2010; Felgate 2014), a change of the 
geothermal gradient may have occurred in the southwestern 
portion of the Amazonian Craton after the Permian-Triassic. 
This modification in the geothermal gradient from a 38 mW/
m2 to a 44 mW/m2 geotherm is also constrained by Hunt et 
al. (2009) based on the P-T conditions of clinopyroxene 
xenocrysts of the Carolina kimberlite and from possibly 

younger Cretaceous-Tertiary kimberlites located at the 
Pimenta Bueno kimberlite field. The data obtained in this 
work reinforces the occurrence of the cratonic 40 mW/m2 
geothermal gradient in the region that may be related to a 
process by thermal relaxation of the lithospheric mantle after 
the Paleo to Mesoproterozoic tectonothermal events of the 
southwestern Amazonian Craton until the sampling of the 
xenoliths by the magma in the Permian-Triassic. This process 
is reported worldwide through the study of mantle xenoliths 
(e.g., Pintér et al. 2015; Guo et al. 2019; Afonso et al. 2022). 

6.3. Implications to diamond occurrences

Diamond placer deposits have been mined in Minas 
Gerais state since the 18th century, when Brazil was the main 
diamond producer in the world, while the first record of detrital 
diamond in Rondônia state is dated from the beginning of the 
20th century (e.g., Svisero 1995, Tappert et al. 2006, Karfunkel 
et al. 2014, Cabral Neto et al. 2017b, Giuliani and Pearson 
2019). The discovery of mineralized kimberlite pipes is more 
recent and Canastra-1 is the first with recognizable economic 
interest (e.g., Chaves et al. 2008 a,b). The knowledge is limited 
on the kimberlitic sources of the placer deposits and the theme 
is still under discussion (e.g., Tappert et al. 2006; Karfunkel 
et al. 2014, Pereira et al. 2017). The distinct composition of 
the SCLM along the Azimuth 125º Lineament indicates that 
different mantle sources can be related to the origin of the 
diamond that occur in the studied area. The higher abundance 
of G10 garnet in the APIP and the presence of remnants of 
an Archean cratonic lithospheric mantle indicate a potential 
for the occurrence of diamond from a harzburgitic source, as 
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seen in other provinces worldwide (e.g., Klein-BenDavid and 
Pearson 2009). In fact, the diamond from alluvial deposits 
of the Serra da Canastra present inclusions with depleted 
composition (Tappert et al. 2006). However, recent studies 
have demonstrated that a high proportion of lherzolitic and 
eclogitic diamonds occur in the alluvial deposits of Verde 
River, Abaeté and Douradinho River also in the APIP area, with 
evidence for the presence of subduction zones and recycled 
crustal material in the mantle during the Paleoproterozoic 
(Carvalho et al. 2022). Deposits with the predominance of 
eclogitic diamonds occur in the southwestern Amazonian 
Craton, like the one located in the Carolina-1 kimberlite 
(Hunt et al. 2009). The same is constrained in Juína, with 
evidence for the contribution of slab melts in the origin of the 
sublithospheric diamonds (Kaminski et al. 2008, Thomsom et 
al. 2016). Indeed, deposits with the predominance of eclogitic 
diamonds are generally located at the margin of cratons or 
in areas with tectonothermal history younger than Archean 
(Stachel and Harris 2008), like the southwestern Amazonian 
Craton. However, the peridotite xenoliths from Rondônia 
investigated in this work show P-T equilibrium conditions in 
the diamond stability field and may also be the source of at 
least part of the diamond from the area. This possibility can 
be further investigated with more data on the diamond and 
mantle xenoliths from the Amazonian Craton.

7. Conclusions

The peridotite xenoliths enclosed in kimberlites from 
Rondônia and Minas Gerais (APIP) present distinct mineral 
compositions related to the diversity of the SCLM along 
the Azimuth 125º Lineament, with areas located in the 
southwestern portion of the Amazonian Craton and the 
Brasília Belt, respectively. The new chemical data together 
with a comprehensive compilation of the previous works 
indicate that the harzburgite G10 garnet occurs in the area of 
the APIP in higher abundance relative to the other provinces 
located in the Amazonian Craton. Its presence in the APIP 
can be considered as evidence for the presence of remnants 
of the Archean root of the São Francisco Craton beneath 
the area. The P-T conditions calculated for the samples 
from Rondônia present higher pressures (40-60 kbar) and 
temperatures (1030-1380 ºC) relative to the samples enclosed 
in the Canastra-1 kimberlite (25-40 kbar and 730-1000 ºC, 
respectively). However, the calculated P-T stability fields 
of the xenoliths from both locations are aligned close to the 
40 mW/m2 geotherm. The cratonic 40 mW/m2 geothermal 
gradient in Rondônia may be related to the thermal relaxation 
of the lithospheric mantle after the Paleo to Mesoproterozoic 
tectonothermal events of the southwestern Amazonian Craton 
until the sampling of the xenoliths by the kimberlite in the 
Permian-Triassic.
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