
Abstract
Orthopyroxene-bearing tonalites/trondhjemites with scarce quartz diorites comprise the Café enderbite that crops out in three Neoarchean 
plutons in the central portion of the Canaã dos Carajás domain, Carajás Province, northern Brazil. Intrinsic parameters based on the mineral 
chemistry of plagioclase, biotite, amphibole, and pyroxene constrain crystallization conditions to 1150–850°C and 750–600 MPa, moderate 
water content in the melt (4.8–5.6 wt.%) and relatively oxidizing conditions, between the fayalite–magnetite–quartz (FMQ) and nickel–
nickel oxide (NNO) + 1.7 buffers. Geochemical modeling indicates that the Café enderbite evolved via at least two fractional crystallization 
stages – quartz diorite to orthopyroxene tonalite and orthopyroxene tonalite to orthopyroxene trondhjemite – with high crystal content 
(45–60%, or even higher). This high crystal content during fractional crystallization was the key factor to the preservation of orthopyroxene 
in the magmatic system as it left only a relatively small proportion of melt to react with early-formed orthopyroxene.
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INTRODUCTION
Although the term ‘charnockite’ was first mentioned more 

than one century ago by Holland (1900), its use remains 
confusing. Over decades, many authors have employed this 
term to classify both magmatic and metamorphic rocks that 
contain orthopyroxene (or rarely fayalite; Pichamuthu 1969, 
Newton 1992). According to Janardhan et al. (1982), Frost 
et al. (2000), and Grantham et al. (2012), the central reason 
for employing the term charnockite is that the stabilization of 
orthopyroxene essentially requires specific conditions, such 
as low water activity (aH2O) and high temperature, pressure 
and CO2, which represent deep crustal levels.

Charnockites (admitting magmatic and metamorphic 
origins) are typically found in Precambrian high-grade met-
amorphic terranes and are an important component of the 
middle and lower continental crust (Holland 1900, Brown 
1994, 2004, 2007, Kriegsman 2001). The igneous rocks are 

extremely valuable petrologically because they contain ortho-
pyroxene and have relatively unvaried assemblages, which per-
mits the calculation of their crystallization parameters (e.g., 
temperature, pressure, oxygen fugacity, and water content) 
with a much greater precision than most other pyroxene-free 
granitic rocks (Frost and Frost 2008).

Carajás Province (Amazonian craton, Brazil) records signif-
icant occurrences of charnockitic series rocks, in which ortho-
pyroxene has been attributed to a magmatic origin (Santos et al. 
2013, Marangoanha et al. 2019a, Félix et al. 2020). These rocks 
comprise a wide compositional range, varying from granodi-
orites to tonalites and trondhjemites, with associated quartz 
diorites and gabbros, and their investigation has produced 
important understanding concerning the Neoarchean evolu-
tion in this portion of the crust.

In the central portion of the Canaã dos Carajás domain 
(Carajás Province), the Neoarchean Café enderbite crops 
out as three lenticular plutons (~5 km long) composed dom-
inantly of orthopyroxene-bearing tonalite and trondhjemite, 
with subordinate quartz diorite. In this article, we report the 
mineralogical characteristics of this enderbite and discuss its 
intrinsic crystallization parameters. Geochemical modeling 
techniques were also employed to quantitatively evaluate the 
petrogenetic processes that account for the evolution of these 
charnockites. We compare the results of this study with those 
for similar occurrences worldwide, particularly with Archean–
Proterozoic associations, in an attempt to discuss and constrain 
the petrogenesis and crystallization parameters that play a role 
in this specific type of magmatism.
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GEOLOGICAL SETTING
Carajás Province represents the oldest Archean nucleus in the 

Amazonian craton, northern Brazil (Tassinari and Macambira 
2004; Fig. 1A), and comprises three lithotectonic domains: 
Rio Maria, Sapucaia, and Canaã dos Carajás; the last domain 
is considered the basement of the Carajás basin (Dall’Agnol 
et al. 2013; Fig. 1B). The Rio Maria domain (2.98–2.86 Ga) 
is located in the southern part of Carajás Province and con-
sists of greenstone belts, tonalite-trondhjemite-granodiorite 
(TTG) rocks, sanukitoids, and leucogranites-leucogranodio-
rites (Althoff et al. 2000, Souza et al. 2001, Leite et al. 2004, 
Dall’Agnol et al. 2006, Oliveira et al. 2009, Almeida et al. 2010, 

2011, Guimarães et al. 2010). Immediately to the north, the 
Sapucaia domain presents practically the same lithology as the 
Rio Maria domain, except that the former records ~2.74 Ga 
granitic events represented by deformed Neoarchean A-type 
granitoids (Dall’Agnol et al. 2013, 2017, Silva et al. 2020).

In contrast to the first two domains above, the Canaã dos 
Carajás domain displays a more heterogeneous lithology (Feio 
et al. 2012, Dall’Agnol et al. 2013) and represents a high-grade 
granulitic terrane with complex geologic evolution (Pidgeon 
et al. 2000, Marangoanha et al. 2019a, 2020, Silva et al. 2021). 
Mesoarchean units (3.06–2.83 Ga) are composed of granu-
lites, orthogneisses, migmatites, tonalites, trondhjemites, and 

Figure 1. (A) South American platform. (B) Amazonian craton. (C) Geological map of Carajás Province showing the boundaries between the 
Rio Maria, Sapucaia, and Canaã dos Carajás domains, in addition to the Carajás basin (Dall’Agnol et al. 2013). (D) Detailed geological sketch map 
of the Canaã dos Carajás domain, modified after Gabriel and Oliveira (2014). The black-colored rectangle in (D) corresponds to the area of Fig. 2.
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granites (Machado et al. 1991, Avelar et al. 1999, Pidgeon et al. 
2000, Moreto et al. 2011, Feio et al. 2013, Melo et al. 2014, 
Rodrigues et al. 2014, Marangoanha et al. 2019a, Silva et al. 
2021). The Neoarchean units (2.77–2.70 Ga) are represented 
by granitic and mafic-ultramafic rocks, charnockites-enderbites, 
greenstone belts, and sedimentary rocks (Nogueira et al. 1995, 
Vasquez et al. 2008, Dall’Agnol et al. 2013, Marangoanha et al. 
2019a, 2019b, 2020; Fig. 1C). At 1.88–1.86 Ga, the entire 
Carajás Province was affected by the emplacement of anoro-
genic granites and associated dikes (Dall’Agnol et al. 2005, 
Teixeira et al. 2019 and references therein).

CHARNOCKITIC MAGMATISM  
OF CARAJÁS PROVINCE

The first records of rocks from the charnockitic series 
(admitting its igneous origin) have been documented recently 
in Carajás Province, when the Geological Survey of Brazil 
(CPRM) redefined the ‘granulitic’ Pium complex unit as the 
‘igneous’ Pium diopside-norite (Vasquez et al. 2008), which 
was later corroborated by Santos et al. (2013), who obtained 
Neoarchean crystallization ages of 2.74–2.73 Ga for gab-
bronorite, orthopyroxene-bearing quartz gabbro, diorite, and 
tonalite related to this unit. Marangoanha et al. (2019a) identi-
fied orthopyroxene-bearing tonalite, trondhjemite, and scarce 
quartz diorite, formally named the Café enderbite, forming 
three E–W-trending lenticular plutons (up to ~5 km long) 
associated spatially with the Pium diopside-norite dated at 
2.75–2.73 Ga. Through geochemical modeling, these authors 
attributed generation of the less evolved melt (quartz diorite) 
from this enderbitic assemblage to partial melting of a mafic 
granulitic source. Additionally, Marangoanha et al. (2019a, 2020) 
excluded any cogenetic link between the Café enderbite and 

the Pium diopside-norite through isotope data (Café ender-
bite: εHf(2.74 Ga) between −4.8 and −1.9; Pium diopside-norite: 
εNd(2.74 Ga) between −0.5 and +0.7). In the Ourilândia do 
Norte area, Félix et al. (2020) attributed a Neoarchean pluton 
composed of orthopyroxene-bearing granodiorite and mon-
zogranite to an origin related to fractional crystallization of 
gabbronorite magma.

In addition to the aforementioned occurrences, two 
Neoarchean units should be mentioned: the Vila Jussara and 
Vila União suites. The Vila Jussara suite consists of pyrox-
ene-free and amphibole-bearing monzogranites and gran-
odiorites. This led Dall’Agnol et al. (2017) to interpret these 
rocks as ‘hydrated granites associated with charnockites’ rep-
resenting the transition from anhydrous to hydrous granitoids 
according to the proposal of Frost and Frost (2008). The Vila 
União suite is a hybrid series composed of quartz diorite, 
tonalite, granodiorite, and syeno-monzogranite formed by 
mixing between crustal anatectic and mantle-derived magmas, 
in which the orthopyroxene present in these hybrid granit-
oids corresponds to xenocrysts from the mafic endmember 
(Marangoanha et al. 2020).

GENERAL ASPECTS OF  
THE CAFÉ ENDERBITE

The Café enderbite plutons crop out in the Ouro Verde area 
and are composed of orthopyroxene-bearing sodic granitoids 
(Marangoanha et al. 2019a). These plutons crosscut Mesoarchean 
units represented by the Ouro Verde granulite and Cruzadão 
granite and are spatially associated with the coeval Pium diop-
side-norite and hybrid granitoids from the Vila União suite (cf. 
Fig. 2; Marangoanha et al. 2020). These rocks are inserted in the 
tectonic context of the regional-scale Mesoarchean (ca. 2.8 Ga) 
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E–W-trending Itacaiúnas shear zone (Holdsworth and Pinheiro 
2000). According to Marangoanha et al. (2019a), the Café 
enderbite plutons may have grown through amalgamation of 
sequentially intruded sheets or relatively small magmatic pulses 
emplaced along this ancient Mesoarchean shear structure, which 
was reactivated in the Neoarchean, resulting in elongated bodies 
parallel to the major E–W-trending compression.

Mesoscopically, the studied granitoids show a homogeneous 
appearance; they are gray white in color, equigranular, medium 
grained, and mostly leucocratic (Fig. 3A), with minor mesocratic 

occurrences (Fig. 3B). The general petrographic aspects of the Café 
enderbite have been discussed by Marangoanha et al. (2019a). 
These authors considered that although mylonitization is pres-
ent in these rocks, they still exhibit significant original magmatic 
textures; this also implies that their original mineral assemblage 
remains unchanged and thereby allows their magmatic condi-
tions to be estimated through the application of specific geo-
thermobarometers. These granitoids have plagioclase, quartz, 
biotite, amphibole, clinopyroxene, orthopyroxene, and opaque 
minerals as the main minerals (Figs. 3C-3F; Tab. 1), and when 

Figure 3. Mesoscopic and microscopic aspects showing preserved igneous textures of the rocks from the Café enderbite. (A) Medium-
grained granitoids with tonalitic and trondhjemitic compositions, equigranular and gray-white in color. (B) Medium-grained quartz diorite 
showing homogeneous appearance. (C) Subhedral plagioclase (Pl) grains with interstitial quartz (Qz). (D) Fine-grained amphibole (Amp) 
associated with biotite (Bt). (E) Common occurrence of orthopyroxene and clinopyroxene (Opx and Cpx, respectively). (F) Subhedral 
primary magnetite. Photomicrographs (C) and (E) were taken under crossed nicols, (D) under parallel nicols, and (F) under reflected light.
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plotted in the quartz-alkali feldspar-plagioclase (QAP) diagram 
of Le Maître et al. (2002), they lie predominantly in the tonal-
itic/trondhjemitic field, with subordinate quartz diorite (Fig. 4). 
The International Union of Geological Sciences (IUGS) clas-
sification for orthopyroxene-bearing granitoids (Streckeisen 
1974) identifies these rocks as enderbites.

Geochronological and isotopic data obtained by 
Marangoanha et al. (2019a) reveal crystallization ages of 
2.75–2.73 Ga for these granitoids, with low εHf(t) values 
(between −4.8 and −1.9 epsilon units) and Hf-TDM2 ages of 
3.46–3.29 Ga, implying relatively long crustal residence times 
for these rocks (~700–500 Myr).

MINERAL CHEMISTRY

Methodology
The major element compositions of plagioclase, biotite, 

amphibole, and pyroxene, obtained from four thin sections, were 
measured by wavelength dispersive electron probe microanalysis 
(EPMA) in the Laboratório de Microanálises at the Geosciences 
Institute of the Universidade Federal do Pará (UFPA), Brazil. 
EPMA was performed with a JEOL JXA-8230 instrument with 
five wavelength dispersive spectrometers, a 15-kV acceleration 
voltage, a beam current of 20 nA, and an acquisition time of 
20 s. The crystals used for the analyses were TAP for Na, Si, Al, 
and Mg; PETJ for K, Ca, Cr, and Sr; LIF for Ni, Fe, Ti, Mn, and 
Ba; PETH for V and Cl; and LDE1 for F. The standards used for 
instrument calibration were microcline (Si, Al, and K), albite 
(Na), andradite (Fe and Ca), pyrophanite (Ti and Mn), vana-
dinite (Cl and V), forsterite (Mg), and topaz (F).

Mineral compositions

Plagioclase
The EPMA results presented in Suppl. Tab. A and plotted 

in the Ab-An-Or diagram by Deer et al. (1992; Fig. 5A) show 
that plagioclase grains from the Café enderbite fall in the oli-
goclase and andesine fields. The plagioclase grains from the 
trondhjemitic variety are classified as oligoclase and displays 
extremely narrow compositional ranges, varying from An15 to 
An18. On the other hand, plagioclase grains from the tonalitic 
variety present variable and more calcic compositions, rang-
ing from oligoclase to andesine (An20 to An40). Plagioclase in 
the quartz dioritic rocks presents a high degree of saussuriti-
zation and does not yield reliable results.

Biotite
The chemical formulae of biotite were calculated based on 

22 atoms of oxygen by using the MICA+ software developed 
by Yavuz (2003), and the results are listed in Suppl. Tab. B. 
This mineral is absent in the quartz dioritic variety. Biotite in 
the Café enderbite is enriched in MgO, with 10.86–13.38 wt.% 
in the trondhjemites (number of analyses: n = 13) and 11.97–
13.18 wt.% in the tonalites (n = 16). They display narrow Fe/
(Fe + Mg) ratios, varying only slightly from 0.42 to 0.47 in 
the tonalites and 0.46 to 0.52 in the trondhjemites, and show 
little variation in tetrahedral aluminum, from 2.24 to 2.31 
and 2.29 to 2.34 atoms per formula unit (apfu), respectively, 
as shown in Fig. 5B. When referred to the Mg–(AlVI+Fe3+ + 
Ti)–(Fe2+ + Mn) ternary diagram of Foster (1960; Fig. 5C), 
biotite compositions from the analyzed rocks are clearly dis-
criminated as magnesian biotite. All biotite lies in the primary 
biotite field of the (10*TiO2)–(FeO + MnO)–MgO diagram 
(Fig. 5D; Nachit et al. 2005), suggesting that their chemical 
compositions were not influenced by late events and that they 
crystallized directly from magma.

Amphibole
The chemical compositions of the amphibole from Café 

enderbite are provided in Suppl. Tab. C and plotted in the 

Table 1. Summary of modal compositions of the Café enderbite*. 

Variety Quartz 
diorite Tonalite Trondhjemite

Minerals (vol.%)      

Quartz 7-9 21-30 34-38

Plagioclase 51-67 51-64 54-62

Alkali feldspar - p -

Biotite - 0-15 0-5

Amphibole 4-6 4-15 0-4

Clinopyroxene 10-22 0-3 p

Orthopyroxene 5-12 1-3 p

Opaque minerals 1-5 0-4 1-2

Titanite - p p

Epidote p p -

Allanite - p -

Zircon - p p

Chlorite - p 0-2

p: present but < 1%; -: not determined; *the complete data are presented in 
Marangoanha et al. (2019a).

Figure 4. The QAP plot for the granitoids from the Café enderbite 
(Le Maître et al. 2002). Granitic series and their evolutionary trends 
are from Lameyre and Bowden (1982) and Bowden et al. (1984): 
1 (tholeiitic), 2 (calc-alkaline tonalitic or trondhjemitic), 3 (calc-
alkaline granodioritic), 4 (subalkaline monzonitic or shoshonitic), 
and 5 (alkaline and peralkaline).
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Mg/(Mg + Fe2+) versus Si diagrams by Leake et al. (1997). 
Overall, they are nearly homogeneous, and no composi-
tional variation between crystal core and rim is detected. 
The amphibole from the quartz diorites have a very narrow 
compositional range, exhibiting XMg values between 0.42 and 
0.47 and Si between 6.19 and 6.29 apfu (n = 12), in addition 
to Fe3+ > AlVI, and are classified as hastingsite (Figs. 6A and 
6B). The tonalitic variety has two samples analyzed: amphi-
boles in sample BVD 53 are similar to those in the quartz 
dioritic variety (XMg = 0.36–0.41; Si = 6.15–6.45 apfu; Fe3+ > 
AlVI) and are also classified as hastingsite (n = 24; cf. Figs. 6A 
and 6B); amphiboles in sample BVD 36-B present higher XMg 
(0.63–0.75) and Si values (6.85–7.19 apfu) and are classified 
as Mg-hornblende (n = 14; Fig. 6C). Most amphiboles from 
trondhjemites are classified as hastingsite and ferropargasite 
in the same proportion (n = 15; cf. Figs. 6A and 6B), whereas 
scarce edenite is found as well (n = 2; cf. Fig. 6A).

Pyroxene
Pyroxene analyses from the Café enderbite are given in 

Suppl. Tab. D. Clinopyroxene and orthopyroxene are common 
in all varieties with the compositional range En35-50–Fs14-50–Wo1-

48 (Fig. 7A). According to the enstatite–wollastonite–ferrosilite 
diagram of Morimoto et al. (1988), the clinopyroxenes are classi-
fied exclusively as diopside (n = 33; cf. Fig. 7A). Orthopyroxenes 
present extremely low compositional variations in terms of Fe 
and Mg (XMg = Mg/(Fe2+ + Mg) = 0.495–0.504; n = 12), and 
most of them are slightly richer in the ferrosilite molecule than 
in the enstatite molecule and are classified as ferrosilite, whereas 
scarce enstatite occurs as well (cf. Fig. 7A). Orthopyroxene Al 
content is extremely low, between 0.007 and 0.014 apfu (XAl 
= Al/2 = 0.004–0.007). When plotted on the XAl versus XMg 
diagram of Rajesh et al. (2011), which discriminates magmatic 
and metamorphic orthopyroxenes in charnockitic assemblages, 
all orthopyroxenes present a clear magmatic origin (Fig. 7B).
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Figure 6. Classification diagrams for amphibole after Leake et al. (1997). (A) Mg/(Mg + Fe2+) versus Si diagram based on CaB ≥ 1.50, (Na + 
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Crystallization parameters
The mineral chemical data presented in the supplemen-

tary tables for the main silicate minerals of the Café ender-
bite (plagioclase, biotite, amphibole and pyroxene) were used 
to constrain the temperature, pressure, oxygen fugacity and 

water content conditions that prevailed during the crystalli-
zation of these rocks. Early magmatic minerals not affected 
by post-magmatic processes were selected. The calculations 
of the intrinsic parameters from mineral chemical data were 
performed using the WinAmptb software (Yavuz and Döner 
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2017) for amphibole and plagioclase, the WinPyrox soft-
ware (Yavuz 2013) for pyroxene, and the Geo-fO2 software 
(Li et al. 2019) for biotite. Temperatures based on zircon 
and apatite saturation were also estimated from whole-rock 
analyses performed by Marangoanha et al. (2019a) using 
the GCDkit software ( Janoušek et al. 2003). The calculated 
parameters used to estimate the crystallization conditions 
are summarized in Tab. 2.

Temperature
The use of different geothermometers yielded a wide 

range of temperatures for the rocks from the Café enderbite 
(cf. Tab. 2). Geothermometers of zircon and apatite satura-
tion proposed by Watson and Harrison (1983) and Harrison 
and Watson (1984), respectively, provided temperature inter-
vals of 885–607 and 964–553°C for each corresponding cal-
ibration. The highest temperatures obtained from the zircon 

saturation geothermometer are supported by the occurrence 
of early crystallized euhedral zircon crystals included in feld-
spars, ferromagnesian minerals, and Fe–Ti oxides. Calibration 
models based on biotite composition display different values: 
Luhr et al.’s (1984) geothermometer records values between 
1,026 and 949°C, while the graphical thermometer proposed 
by Henry et al. (2005) indicates temperatures between ~750 
and 680°C (Fig. 8A). Amphibole-only geothermometers dis-
play temperatures of 834–782°C according to the calibration of 
Putirka (2016) and 918–833°C calculated with the calibration 
equation of Ridolfi et al. (2010). These temperatures are close 
to the values recorded by the calculated temperature for the 
amphibole–plagioclase pair proposed by Holland and Blundy 
(1994), which lie within the range of 919–693°C. A clinopy-
roxene-based thermometer from Molin and Zanazzi (1991) 
provided temperatures ranging from 906 to 862°C, while 
Putirka’s (2008) calibration displayed higher values between 
1,152 and 1,104°C for this same thermometer.

Most of these temperatures attributed to the Café ender-
bite reveal values of ~950–850°C that appear to be rather con-
sistent with the near-liquidus temperatures expected for most 
granitoids from the charnockite series (Weiss and Troll 1989, 
Frost et al. 1999, Bucher and Frost 2006, Frost and Frost 2008), 
whereas the calculated highest temperatures (~1,150–1,100°C) 
are not discarded since many charnockitic occurrences world-
wide have recorded liquidus temperatures higher than 1,100°C 
(Fuhrman et al. 1988, Kolker and Lindsley 1989, Weiss and Troll 
1989, Young et al. 1997). Minor underestimated temperatures 
of ~600–550°C, obtained mainly by zircon and apatite satu-
ration methods, could indicate that these rocks did not reach 
the Zr and P saturation levels or even that zircon crystallized 
late (at lower temperature) in more mafic rocks.

Pressure
Although the cores and rims of amphibole crystals in 

the studied rocks do not show any significant compositional 
variation, the pressure is estimated using only the compo-
sition of their rims, which indicates pressure conditions at 
near-solidus temperatures (cf. Tab. 2). Geobarometric esti-
mates for these rocks could be attempted mainly on the basis 
of Al total content in amphibole. Following this method, the 
geobarometers of Hammarstrom and Zen (1986), Hollister 
et al. (1987), and Schmidt (1992) provided similar pressures, 
ranging from 756 to 391 MPa, while those obtained by the 
calibrations of Johnson and Rutherford (1989) and Mutch 
et al. (2016) tend to be slightly lower and record values vary-
ing between 597 and 312 MPa. The amphibole-only barom-
eter proposed by Ridolfi et al. (2010) yielded pressures even 
lower than those from the above calibrations, with values of 
440–180 MPa. On the other hand, Anderson and Smith’s 
(1995) graphical geobarometer (Fig. 8B) presented com-
paratively similar values of pressure ranging from ~750 to 
150 MPa, which overlap those obtained with the other cal-
ibration equations (cf. Tab. 2).

In general, the barometric data can be separated into 
two groups discriminating different pressures, which can be 
clearly seen in Fig. 8B. Higher pressures of ~750–600 MPa 
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would indicate the initial magma generation under deep 
conditions (depths of ~28–17 km; cf. Tab. 2). This result is 
consistent with the origin of the Café enderbite rocks from 
the partial melting of mafic granulite under lower crustal 
conditions (Marangoanha et al. 2019a). On the other hand, 
the lower pressures of 500–180 MPa should correspond 
to the emplacement conditions at shallower levels but still 
at mid-high crustal depths (~14–11 km, corresponding to 
the mesozone; cf. Tab. 2); according to Marangoanha et al. 
(2019a), this magma was channeled through the crust via 
shear zones under a transpressional tectonic regime, and the 
mylonitic texture of these rocks may explain such conditions. 
The mylonitic texture on the ~2.74-Ga-old granitoids from 
Carajás Province is supported by the syntectonic nature of 
their plutons (Barros et al. 2009, Feio et al. 2012, Dall’Agnol 
et al. 2013, Oliveira et al. 2018, Marangoanha et al. 2019a, 
2019b, Félix et al. 2020).

It is also worth highlighting the importance of the results 
obtained by the P–T diagram from Ridolfi et al. (2010; Fig. 8C). 
The findings reveal that the amphiboles from the Café ender-
bite plot within domain 1 (Mg-Hbl + Pl ± Opx ± Mt ± Ilm ± 
Bt) and mostly within  domain 2 (Tsc-Prg + Pl ± Cpx ± Opx 
± Mt ± Ilm), which completely matches the main mineral 
phases in the studied rocks, including plagioclase, quartz, bio-
tite, amphibole, clinopyroxene, orthopyroxene, magnetite, and 
ilmenite (cf. Tab. 1).

Table 2. Summary of crystallization parameters for the Café enderbite.

Calibration Quartz diorite Opx-tonalite Opx-trondhjemite

Temperature (°C)

Watson and Harrison (1983) – Zircon saturation 607 885 853

Harrison and Watson (1984) – Apatite saturation 553 964 778

Luhr et al. (1984) – Biotite - 1026 949

Putirka (2016) – Amphibole 834–817 807–782 817–782

Ridolfi et al. (2010) – Amphibole 918–897 896–873 912–833

Holland and Blundy (1994) – Amphibole–plagioclase 877–808 919–777 781–693

Molin and Zanazzi (1991) – Clinopyroxene 904–899 906–862 904–903

Putirka (2008) – Clinopyroxene 1152–1132 1148–1104 1134–1125

Pressure (MPa)

Hammarstrom and Zen (1986) – Al-in-hornblende 643–583 621–546 706–391

Hollister et al. (1987) – Al-in-hornblende 685–617 660–576 756–401

Schmidt (1992) – Al-in-hornblende 679–621 658–587 738–440

Johnson and Rutherford (1989) – Al-in-hornblende 525–474 506–443 578–312

Mutch et al. (2016) – Al-in-hornblende 540–488 520–458 597–342

Ridolfi et al. (2010) – Amphibole 371–312 347–280 444–180

Continental depth (km)

Ridolfi et al. (2010) 14–12 13–11 17–7

Schmidt (1992) 26–23 25–22 28–17

Oxygen fugacity – NNO buffer (log fO2)

Fegley (2013) −9.9 to −10.4 −10.4 to −11.2 −9.1 to −11.3

Ridolfi et al. (2010) −12.2 to −12.4 −12.6 to −13.2 −12.4 to −13.1

H2Omelt (wt.%)

Ridolfi et al. (2010) 5.4–5.0 5.5−4.8 5.6–5.0

Oxygen fugacity
Biotite and amphibole are particularly good sensors for 

the oxidation state of the magma from which they crystallized 
(Ridolfi et al. 2010, Fegley 2013, Hossain and Tsunogae 2014) 
because their chemical compositions can reflect oxidation con-
ditions during magma crystallization. In other words, as fO2 
increases in magmatic systems, the Fe3+/Fe2+ ratio in the melt 
increases, leaving progressively less Fe2+ to compete with Mg2+ 
for site occupancy in mafic minerals and thus increasing the Mg# 
in these minerals (Wones and Eugster 1965). Therefore, high 
Mg contents in mafic minerals appear to be characteristic of 
high fO2 magmas. In this sense, biotite and amphibole were used 
to estimate the oxygen fugacity to constrain the crystallization 
conditions of the rocks from the Café enderbite.

The Café enderbite exhibits moderate FeOt/(FeOt + 
MgO) ratios in whole-rock analyses, ranging between 0.56 and 
0.76 (except for one sample with 0.86; see Marangoanha et al. 
2019a). Accordingly, this pattern is reflected in the biotite and 
amphibole compositions, which also present moderate Fe/(Fe 
+ Mg) ratios ranging from 0.42 to 0.52 and from 0.34 to 0.70, 
respectively (Suppl. Tabs. B and C). The Fe/(Fe + Mg) versus 
AlIV diagram from Anderson and Smith (1995) shows that the 
analyzed amphiboles plot in the fields of intermediate and high 
fO2 (Fig. 9A), and in the Fe/(Fe + Mg) versus AlIV + AlVI dia-
gram (Fig. 9B), the biotites plot in the magnetite series granite 
field from Anderson et al. (2008). These results are in agreement 
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Figure 8. (A) Ti versus Mg/(Mg + Fe) diagram of biotite compositions, 
where the solid curves are temperature isotherms (°C) calculated 
from the surface-fit equation after Henry et al. (2005) and the dashed 
curves are the intermediate 50°C interval isotherms. (B) Fe/(Fe + Mg) 
versus AlIV + AlVI diagram for amphiboles from the studied rocks, with 
isobars from Anderson and Smith (1995) based on Schmidt (1992), 
showing possible crystallization pressure ranges of amphibole. (C) P-T 
diagram for calcic amphiboles in the studied enderbites calculated after 
Ridolfi et al. (2010). The maximum relative P errors range from 11% 
(at the maximum thermal stability curve) to 25% (at the upper limit of 
consistent amphiboles). The isopleths (black solid lines) represent the 
anhydrous SiO2 content (wt.%) of the melt, and the P-T stability limits 
constrain the equilibrium of phases such as biotite (Bt), plagioclase 
(Pl), orthopyroxene (Opx), clinopyroxene (Cpx), magnetite (Mt), 
ilmenite (Ilm), and olivine (Ol) with amphiboles (Mg-Hbl = 
magnesiohornblende; Tsc-Prg = tschermakitic pargasite).

compositions from Fegley (2013) provides values varying from 
−11.3 to −9.1 for the studied rocks. Ridolfi et al.’s (2010) cali-
bration under these same conditions yields slightly lower values 
ranging between −13.2 and −12.2 (cf. Tab. 2). Most amphibole 
compositions, when plotted on the log fO2–T diagram after 
Ridolfi et al. (2010), indicate that the Café enderbite evolved 
under relatively oxidizing conditions, on or slightly above the 
fayalite–magnetite–quartz (FMQ) buffer; additionally, some 
analyses plot on and above the nickel–nickel oxide (NNO) 
buffer and below the NNO+2 buffer, describing comparatively 
more oxidizing conditions (Fig. 9C). Therefore, the presence 
of primary magnetite (cf. Fig. 3F), the relatively high Mg con-
tents in biotite and amphibole (cf. Figs. 9A and 9B), and the 
fO2 values (cf. Tab. 2) all strongly suggest that these rocks crys-
tallized under oxidized conditions.

Water content
Experimental data for granitic systems have demonstrated 

that Ca-amphibole crystallization is extremely dependent 
on the water (H2Omelt) and CaO contents in magma and 
requires a minimum H2Omelt of 4 wt.% at 200−400 MPa 
to stabilize this mineral at magmatic temperatures (Naney 
1983, Dall’Agnol et al. 1999, Klimm et al. 2003, Bogaerts 
et al. 2006). Furthermore, the AlVI content in this mineral 
is sensitive to the H2O content in the melt and can be used 
to estimate the stability field of amphibole crystallization. 
Therefore, the H2Omelt concentrations calculated from Ridolfi 
et al.’s (2010) hygrometric equation for amphibole in the 
rocks from the Café enderbite display values varying from 
4.8 to 5.6 wt.% (cf. Tab. 2). A comparison of these H2Omelt 
values with amphibole temperatures (T–H2Omelt diagram 
after Ridolfi et al. 2010) clearly reveals that the stability field 
of amphibole crystallization was reached under such mag-
matic conditions (Fig. 9D).

Experimental works from Naney (1983), Prouteau and 
Scaillet (2003), and Oliveira et al. (2010) have demon-
strated that 5 wt.% H2Omelt at 400 MPa or 7–9 wt.% H2Omelt 
at 960 MPa is required for amphibole to be the silicic liqui-
dus phase and mainly to inhibit pyroxene formation. Based 
on this outcome, the presence of orthopyroxenes and clin-
opyroxenes as common mineral phases in the studied rocks 
(≤ 12 and ≤ 22 vol.%, respectively; cf. Tab. 1) can plausibly 
imply that the stability fields of these minerals were attained; 
this interpretation is supported by the relatively low H2Omelt 
content and moderate- to high-pressure conditions recorded 
for these rocks (4.8–5.6 wt.% and 750–600 MPa, respec-
tively; cf. Tab. 2).

DISCUSSION

Petrogenetic process

Introduction
As noted previously, the origin (as well as the concept) of 

charnockites lato sensu is still a matter of discussion, since many 
authors have proposed different — and opposing — models to 

with the presence of subhedral magnetite in the studied rocks 
(cf. Fig. 3F) and indicate that the Café enderbite crystallized 
under high fO2 conditions, analogous to the granites of the 
magnetite series from Ishihara (1981). Estimation of the oxy-
gen fugacity at the NNO buffer (log fO2) based on amphibole 
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Figure 9. (A) Fe/(Fe + Mg) versus AlIV diagram showing the compositional variations of amphibole for the studied enderbites (low, 
intermediate, and high fO2 fields according to Anderson and Smith 1995). (B) Fe/(Fe+Mg) versus AlIV + AlVI diagram showing the 
compositional variations in biotite for the studied rocks. Variation in Fe/(Fe + Mg) in the ilmenite and magnetite series and ΔFMQ values 
are from Anderson et al. (2008). (C) Amphibole compositions from the Café enderbite plotted on the log fO2 versus T diagram (after Ridolfi 
et al. 2010). (D) T versus H2Omelt diagram using the calculation scheme by Ridolfi et al. (2010).

generate such rocks (Pichamuthu 1969, Newton 1992, Rajesh 
2007, Frost and Frost 2008, Rajesh and Santosh 2012 and refer-
ences therein). Considering only the igneous origin (Frost and 
Frost 2008 and references therein), the most relevant propos-
als, as listed by Rajesh (2007), are as follows: partial melt from 
mafic lower crustal granulite (Duchesne et al. 1989, Longhi et al. 
1999, Marangoanha et al. 2019a) or a trace element-enriched 
mantle source (Icenhower et al. 1998); extensive fractionation 
of Fe–Ti-rich ferrodiorite magma (Vander Auwera et al. 1998, 
Scoates and Lindsley 2000); or even residues or cumulates 
after the removal of an evolved (granitic) melt (Emslie 1991, 
Mitchell et al. 1996, Markl and Höhndorf 2003).

Origin and geochemical modeling
The rocks of the Café enderbite display petrographic, geo-

chemical, and isotopic characteristics that allow us to con-
strain the petrogenetic processes involved in their evolution. 
Marangoanha et al. (2019a) made important contributions 

to understanding these rocks, and they established, based on 
petrological data, that the initial magma of the Café enderbite 
(quartz dioritic composition — sample BVD 35-A) was gen-
erated from 21% melting of a Mesoarchean mafic lower crust, 
leaving a residue composed of plagioclase, clinopyroxene, 
orthopyroxene, and magnetite. Furthermore, these authors 
showed that these rocks display a wide geochemical spectrum 
(Tab. 3), with an emphasis on SiO2 presenting values ranging 
between 53.00 and 80.40 wt.% and on the Mg number [Mg# 
= Mg/(Mg + Fe2+)], which varies from 0.36 to 0.63 (with an 
outlier value of 0.22).

Additionally, the contrasting behaviors of compati-
ble and incompatible elements in mineral phases provide 
a useful tool to evaluate whether magmatic evolution was 
controlled by fractional crystallization, partial melting, or 
more complex processes (Hanson 1978, 1989, Rollinson 
1993, Dall’Agnol et al. 1999). In general, Sr and Ba present 
a positive correlation in the studied rocks; these elements 
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Table 3. Average major and trace element compositions of the Café enderbite varieties (complete data in Marangoanha et al. 2019a).

Variety Quartz diorite Orthopyroxene tonalite Orthopyroxene trondhjemite

Number of samples (N) (N = 2) (N = 6) (N = 4)

Statistical data Average St. dev. Average St. dev. Average St. dev.

Major elements (wt.%)

SiO2 54.80 2.55 69.15 2.12 77.13 4.70

TiO2 1.31 1.22 0.78 0.25 0.19 0.29

Al2O3 14.63 1.45 13.63 0.57 11.53 1.32

Fe2O3* 5.19 1.47 3.87 0.93 1.92 1.14

MnO 0.05 0.00 0.04 0.01 0.02 0.02

MgO 4.00 0.56 1.91 0.71 0.62 0.69

CaO 10.23 0.32 3.83 0.69 2.42 0.92

Na2O 6.71 0.57 5.03 0.60 4.63 0.22

K2O 0.67 0.11 0.76 0.45 0.57 0.02

P2O5 0.02 0.01 0.03 0.11 0.01 0.00

Trace elements (ppm)

Ba 84 18 302 227 199 41

Sr 339 46 308 145 288 22

Rb 3.8 0.5 18.7 13.9 8.3 2.3

Zr 103 99 353 234 315 40

Y 29.8 8.3 15.3 3.0 24.0 8.5

Hf 2.8 2.5 9.4 5.6 9.4 1.6

Nb 20.5 16.5 13.1 5.3 13.8 1.5

Ta 0.9 0.4 1.2 0.4 1.0 0.8

Th 0.8 0.8 10.5 4.2 10.7 3.4

La 12.9 5.1 14.6 14.5 8.4 1.5

Ce 26.3 8.8 23.3 24.3 18.0 0.9

Pr 3.45 0.39 2.63 2.59 2.51 0.44

Nd 15.6 0.1 10.8 7.4 11.6 2.8

Sm 4.74 0.74 2.83 0.85 2.64 0.78

Eu 0.90 0.04 1.02 0.14 1.11 0.10

Gd 5.38 1.05 2.67 0.60 3.07 1.09

Tb 0.88 0.20 0.44 0.10 0.56 0.14

Dy 5.41 1.25 2.83 0.65 3.50 0.97

Ho 1.08 0.31 0.57 0.11 0.77 0.25

Er 3.28 0.69 1.67 0.37 2.59 0.83

Tm 0.46 0.06 0.27 0.04 0.42 0.12

Yb 2.97 0.34 1.72 0.38 2.81 0.89

Lu 0.51 0.07 0.26 0.06 0.47 0.17

Mg# 0.61 0.04 0.52 0.12 0.39 0.06

Eu/Eu* 0.54 0.07 1.03 0.27 1.14 0.46

Fe2O3*: total iron recalculated as Fe2O3; Mg# = Mg/(Mg + Fe); Eu/Eu* = EuN/[(SmN + GdN)/2]; St. dev.: standard deviation.

vary widely, increasing from the less to the more evolved rock 
(Fig. 10A). The same pattern is observed in the Sr versus Rb 
diagram (Fig. 10B), in which Rb behaves similarly to Ba and 
displays a positive correlation with Sr. The Sr/Ba versus Rb/
Sr diagram shows that Sr/Ba values decrease from the less to 
the more evolved sample as Rb/Sr values increase, forming a 
clear negative correlation (Fig. 10C). These diagrams reveal 
that the tonalitic and trondhjemitic rocks present equivalent 

trends, where the tonalites have a wider range that encom-
passes the trondhjemite trend.

The observed systematic variations in major and trace 
elements following linear trends (Marangoanha et al. 2019a), 
associated with large variations in Rb, Sr, Ba, Sr/Ba, and Rb/
Sr, indicate that fractional crystallization could have played 
an important role in the magmatic evolution of these rocks. 
This inference is supported by the observed wide range of 
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Figure 10. Log-log fractional crystallization vector diagrams: 
(A) Sr versus Ba, (B) Sr versus Rb, and (C) Sr/Ba versus Rb/Sr. 
The vectors indicate the influence of fractionation of plagioclase 
(Plg), potassium feldspar (Kfs), biotite (Bt), amphibole (Amp), 
clinopyroxene (Cpx), and orthopyroxene (Opx) on the composition 
of the residual liquids. The dotted arrows show possible trends 
during fractional crystallization into tonalites and trondhjemites.

Owing to the broad SiO2 and Mg# intervals that form the 
quartz dioritic–tonalitic–trondhjemitic series as well as the 
Rb–Ba–Sr behavior in the tonalitic and trondhjemitic variet-
ies, two fractional crystallization stages were assumed: 

 • the first stage was represented by an orthopyroxene-bear-
ing tonalitic magma generated from a quartz dioritic liquid 
(quartz diorite→orthopyroxene tonalite); 

 • later, an orthopyroxene-bearing trondhjemitic magma 
derived from a previously formed orthopyroxene-bear-
ing tonalitic liquid (orthopyroxene tonalite→orthopyrox-
ene trondhjemite). 

The mineral assemblages involved during the two stages 
of fractional crystallization were chosen by the vector dia-
grams from Fig. 10.

To evaluate this hypothesis quantitatively, major element 
mass balance calculations were performed using the GENESIS 
version 4.0 software (Teixeira 2005). This method consists 
of adjusting the relative proportions of fractionating miner-
als from the source (initial melt) to reproduce the composi-
tion of the expected melt. The quality of the model is reliable 
if the sum of the square residuals (∑R2) is ≤ 1.2 (Wyers and 
Barton 1986), allowing us to proceed to trace element mod-
eling using Excel sheets created by the authors of the present 
work based on the Rayleigh equation for fractional crystalli-
zation (Rayleigh 1896; Eq. 1): 

CL/C0 = F(D−1) (1)

Where:
CL and C0: the trace element composition of the remaining 
liquid phase during fractional crystallization (daughter) and 
the initial trace element composition of the magma (parent), 
respectively; 
F: the mass fraction of residual magma relative to the initial mass; 
D: the bulk partition coefficient for the fractionating mineral 
assemblage. 

The mineral/liquid partition coefficients (Kd) used in the 
modeling were obtained from Rollinson (1993) and the online 
database https://earthref.org/KDD/, given in Suppl. Tab. E.

In the first stage of the modeling, sample BVD 35-A (quartz 
diorite) was taken to represent the parental melt composition, 
which was proposed by Marangoanha et al. (2019a) as the 
initial liquid formed by partial melting of a mafic granulite. 
Sample BVD 52-A was assumed to be the daughter because it 
represents one of the less evolved samples in the tonalitic vari-
ety and gives more consistent results. Although the vectors in 
Figs. 10A-10C show that the tonalites were formed by fraction-
ating plagioclase, orthopyroxene, clinopyroxene, and amphibole, 
the lowest sum of the squared residuals (∑R2 = 0.308; Tab. 4) is 
obtained when amphibole is replaced by magnetite; hence, the 
fractionating phases, composed of 69.76% plagioclase, 28.65% 
clinopyroxene, 1.52% magnetite, and 0.07% orthopyroxene, 
yield a liquid (daughter) to cumulate ratio of 8:92. The same 
proportions of liquid and fractionating phases were tested in 
the trace element modeling (Fig. 11A; cf. Tab. 4), which also 

Mg number, which are interpreted to be strongly influenced 
by fractional crystallization (Roeder and Emslie 1970, Best 
and Christiansen 2001). Therefore, fractional crystalliza-
tion processes were investigated using major and trace ele-
ment modeling.
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Table 4. Modeling major and trace element compositions and fractionated mineral assemblages for generation of the tonalitic variety of the 
Neoarchean Café enderbite by fractional crystallization.

BVD 35-A 
(C0)a

Cumulate 
(CS) Composition of minerals

Calculated 
liquid (CLʹ)

BVD 52-A 
(CL)a

Quartz 
dioriteb Bulk

Plc Cpxc Mtd Opxc

Tonaliteb

69.76% 28.65% 1.52% 0.07%

Major elements (wt.%)

SiO2 57.80 56.85 57.19 54.16 0.00 51.93 69.68 69.75

TiO2 0.45 0.02 0.02 0.02 0.00 0.07 1.13 0.76

Al2O3 15.98 16.00 21.93 0.50 0.00 0.18 14.00 13.85

FeO* 3.81 3.97 0.05 8.39 100.00 28.86 2.65 2.71

MnO 0.05 0.05 0.00 0.17 0.00 0.90 0.03 0.03

MgO 3.68 3.82 0.00 13.34 0.00 16.93 1.78 1.76

CaO 10.21 10.68 5.59 23.24 0.00 0.49 5.26 5.30

Na2O 7.26 7.83 10.63 0.49 0.00 0.05 4.98 5.35

K2O 0.76 0.78 1.08 0.01 0.00 0.00 0.49 0.49

Trace elements (ppm) 

Ba 96.3           188.3 250.0

Rb 4.1           14.7 9.0

Sr 371.0           304.2 317.0

Y 35.6           25.0 16.5

Zr 33.0           329.0 324.0

Nb 8.8       11.1 12.0

La 9.30       14.21 14.40

Ce 20.00           22.17 23.10

Nd 15.50           10.43 10.20

Sm 5.26           4.13 2.91

Eu 0.92           1.02 0.95

Gd 6.12           4.05 3.29

Yb 3.21           1.45 1.74

Lu 0.560           0.296 0.330

∑R2=0.308.
FC=92%.
∑R2: Sum of the squared residuals; FC: Fractional crystallization. All iron is reported as FeO; aBulk composition from Marangoanha et al. (2019a); bOriginal 
oxide values recast to 100%; cMineral composition values from this work; dMineral composition values from Deer et al. (1992).

presented a good fit between the calculated liquid (generated 
by fractional crystallization from quartz diorite — sample BVD 
35-A) and the representative tonalite (BVD 52-A). This high 
fractionation of 92% of the initial liquid is probably overesti-
mated and its meaning is discussed later.

The next stage of the modeling represents the fractional crys-
tallization of a tonalitic melt (freshly formed in the first stage; 
sample BVD 52-A) to generate a trondhjemite. Assuming the 
composition of sample ED 1 as the daughter, the best model 
was obtained by fractionating plagioclase (71.43%), clinopy-
roxene (21.46%), orthopyroxene (4.55%), and amphibole 
(2.56%), which represents the same fractionating assemblage 
indicated by the vectors in Fig. 10. In this model, the fraction-
ating assemblage corresponds to 45% of the initial liquid, and 
the sum of the squared residuals is relatively low (∑R2 = 0.565; 
Tab. 5). This model also gives an excellent fit for trace element 
modeling (Fig. 11B; cf. Tab. 5).

Alternative processes
Despite the aforementioned modeling, we have also 

examined whether the mechanism of fractional crystalliza-
tion could have proceeded with simultaneous crustal assimi-
lation to generate the Café enderbite. As the crust of Carajás 
Province shows a complex evolution that involves multiple 
episodes of magmatism, metamorphism, hydrothermalism, 
and deformation, these processes are reflected in its hetero-
geneous composition, as displayed in Fig. 1C. Therefore, we 
tested assimilation-fractional crystallization (AFC) involving 
three different crustal compositions: 

 • mafic crust, represented by an amphibolite from Souza 
et al. (2017); 

 • intermediate crust, composed of the Ouro Verde tonalitic 
granulite (Marangoanha et al. 2019a); 

 • felsic crust, represented by the Cruzadão granite (Feio 
et al. 2013). 
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Figure 11. Fractional crystallization (FC) modeling (trace elements) 
to differentiation of the (A) opx-tonalite (daughter) from the quartz 
diorite (parent) in stage 1 and (B) opx-trondhjemite (daughter) from 
the opx-tonalite (parent) in stage 2. FC is percentage of fractional 
crystallization. Chondrite (C1) normalization values are from 
McDonough and Sun (1995). Trace element data are given in Tabs. 4 
(stage 1) and 5 (stage 2). (C) Sr versus Ba diagram showing the results 
of assimilation-fractional crystallization (AFC) and FC modeling. 
In (C), we used the PETROMODELER software from Ersoy (2013) 
based on equations from DePaolo (1981). The mafic, intermediate, 
and felsic crust compositions are taken from Souza et  al. (2017), 
Marangoanha et al. (2019a), and Feio et al. (2013), respectively. “r” 
denotes the ratio between the volumes of crustal assimilation and 
FC (r = ma/mc). The Sr and Ba contents of the respective assimilant 
compositions (CA) and the starting composition (C0) and the 
mineral/liquid partition coefficients (Kd) for each mineral are given 
in Suppl. Tab. F. Symbols as in Fig. 10.

In this model, we evaluated the interaction between the 
starting composition (C0) represented by the initial liquid in 
the modeling of the first stage (quartz dioritic composition; 
sample BVD 35-A) with the same fractionating assemblage 
and the assimilant compositions (CA) listed above (mafic, 
intermediate, and felsic crust), with assimilation rates of 
10 and 20% (r = 0.1 and r = 0.2, respectively). The results 
(Fig. 11C) clearly exclude the involvement of AFC process 
in generating the studied rocks and furthermore display an 
excellent fit to fractional crystallization process, as previ-
ously tested.

Comparison with other charnockites from 
Carajás Province and cratons worldwide

Although the vast majority of continental crust is 
composed of amphibole- and/or biotite-bearing granit-
oids, orthopyroxene-bearing granitoids form a minor but 
equally important component of the middle and lower 
continental crust and played a crucial role in the forma-
tion and evolution of the Precambrian crust (Rajesh and 
Santosh 2012 and references therein). Carajás Province 
(Amazonian craton, northern Brazil) is a good example of 
this feature; here, all occurrences of rocks from the char-
nockitic series (admitting an ‘igneous’ origin according to 
Frost and Frost 2008) are restricted to the Neoarchean (ca. 
2.74 Ga), are relatively well preserved, and reveal significant 
information concerning geological setting, tectonic regime, 
intrinsic crystallization conditions, and other factor that 
contribute to understanding the Archean evolution of this 
province. In addition to the Café enderbite, they are also 
represented by the Pium diopside-norite (Vasquez et al. 
2008, Feio et al. 2012, Santos et al. 2013) and an orthopy-
roxene-bearing granodiorite with spatially associated gab-
bronorites (Félix et al. 2020).

Therefore, we have gathered a data set containing the 
crystallization parameters of some charnockite occurrences 
worldwide to establish a general comparison between them 
and the studied rocks, highlighting the similarities and dif-
ferences related to this peculiar magmatism. The dataset is 
presented in Tab. 6. These data reveal that most temperatures 
record high values, generally > 1,000°C, for the analyzed char-
nockites, whereas the Matok pluton (Limpopo Belt, South 
Africa) and Louis Lake batholith (Wyoming Province, USA) 
exhibit temperatures between ~900 and 800°C but are still 
high. Concerning the estimated pressure, most of the char-
nockites present high to relatively moderate values, ranging 
from 900 to 400 MPa; the exceptions are the orthopyrox-
ene-bearing granodiorites from the Ourilândia do Norte 
region (Carajás Province, northern Brazil) displaying mod-
erate to low pressures of 310–190 MPa and subordinate anal-
yses from the Matok pluton. The available oxygen fugacity 
data strongly suggest a tendency for charnockitic magma to 
crystallize under oxidizing conditions between the FMQ and 
NNO+2 buffers (cf. Tab. 6), although Frost and Frost (2008) 
pointed out wide ranges of oxygen fugacity from reducing 
conditions below the FMQ buffer to oxidizing conditions 
with Δ log FMQ > +2.
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Table 5. Modeling major and trace element compositions and fractionated mineral assemblages for generation of the trondhjemitic variety 
from the Neoarchean Café enderbite by fractional crystallization.

BVD 52-A 
(C0)a

Cumulate 
(CS) Composition of minerals

Calculated 
liquid (CLʹ)

ED 1 (CL)a

Tonaliteb Bulk
Plc Cpxc Opxc Ampc

Trondhjemiteb

71.43% 21.46% 4.55% 2.56%

Major elements (wt.%)

SiO2 69.75 59.62 61.42 53.06 51.93 49.45 78.26 78.39

TiO2 0.76 0.05 0.00 0.08 0.07 0.92 0.82 0.18

Al2O3 13.85 17.04 23.21 0.44 0.18 5.80 11.30 11.44

FeO* 2.71 3.84 0.05 9.78 28.86 13.66 1.76 1.74

MnO 0.03 0.08 0.00 0.15 0.90 0.24 0.00 0.01

MgO 1.76 3.88 0.00 12.54 16.93 14.29 0.28 0.61

CaO 5.30 8.81 5.17 21.89 0.49 11.16 2.41 2.44

Na2O 5.35 6.40 8.59 0.70 0.05 1.17 4.54 4.61

K2O 0.49 0.28 0.36 0.02 0.00 0.63 0.63 0.58

Trace elements (ppm) 

Ba 250.0           196.9 191.5

Rb 9.0           12.4 8.4

Sr 317.0           288.8 291.0

Y 16.5           27.5 30.0

Zr 324.0           378.6 307.0

Nb 12.0       15.3 14.4

La 14.40       10.56 8.00

Ce 23.10           21.71 19.00

Nd 10.20           13.05 13.10

Sm 2.91           3.64 3.43

Eu 0.95           1.23 1.25

Gd 3.29           4.39 4.35

Yb 1.74           3.08 3.44

Lu 0.330           0.580 0.640

∑R2=0.565.
FC=45%.
∑R2: Sum of the squared residuals; FC: Fractional crystallization. All iron is reported as FeO; aBulk composition from Marangoanha et al. (2019a); bOriginal 
oxide values recast to 100%; cMineral composition values from this work.

Table 6. Summary of crystallization parameter data for selected charnockitic rocks (lato sensu) from Carajás Province and worldwide terranes.

Unit T (°C) P (MPa) fO2 H2Omelt (wt.%)

Carajás Province (Amazonian craton, Brazil)

Café enderbite1 1,150-850 750-600 Oxidized: FMQ to NNO + 1.7 4.8-5.6

Opx-granodiorites from Ourilândia do Norte2 1,061-833 310-190 Oxidized: > NNO > 4

Worldwide terranes

Louis Lake batholith (Wyoming Province, USA)3 ~800 700-500 Oxidized: FMQ+1.5 to 1.8 2-4

Charnockites from Leaf River suite (Canada)4 1,100-800 600-400 Oxidized: FMQ+0.6 to 2 < 2

Matok pluton (Limpopo Belt, South Africa)5 900-800 860-330 Oxidized: > NNO > 5

Charnockite massifs from southern India6* 1,036-679 900-600 n.d. n.d.

Luyashan charnockite (North China craton)7 1,000-900 n.d. n.d. <3

n.d.: not determined; References: 1This work, 2Félix et al. (2020), 3Frost et al. (2000), 4Percival and Mortensen (2002), 5Rapopo (2011), 6Rajesh and Santosh 
(2004), 7Yang and Santosh (2015); *Composed of the Pallavaram, Shevroy Hill, Biligirirangan Hill, Nilgiri Hill, northern Kerala, Cardamom Hill, and 
Nagercoil massifs.
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Concerning H2Omelt, the stability of orthopyroxene is also 
controlled by low water content in the charnockitic magma 
(Santosh and Yoshikura 2001). In fact, over the years, most 
authors have emphasized the ‘water-poor melt condition’ as a 
determinant for orthopyroxene to become stable in the melt 
(Clemens and Wall 1981, Frost and Frost 2008, and references 
therein). The rocks from the Café enderbite show H2Omelt 
contents of 4.8–5.6 wt.%, and some other occurrences, such 
as opx-bearing granodiorites from the Ourilândia do Norte 
region and Matok pluton, present similar values, while the 
Louis Lake batholith, Leaf River suite, and Luyashan char-
nockite display lower water contents, generally < 4 wt.% (cf. 
Tab. 6). However, the H2Omelt values recorded by the studied 
enderbite are in accordance with Percival and Mortensen’s 
(2002) findings. These authors show through a schematic T 
versus H2Omelt diagram based on Naney’s (1983) experimen-
tal results for calc-alkaline felsic melts that the stability field of 
orthopyroxene can be reached between ~4 and 6 wt.% water 
content in the magma, under conditions of ~1,000–800°C 
and 500 MPa (this pressure is obtained through a linear inter-
polation between the wide pressure range of 800–200 MPa). 
Therefore, these conditions entirely cover those found in the 
rocks from the Café enderbite, with an emphasis on the water 
content in the magma. Nevertheless, other parameters should 
be considered to account for orthopyroxene stability even in 
magmas that are less water undersaturated, as a free CO2-rich 
fluid phase coexisting with the magma during its evolution 
producing an effective dilution of H2O in the melt and hence 
favor orthopyroxene stabilization/crystallization (Frost and 
Frost 1987, Ridley 1992). Although the present work does not 
address the CO2 content in the rocks from the Café enderbite, 
fluid inclusion studies from Wilmart et al. (1991), Frost et al. 
(2000), and Harlov et al. (2013) reveal that volatiles in metalu-
minous igneous charnockites are CO2-rich, therefore stabiliz-
ing orthopyroxene at low, near-solidus temperatures (the Café 
enderbite is strongly metaluminous; Marangoanha et al. 2019a).

This brief approach shows remarkable similarities between 
the Café enderbite and the selected Archean–Proterozoic 
igneous charnockite occurrences around the world in terms 
of intrinsic crystallization parameters (T–P–fO2–H2Omelt), 
regardless of the specific geologic setting of each case.

Implications for the genesis of  
the Neoarchean Café enderbite

The ~2.74 Ga Café enderbite plutons are located in the 
Canaã dos Carajás domain, central portion of Carajás Province 
(cf. Fig. 1). In general, this portion of the crust evolved after 
Mesoarchean and Neoarchean events, marked by magmatism, 
metamorphism, hydrothermalism, and deformation episodes 
(Pidgeon et al. 2000, Moreto et al. 2011, Feio et al. 2012, 2013, 
Cunha et al. 2016, Oliveira et al. 2018, Marangoanha et al. 
2019a, 2019b, 2020, Silva et al. 2021). A detailed study from 
Marangoanha et al. (2019a) identified three specific Archean 
events responsible for the Canaã dos Carajás domain forma-
tion and cratonization as follows:

 • from 3.05 to 2.93 Ga, TTG crust was generated in a sub-
duction setting; 

 • from 2.89 to 2.84 Ga, large volumes of anatectic granites 
were formed in a collisional setting, accompanied by crustal 
thickening and granulitic metamorphism in the TTG crust; 

 • in the Neoarchean, from 2.75 to 2.73 Ga, the lowermost 
mafic crust was delaminated during crustal thickening.

Concerning the geological setting, Marangoanha et al. 
(2019a) stated that the formation of Neoarchean granitoids 
in this portion of the crust — which include the Café ender-
bite — was triggered by delamination process at 2.75–2.73 Ga. 
More specifically, the lowermost mafic crust was delaminated 
during crustal thickening, causing crustal underplating by 
mantle-derived mafic magma followed by partial melting of 
mafic granulite (lower continental crust), which was respon-
sible for the origin of the parental liquid of the Café enderbite. 
Geochemical modeling performed by these authors yielded a 
quartz dioritic liquid through 21% partial melting of a mafic 
granulite. Additionally, this study shows, through geochemi-
cal modeling, that the rocks from the Café enderbite evolved 
by fractional crystallization with a very high crystal content. 
According to this modeling, two fractional crystallization 
stages were proposed. First, the initial liquid, with quartz dior-
itic composition (formed by partial melting of the mafic gran-
ulite; Marangoanha et al. 2019a), evolved by 92% fractional 
crystallization to form an orthopyroxene-bearing tonalite (cf. 
Fig. 11A; Tab. 4). Then, this freshly formed tonalitic liquid 
evolved by 45% fractional crystallization to form an orthopy-
roxene-bearing trondhjemite (cf. Fig. 11B; Tab. 5). A recent 
experimental study by Zhao et al. (2018) in the Jiuzhou pluton 
(South China) demonstrated that in charnockitic igneous sys-
tems, orthopyroxene is preserved only in solidification zones 
in which it formed early in a magmatic system with a high crys-
tal content of ≥ 40%. These authors argued that such a high 
crystal content leaves a relatively small proportion of melt for 
reaction with orthopyroxene, hence increasing the ‘survival 
chances’ of this mineral. On the other hand, according to these 
authors, at low crystal content (< 40%), orthopyroxene that is 
formed early should be totally resorbed. However, Zhao et al. 
(2018) highlighted that other factors must also be considered 
to make orthopyroxene stable in igneous charnockites, such 
as magma composition, low water activity (aH2O), and high 
temperature, pressure, and CO2, which all represent deep 
crustal conditions ( Janardhan et al. 1982, Frost et al. 2000, 
Grantham et al. 2012).

Although the first stage of fractional crystallization 
(quartz diorite→opx-tonalite) points to formation of an 
extremely high crystal content of 92% (cf. Fig. 11A; Tab. 4), 
we believe that this value is somewhat overestimated and 
does not give a reliable geological scenario. However, the 
Sr versus Ba diagram in Fig. 11C shows that the same frac-
tionating assemblage proportion and initial and daughter 
liquid compositions (samples BVD 35-A and BVD 52-A, 
respectively) yield a model with generation of ~60% crys-
tal content, which represents a value in accordance with 
Zhao et al.’s (2018) experiments.

In addition to the fractionation of a high crystal con-
tent advocated by Zhao et al. (2018), other proposals can be 
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considered related to orthopyroxene stability in igneous char-
nockites. Frost et al. (1989) showed that charnockitic plutons 
represent cumulates that formed early in the crystallization of a 
pluton and that were isolated from later, more hydrous portions 
of the batholith. Extending this idea to the studied enderbites, 
Santos et al. (2013) identified cumulate rocks (composed of 
Opx + Cpx + Pl ± Amp) spatially associated with the Pium 
diopside-norite, which also crops out close to the Café ender-
bite plutons (cf. Fig. 2). Marangoanha et al. (2020) suggested, 
based on geochemical modeling, geochronology, and Hf–Nd 
isotopes, that the Pium diopside-norite has no cogenetic link 
with the Café enderbite, whereas the two units are coeval and 
geographically associated. Hence, these cumulate occurrences 
mapped by Santos et al. (2013) could potentially represent the 
cumulate counterpart of the Café enderbite since these authors 
do not clarify the real significance or links of these particular 
rocks (cumulates) in the Pium diopside-norite.

All the considerations raised to this point indicate that 
the Café enderbite potentially involved the main proposals 
related to igneous charnockite origin in the literature, listed 
by Rajesh (2007):

 • Partial melt from mafic lower crustal granulite (Duchesne 
et al. 1989, Emslie et al. 1994, Longhi et al. 1999, Rajesh and 
Santosh 2004, Rajesh 2007): As proposed by Marangoanha 
et al. (2019a), the least evolved rocks from the Café ender-
bite, represented by the quartz diorites, formed by 21% 
partial melt of a Mesoarchean mafic granulite associated 
with delamination;

 • Extensive fractional crystallizations of ferrodiorites (Vander 
Auwera et al. 1998, Scoates and Lindsley 2000). If we 
consider our initial liquid, formed by partial melting of 
mafic granulite, to be ferrodiorite (according to Fig. 1 from 
Frost and Frost 2008), this statement is absolutely true, 
as demonstrated by our fractional crystallization models 
based on the high crystal content (45–60%) (Figs. 11A-
11C; Tabs. 4 and 5);

 • Residues or cumulates after the removal of an evolved (granitic) 
melt (Emslie 1991, Mitchell et al. 1996, Markl and Höhndorf 
2003). Although this process was not tested in the present 
work, it was not in fact rejected due to the cumulate occur-
rences mapped by Santos et al. (2013). Furthermore, as this 
portion of Carajás Province is marked by intense ~2.74 Ga 
magmatism, a possible pyroxene-free granitic counterpart 
(similar to the Vila Jussara suite; see Section “Charnockitic 
Magmatism of Carajás Province”) is not totally eliminated, 
and this process could have played a discrete role.

In summary, the Café enderbite quite clearly evolved under 
a complex scenario that encompassed more than a simple petro-
genetic process, as established for most igneous charnockites 
worldwide. The processes involved in the generation of the 
Café enderbite are partial melting of a mafic granulite (lower 
crust) followed by a minimum of two fractional crystallization 
stages with high crystal content (45–60%) under crystallization 
conditions of 1,150–850°C and 750–600 MPa, high oxygen 
fugacity (FMQ to NNO + 1.7 buffers) and moderate H2Omelt 
(4.8–5.6 wt.%). All these particular conditions were assisted 

by a N–S pure shear-dominated transpressional regime, with 
an E–W sinistral sense of tectonic movement responsible for 
the syntectonic character printed on these charnockitic granit-
oids at 2.75–2.73 Ga (Oliveira et al. 2018, Marangoanha et al. 
2019a, 2019b, 2020).

CONCLUSIONS
 • The granitoids from the Neoarchean Café enderbite are 

composed of orthopyroxene-bearing tonalites and trondh-
jemites, with subordinate quartz diorite, reflecting a wide 
range of silica contents (53–80 wt.%). This broad SiO2 
range argues against a simple partial melting process from 
a mafic source. Geochemical modeling shows that two 
stages of fractional crystallization (stage 1: quartz dio-
rite→opx-tonalite; stage 2: opx-tonalite→opx-trondhjemite) 
were the likely petrogenetic processes responsible for the 
Café enderbite evolution;

 • Separation of a high crystal content during fractional crys-
tallization of the studied charnockites, between 45 and 
60% (or even higher), was the key factor that preserved 
orthopyroxene in the magmatic system, since this degree 
of fractionation allows a relatively small proportion of melt 
to react with the early-formed orthopyroxene;

 • Constrained intrinsic parameters show that the Café enderbite 
evolved under high temperature and pressure conditions of 
1,150–850°C and 750–600 MPa, respectively, with moderate 
water contents in the melt (4.8–5.6 wt.%) and under relatively 
oxidizing conditions, buffered between FMQ and NNO + 1.7;

 • The constrained T–P–fO2–H2Omelt parameters from the 
studied rocks are quite similar to those from Precambrian 
magmatic charnockites lato sensu worldwide, confirming 
that, in addition to some specific peculiarities (probably 
promoted by their particular geological setting), they pres-
ent ‘standard crystallization conditions’, which require high 
T, P, and CO2, low H2Omelt and a broad range of fO2; these 
conditions characterize deep crustal settings.
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