

[image: image1]
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The Guéra Massif, in South-Central Chad hosts granitic rocks that were emplaced during distinct intervals (595–590; ∼570; ∼560 Ma) of the Late Ediacaran Central African Orogenic Belt. To the northwest of the Guéra Massif, younger post-collisional granites (554–545 Ma) are found near Lake Fitri. The older (≥590 Ma) rocks have geochemical characteristics of collisional granites whereas the younger (≤570 Ma) rocks are similar to post-collisional granites. Biotite and amphibole were analyzed to constrain the magmatic conditions of the granites. The biotite from the collisional granites tends to have higher Al and Ti and lower Fe# (Fe#average ≈ 0.67) than the post-collisional granites (Fe#average ≈ 0.88). The average crystallization temperatures range from 696 ± 37 to 612 ± 8°C, with the average pressure of crystallization from 0.25 ± 0.09 to 0.13 ± 0.02 GPa, and redox conditions between the nickel-nickel oxide (NNO) and quartz-fayalite-magnetite (QFM) buffers. The biotite crystallization temperatures of the post-collisional rocks are generally lower than the collisional rocks (570 Ma = 630 ± 26 to 619 ± 30°C, 560 Ma = 626 ± 20 to 607 ± 4°C, 550 Ma = 639 ± 18 to 612 ± 13°C), but the crystallization pressures are similar (0.27 ± 0.05 to 0.14 ± 0.04 GPa). The redox conditions transition from the QFM buffer to the wüstite-magnetite (WM) buffer. In contrast, the biotite from the Lake Fitri post-collisional granites crystallized at higher pressure (0.39 ± 0.08 to 0.35 ± 0.03 GPa) but similar redox conditions. The amphiboles in the younger (∼590 Ma) collisional granites and the post-collisional granites yielded crystallization pressure estimates that are generally higher (∼0.6 to 0.1 GPa) than the biotite estimates but there is overlap. The difference in pressure may be due to the timing of crystallization and/or crystal redistribution. Overall, there appears to be a secular change from high to low temperature and pressure whereas the redox conditions appear to be spatially related. The biotite crystallization pressure of the Lake Fitri granites suggests they were likely emplaced into a different domain/terrane of the Saharan Metacraton than the Guéra Massif.

Keywords: Saharan Metacraton, biotite chemistry, Guéra Massif, collisional granites, post-collisional granite, Central African Orogenic Belt


INTRODUCTION

The Saharan Metacraton occupies the North-Central part of Africa and covers an area of ∼5 million km2 (Abdelsalam et al., 2002; Liégeois et al., 2013). It is surrounded by the Tuareg Shield to the west, the Arabian-Nubian Shield (ANS) to the east, the Congo Craton to the south, and the African continental margin to the north (Figure 1A). The boundaries of the Saharan Metacraton are the result of lithospheric-scale suturing processes caused by Neoproterozoic (∼750–550 Ma) collisional events. The eastern boundary is considered to be the north-trending Keraf–Kabus–Sekerr Shear Zone which is an arc-continental suture that separates the Saharan Metacraton from the ANS (Abdelsalam and Dawoud, 1991; Stern, 1994; Abdelsalam and Stern, 1996). The western boundary is the north-trending Raghane Shear Zone which marks the collision zone between the Saharan Metacraton and the Tuareg Shield (Liégeois et al., 1994, 2003; Henry et al., 2009). The southern boundary is not well-defined but is considered to be the northern border of the Central African Orogenic Belt (CAOB) in the southwest and the Aswa Shear Zone farther east. The east-west trending CAOB separates the Saharan Metacraton from the Congo Craton to the south (Pin and Poidevin, 1987; Poidevin, 1994; Toteu et al., 2006). The northern boundary of the Saharan Metacraton is unconstrained but is likely located in southern Egypt and Libya and covered by thick Phanerozoic sediments (Abdelsalam et al., 2002).
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FIGURE 1. (A) Major cratons of continental Africa and locations of Mesozoic rifts. (B) Simplified geological map of the Saharan Metacraton, showing the location of the study areas (modified from Abdelsalam et al., 2002). The sample localities of the Lake Fitri inliers near (C) Moyto and (D) Ngoura (after Shellnutt et al., 2018).


The Saharan Metacraton comprises medium to high-grade metamorphic rocks including gneiss, metasedimentary rocks, migmatites and granulites as well as low-grade volcano-sedimentary sequences that are intruded by Neoproterozoic granitic rocks (Klerkx and Deutsch, 1977; Stern et al., 1994; Sultan et al., 1994; Abdelsalam et al., 2002; Shang et al., 2010). Isotope model ages and U-Pb geochronology of basement rocks vary from ∼3100 to 500 Ma suggesting there is an Archean ancestry within the Saharan Metacraton (Abdelsalam et al., 2002). Nevertheless, the principal magmatic phases of the Saharan Metacraton occurred from ∼750 to 550 Ma (Abdelsalam et al., 2002; Suayah et al., 2006; Shellnutt et al., 2017, 2018).

Mesoproterozoic to Neoproterozoic rocks of the Saharan Metacraton are exposed in Chad within the Tibesti, Ouaddaï, and Gueìra massifs (Figure 1B). The Guéra Massif is located in South-Central Chad and is primarily comprised of granitic rocks many of which are cross-cut by dolerite dykes (Isseini et al., 2013; Nkouandou et al., 2017). The main lithologic and structural characteristics are described by Isseini et al. (2013), and the geochronology and geochemistry are documented by Pham (2018). Granitic intrusions were emplaced during and after the collision between the Congo-São Francisco Craton and the Saharan Metacraton. Pham (2018) proposed that there are two types of granites: (1) the older (595–590 Ma), collision-related granites that formed by subduction and syn-collisional processes, and (2) the younger (570–560 Ma), post-collisional granites. Furthermore, even younger (554–545 Ma) post-collisional granites are located ∼150 to 350 km to the NW of the Guéra Massif near Lake Fitri and are compositionally similar to the Guéra post-collisional granites. Consequently, the Lake Fitri granites could be representative of a third post-collisional period in south-central Chad, and/or represent a northwestward extension of the Guéra Massif (Figures 1C,D; Shellnutt et al., 2017, 2018).

Mafic minerals (e.g., amphibole, biotite) are fundamental components of many granitic rocks. For example, the compositions of amphibole and biotite reflect the magmatic conditions and the nature of the parental magma from which they crystallized (Zen, 1988; Abdel-Rahman, 1994; Shabani et al., 2003). In general, biotite composition can be used to: (1) track the oxidation state of the melt from which it crystallized (Wones and Eugster, 1965; Burkhard, 1991, 1993), (2) discriminate geotectonic settings (Nachit et al., 1985; Abdel-Rahman, 1994; Hecht, 1994; Shabani et al., 2003), (3) estimate crystallization temperature (Luhr et al., 1984), and (4) constrain the depth of crystallization (Uchida et al., 2007). Similarly, amphibole can also provide constraints on the crystallization conditions of granitic magma (c.f., Wones, 1981; Hammarstrom and Zen, 1986).

In this study, we present the chemistry of biotite and amphibole from the collision-related and post-collisional granites of the Guéra Massif with the aim to: (1) describe the mineral-chemical evolution of the mafic minerals from the granites of the Guéra Massif; (2) estimate magmatic conditions (pressure and temperature of crystallization, and oxygen fugacity) that prevailed during the crystallization of biotite; (3) characterize the geochemical differences in biotite between the collisional and the post-collisional granites, and (4) discuss the tectonomagmatic implications. The new data are used to constrain the secular evolution of magmatism as it changes from a collisional setting to a post-collisional setting. Moreover, the results provide additional constraints on the nature of crustal building processes within the Saharan Metacraton.



GEOLOGICAL BACKGROUND

The bedrock geology of Chad is characterized by the exposure of Late Ediacaran basement rocks within the Tibesti Massif in the north, Ouaddaï Massif in the east, Guéra Massif in the south-central part, and the Mayo Kebbi and Yadé massifs in the south (Figure 1B). The massifs are surrounded by younger sedimentary rocks, which include Lower Paleozoic sandstone sequences, Lower Cretaceous continental clastic rocks and Upper Cretaceous marine sediments in the north and northeast, Paleogene continental sediments in the south, and the Neogene lacustrine sediments (known as Chad Formation) of the Chad basin.

The Guéra Massif, also known as Massif Central tchadien (Figure 2), comprises magmatic and metamorphic rocks that developed during the Late Ediacaran collision between the Congo-São Francisco Craton and the Saharan Metacraton (Black, 1992; Kusnir and Schneider, 1995; Kusnir and Moutaye, 1997; Schlüter, 2008; Shellnutt et al., 2017, 2019b). Biotite granites are mainly exposed in the northern region near Mongo, which is intruded by gabbro whereas hornblende-biotite granites and hornblende granites and its fine grained equivalent are located in the east and south of the massif (Figure 2). A geochronological investigation of the granitic plutons shows that they are Neoproterozoic (595–560 Ma) in age and were subsequently buried under a sedimentary cover dominated by Quaternary alluvium (Kusnir and Schneider, 1995; Shellnutt et al., 2017; Pham, 2018). Cross-cutting the older (595–590 Ma) granites in the Mongo area are dolerite dykes that are oriented along/parallel to NNE–SSW, NE–SW, and ENE–WSW faults. They are described as vertical to sub-vertical dykes and extend over several kilometers. The Mongo doleritic dyke swarm intruded pre-existing fractures and may record the final stage of lithotectonic stabilization of the Guéra Massif (Nkouandou et al., 2017).
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FIGURE 2. Sample location map of the granitoids selected for this study. The distribution of Guéra Massif granites draped onto Shuttle Rader Topography Mission (SRTM) Digital Elevation Model (DEM).


The ancient basement of the Guéra Massif is probably Meso- to Paleoproterozoic as inherited zircons of that age were identified within the collision-related granites (Shellnutt et al., 2017, 2019a). The collision-related granites are mostly biotite-granite, metaluminous to peraluminous, alkali calcic to calc-alkalic and magnesian to ferroan in composition, where the magnesian (∼595 Ma) granites are similar to volcanic-arc granite and were emplaced before the ferroan (∼590 Ma) syn-collisional granites (Supplementary Table S1; Frost et al., 2001; Pham, 2018; Shellnutt et al., 2019a). In contrast, the post-collisional granites include biotite-granite and hornblende-biotite-granite, and are peraluminous to metaluminous, alkali calcic to calc-alkalic, and ferroan in composition. The compositionally similar ferroan rocks were emplaced at two distinct periods of ∼570 and ∼560 Ma (Supplementary Table S1; Pham, 2018). The whole rock compositions and zircon 206Pb/238U weighted-mean ages of the rocks in this study are summarized in Supplementary Table S1.


Sampling Locations of the Collision-Related Granites

Samples 14ZA02 (595 ± 8 Ma), 14ZA06, 14ZA25C are collected from three different locations of the same magnesian biotite-bearing granitic pluton surrounding Mongo (Figure 2). Each sample is about 50 km from each other. Sample 14ZA02 is located at the western part of the pluton (Figure 2). Sample 14ZA06 is located to the north whereas sample 14ZA25C is an amphibolite melanosome within gneissose granitoid located to the east (Figure 3A). The eastern outcrop was intruded by younger granite that has not been dated. Sample 14ZA16A (593 ± 7 Ma) is a pink, ferroan granite that was intruded by a fine grained quartzofeldspathic dyke ∼3 km east of El Hidjer (Figures 2, 3B). Sample 14ZA12D (589 ± 6 Ma) was collected from a granite outcrop about 20 km north of Zan. The textural, mineralogical, and age similarities of 14ZA16A and 14ZA12D suggests that they may be the same pluton.
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FIGURE 3. Field photographs of the (A) magnesian collision-related granites near Mongo and the (B) ferroan collision-related granite near El Hidjer.




Sampling Locations of the Post-collisional Granites

Sample 14ZA01 (568 ± 7 Ma) is a biotite-bearing gneissic granitoid collected ∼100 km west of Mongo between Bakoro and Bitkin villages (Figure 2). This sample belongs to the westernmost pluton of the study and is texturally and minerallogically different from the older Mongo granite (Figures 2, 4A). Sample 14ZA23 (568 ± 6 Ma) was collected ∼50 km to the southeast of Mongo, halfway between Mongo and El Hidjer (Figure 2).
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FIGURE 4. (A) Field photograph of the ∼570 Ma post-collisional granites west of Mongo. Field photographs of ∼560 Ma post-collisional granites west of El Hidjer (B,C) and near Zan (D).


Samples 14ZA20B and −21B were collected about 50 km west of El Hidjer (Figure 2). The outcrop exposes multiple magmatic rocks ranging from biotite-hornblende gneissose enclave to NW-SE striking steep dipping foliated gneissic granite (14ZA20B) truncated by younger mafic intrusions, and quartzofeldspathic veins (Figures 4B,C). Sample 14ZA21B is coarse grained granite that contains darker microgranular enclaves. Pink granite samples 14ZA18 and ZA1419B (561 ± 6 Ma) were collected from a pluton with an exfoliation dome-like structure ∼30 km west of El Hidjer that is texturally different from the pluton in which samples 14ZA20B and 14ZA21B were collected (Figure 2). The granite is composed of coarse grained K-feldspar, plagioclase, biotite, hornblende with concentrated patches of amphibolite xenoliths. Sample 14ZA10 (556 ± 7 Ma) is biotite-bearing granite with centimeter size feldspar phenocrysts collected from one of the southernmost plutons ∼30 km west of Zan. The granites are slightly deformed as there is an alignment of biotite (Figure 4D).

The Lake Fitri inliers are located to the northwest of the Guéra Massif and comprise fresh and coarse-grained biotite-bearing granites (Figures 1C,D). They are exposed as lenticular to ellipsoidal granitic hills up to several kilometers in length and less than 1 km wide near or between the communities of Ngoura and Moyto. Generally, the Lake Fitri granites have similar texture, mineralogy (biotite, quartz, K-feldspar), whole-rock chemistry (peraluminous to metaluminous, alkali calcic to calc-alkalic, high potassium and ferroan) and Nd isotopic compositions (Shellnutt et al., 2018). Moreover, they are somewhat compositionally similar to the post-collisional granites of the Guéra Massif but are slightly younger (554 ± 8 and 546 ± 8 Ma) and have moderately depleted Nd isotopic compositions [εNd(t) = +1.3 to +2.9] as opposed to the enriched Nd isotopes [εNd(t) = −13.1 to +0.2] of the rocks from the Guéra Massif (Pham, 2018; Shellnutt et al., 2018). Biotite compositions from the granitic rocks at Ngoura and Moyto were presented by Shellnutt et al. (2018) and are discussed in this paper.



PETROGRAPHY


Collision-Related Granitic Rocks

The collisional granites include both hornblende-biotite granite (590 Ma group) and biotite granite (595 Ma group) that vary from coarse-grained and granular to fine grained. Exsolution textures, such as perthite and myrmekite, are common in both groups. The 590 Ma collisional granites (Figures 5A,B) are primarily composed of plagioclase (10–20 vol.%), K-feldspar (35–45 vol.%), biotite (8–10 vol.%), and quartz (20–30 vol.%) with accessory amounts of amphibole (1–2 vol.%), opaques (Fe-Ti oxide and sulfide minerals), zircon, and apatite. The plagioclase crystals display albite twinning. The K-feldspar crystals are medium- to coarse grained (0.5–1 mm or larger), and commonly have subsolidus exsolution (cross-hatched twinning perthite) and lamellar exsolution. Some of the K-feldspar is altered to clay minerals and secondary muscovite. The biotite crystals are coarse-grained and ≤2 mm in length, have greenish brown to brown pleochroism, and contain inclusions of apatite and zircon (metamict halo). The quartz crystals are fine- to coarse-grained (0.75–1 cm), fractured, and have undulose extinction. In comparison, the 595 Ma granites (Figures 5C,D) have the same mineral assemblage of plagioclase (10–20 vol.%), K-feldspar (25–50 vol.%), biotite (15–17 vol.%), and quartz (20–30 vol.%) with opaque accessory (Fe-Ti oxide and sulfide minerals), zircon, secondary muscovite, and apatite but amphibole was not observed. The rocks have similar mineral textures as ∼590 Ma rocks but the biotite crystals were generally more abundant and have green to greenish brown pleochroism.
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FIGURE 5. Photomicrographs of the Guéra Massif collisional granites under crossed polarizers. Panels (A,B) are from 14ZA16A of the 590 Ma granites, and (C) 14ZA02, and (D) 14ZA25C of the 595 Ma granites. Qz, quartz; Pl, plagioclase; Bt, biotite; Kfs, potassium feldspar; Fsp, perthitic feldspar, Hbl, hornblende.




Post-collisional Granitic Rocks

The post-collisional granites are mostly hornblende-biotite granites and are coarse-grained and granular (Figure 6). The most distinguishing feature between younger (∼560 Ma) and older (∼570 Ma) post-collisional granites is the abundance of amphibole (hornblende) that can be up to 15–20 vol.% (sample 14ZA20B). These rocks are generally fresh, but some crystals of quartz and K-feldspar are cloudy. Exsolution textures such as perthite and myrmekite are common (Figure 6A). The 560 Ma group has a mineral assemblage of amphibole (∼2–20 vol.%), plagioclase (8–10 vol.%), biotite (2–10 vol.%), K-feldspar (30–50 vol.%), quartz (20–40 vol.%), and accessory (1–3 vol.%) minerals (Figures 6B–D). Most of the amphibole crystals are hornblende that are identified by deep-green to light-green pleochroism. In some cases the hornblende is altered to a mixture of reddish-brown oxyhornblende and oxide (hematite, rutile) minerals (Figure 6D). The plagioclase phenocrysts (0.5–2.25 mm) have albite and polysynthetic twinning. The biotite crystals are observed as both phenocrysts and inclusions within K-feldspar but the phenocrysts are commonly interstitial to other minerals and have pale yellow-brown to pale brown pleochroism. The K-feldspar crystals are medium to coarse-grained and regularly exhibit Carlsbad or microcline twinning. There are some alkali feldspar crystals with perthite exsolution lamellae. The quartz crystals are fractured, randomly oriented, and have variable grain sizes. Accessory minerals include: zircon, muscovite, chlorite and opaques. The 570 Ma granites have a similar mineral assemblage of plagioclase (15–20 vol.%), K-feldspar (35–40 vol.%), biotite (8–10 vol.%), quartz (20–25%) with similar accessory minerals (<3 vol.% of chlorite, zircon and opaques), but tend to have less amphibole (3–4 vol.%) as compared to the 560 Ma granites (Figures 6E,F).
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FIGURE 6. Photomicrographs of the Guéra Massif post-collisional granites under crossed polarizers. (A) 14ZA10, (B) 14ZA18, (C) 14ZA20B, and (D) 14ZA21B of the 560 Ma granites. (E) 14ZA01, and (F) 14ZA23 of the 570 Ma granites. Qz, quartz; Pl, plagioclase; Bt, biotite; Kfs, potassium feldspar; Myr, myrmerkite, Hbl, hornblende.




MATERIALS AND METHODS

To investigate the mineralogical composition of the Gueìra Massif granites a total of twelve samples of biotite-granite and hornblende-biotite-granite were selected for analysis by electron probe micro-analyzer (EPMA). The EPMA used for this study is a JEOL JXA-8500F, equipped with five WDSs at EPMA laboratory in the Institute of Earth Sciences, Academia Sinica, Taipei. The equipment operated at 16 kV voltage and 6 nA current beam with a 2 mm diameter electron beam. The ZAF method using the standard calibration of synthetic chemical-known standard minerals with diverse diffracting crystals used to correct the X-ray intensities, are as follows: wollastonite for Si with TAP crystal, rutile for Ti (PETJ), corundum for Al (TAP), Cr-oxide for Cr (PET), hematite for Fe (LiF)l, Mn-oxide for Mn (PET), periclase for Mg (TAP), Ni-oxide for Ni (LiF), Co-oxide for Co (LiF), wollastonite for Ca (PET), albite for Na (TAP), orthoclase for K (PET), Zn-oxide for Zn (LiF), apatite for P (PET), fluorite for F (TAP), tugtupite for Cl (PET) and anhydrite for S (PET). The relative standard deviations (RSD) for F, Cl, S, and P were less than 2%, for Si, Na, and K were less than 1%, and other elements were less than 0.5%. The detection limits for F, Cl, S, and P were less than 0.5 wt%. The analysis results are shown in Supplementary Table S1.

The structural formulae of biotite were calculated on the basis of 22 oxygen equivalents without H2O+ and 13 cations by using the Excel spreadsheet program designed by Tindle and Webb (1990). For this study, only the biotite results that classify as “primary magmatic biotite” are considered (Nachit et al., 2005). The partitioning of Fe3+ and Fe2+ from the total iron (FeOt) was calculated by charge balance using the program “Fe23” (Nenova, 1997). It is reported that the calculated Fe2+ and Fe3+ deviate from the experimental derived contents by less than 1%. The chemical formulae of amphibole are recalculated on the basis of 23 oxygens equivalents with Fe2+/Fe3+ estimation, without H2O+, and 13 cations using the program Probe-AMPH (Tindle and Webb, 1994). The chemical formula, geochemical features of amphibole and biotite, and their computed stoichiometry are summarized and listed in Supplementary Table S1. Biotite chemistry from the Lake Fitri granites, reported by Shellnutt et al. (2018), will also be discussed in relation to the Guéra Massif granites.



RESULTS


Collisional-Related Granites

There are distinct compositional differences between the biotite crystals from the 590 Ma (14ZA12D, −16A) and 595 Ma (14ZA02, −06, −25C) collision-related intrusions. The 590 Ma granites samples tend to have similar Al2O3 (13.23–16.21 wt.%) and TiO2 (1.32–3.84 wt.%) but lower MgO (0.64–6.66 wt.%), and higher FeOt (26.43–34.46 wt.%), and Fe# (0.70–0.98) than the biotite crystals of 595 Ma granites (Al2O3 = 13.94–17.53 wt.%; TiO2 = 1.12–4.05 wt.%; MgO = 7.48–13.68 wt.%; FeOt = 13.07–23.33 wt.%; Fe# = 0.46–0.62). Furthermore, the biotite from the 590 Ma rocks classify as siderophyllite whereas the biotite from the 595 Ma rocks classify as Fe-biotite (Foster, 1960).

The calcic amphibole (ferro-edenite to ferro-pargasite) crystals from the 590 Ma collision-related granites (14ZA12D, −16A) are fairly homogeneous within each sample but between samples there is significant variability of the major elements. The amphibole from sample 14ZA12D has higher SiO2 (>41 wt%) and MnO (>0.7 wt%) but lower TiO2 (<1 wt%), Al2O3 (<8.7 wt%), Na2O (<1.7 wt%), and K2O (≤1 wt%) compared to 14ZA16A (SiO2 < 40 wt%; TiO2 > 0.8 wt%, Al2O3 > 10.4 wt%; MnO < 0.7 wt%; Na2O > 1.3 wt%; K2O > 1.6 wt%).



Post-collisional Granites

The compositions of the biotite crystals from the 560 Ma granites (14ZA01, −10, −18, −19B, −20B, −21B, 23) are similar (Al2O3 = 12.35–17.17 wt%; TiO2 = 2.48–4.02 wt%; MgO = 0.30–5.13 wt%; FeOt = 26.50–35.35 wt%) to the biotite crystals from 570 Ma (14ZA01, −23) granites (Al2O3 = 10.94–15.26 wt%; TiO2 = 2.35–4.88 wt%; MgO = 0.68–5.46 wt%; FeOt = 24.70–35.35 wt%). All biotite are Fe-rich (siderophyllite) and have similar Fe# values (0.73–0.98).

The amphibole crystals from the post-collisional (560 Ma = 14ZA18, −19B, −20B, 21B; 570 Ma = 14ZA01, −23) intrusions are calcic (ferro-edenite to ferro-pargasite). The compositions of the amphibole from the 560 Ma rocks are generally similar to each other (SiO2 = 45.2–36.2 wt%,TiO2 = 2.3–0.3 wt%, Al2O3 = 9.6–5.0 wt%, MnO = 0.9–0.2 wt%, CaO = 11.0–8.4 wt%, Na2O = 2.0–0.5 wt%, K2O = 2.9–0.7 wt%, Fe# = 0.80–0.74) but slightly different from those analyzed from the 570 Ma rocks (SiO2 = 41.2–40.6 wt%,TiO2 = 2.0–0.9 wt%, Al2O3 = 9.1–8.2 wt%, MnO = 0.9–0.6 wt%, CaO = 10.9–10.3 wt%, Na2O = 2.2–1.5 wt%, K2O = 1.3–1.1 wt%, Fe# = 0.81–0.78). Only two analysis were obtained from sample 14ZA23.



DISCUSSION


Biotite Crystallization Temperature Estimates

The presence of ilmenite and magnetite in granitic rocks is a common mineral pairing used to estimate magmatic temperature of silicic igneous rocks (Buddington and Lindsley, 1964; Ghiorso and Sack, 1991; Anderson et al., 1993). However, the temperature sensitivity of Ti and Ti/Fe2+ in biotite can also be used to obtain reliable temperature estimations in igneous and metamorphic rocks (Luhr et al., 1984). The granitic rocks from the Guéra Massif are primarily composed of plagioclase, K-feldspar, and quartz but have significant amounts (5–15 vol.%) of hornblende and biotite with accessory (<5 vol.%) amounts of apatite, Fe-Ti oxide minerals (ilmenite, magnetite), and sulfide minerals are also present. Consequently, we are able to use the equation of Luhr et al. (1984) to calculate the biotite crystallization temperatures based on the coupled exchange of Ti and Fe2+ in biotite. The temperatures are calculated from Eq. (1).
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The maximum, minimum, and average crystallization temperatures of the biotite from the Guéra Massif and Lake Fitri inliers are listed in Table 1 with the entire data set presented in Supplementary Table S1. Overall, the biotites from the collisional granites tend to have higher average crystallization temperatures than the post-collisional granites from Guéra Massif and the Lake Fitri region (Figures 7A,B). Specifically, the results from sample 14ZA02 (595 Ma) have the highest temperature (723°C) and average temperature (696 ± 37°C). The other two remaining 595 Ma rocks have the second (14ZA25 = 666 ± 42°C) and the fifth highest average temperatures (14ZA06 = 633 ± 21°C). In comparison, the 590 Ma rocks have lower average temperatures (14ZA16A = 619 ± 22°C; 14ZA12D = 612 ± 8°C). The post-collisional granites have lower average temperatures overall but overlap with 590 Ma collisional rocks (630 ± 26–607 ± 7°C). The Lake Fitri post-collisional rocks are somewhat different from the Guéra Massif rocks. The biotite from the Ngoura rocks yields higher average temperatures (634 ± 21, 639 ± 18, 625 ± 20°C) than the biotite from the younger Moyto granites (612 ± 13°C).


TABLE 1. The range of crystallization temperature estimates of biotite from the granites of the Gueìra Massif and Lake Fitri region.
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FIGURE 7. (A) Classification of granitic rocks using Rb (ppm) vs Y + Nb (ppm) of Pearce (1996). Syn-COLG = syn-collisional granite, WPG = within-plate granite, VAG = volcanic-arc granite, ORG = ocean-ridge granite, post-COLG = post-collisional granite. (B) Biotite crystallization temperature estimates of the Guéra Massif and Lake Fitri granites. Crystallization pressure estimates of (C) amphibole, and (D) biotite of the Guéra Massif and Lake Fitri granites.




Amphibole Pressure Estimates

Emplacement pressure estimates of granitic rocks can be calculated based on the Al content of hornblende providing the host rocks contain the requisite mineral assemblages (Hammarstrom and Zen, 1986; Hollister et al., 1987; Johnson and Rutherford, 1989; Schmidt, 1992). There are concerns regarding the constraints for an accurate geobarometer estimate using amphibole given all of the parameters that could potentially affect the results (Hollister et al., 1987; Ghent et al., 1991). Although, the computed pressure may display the depth at which the hornblende crystallizes, it may not indicate the pressure at which the granite reached neutral buoyancy (i.e., emplacement depth) in the crust because it is likely that the majority of minerals crystallize after hornblende (Ghent et al., 1991).

We find that the hornblende geobarometers of Hammarstrom and Zen (1986) and Johnson and Rutherford (1989) are better suited for our samples as the mineral assemblages are ideal and our results are closest to their calibration curves. However, we prefer the geobarometer of Johnson and Rutherford (1989) due to better constraints on the pressure uncertainty (i.e., ±0.5 kbar). The amphibole crystallization pressure of the Guéra Massif granitic rocks is calculated using Eq. (2).

[image: image]

Where Alt designates the total number of Al atoms in amphibole based on 23 oxygen equivalents. The calibration is based on the relation between Alt in hornblende and pressure for calc-alkalic granitic rocks that are made of up of an igneous mineral assemblage consisting of hornblende, plagioclase, biotite, K-feldspar, quartz, titanite, and magnetite or ilmenite. The results indicate that the crystallization of hornblende occurred between ∼0.1 and 0.6 GPa across all samples but the ∼590 Ma collisional rocks have the greatest variability (Table 2 and Supplementary Table S1; Figure 7C). Amphibole is not present in all of the studied samples. Thus, there is a limited application of this method across all granitic rocks from the Guéra Massif granites.


TABLE 2. The range of amphibole pressure estimates from the Gueìra Massif granites.
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Biotite Pressure Estimates

The concentration of TiO2 and AlVI in biotite is linked to the emplacement depth of its host pluton. In particular, granites with biotite that have low TiO2 and high AlVI content are typical for an abyssal depth of formation. Furthermore, granites that crystallize at deeper depth are characterized by high TiO2 and AlVI content (Machev et al., 2004; Bora and Kumar, 2015). In this study, the TiO2 and AlVI contents in biotite of collisional granite are TiO2 = 2.19–4.05 wt%, AlVI = 0.05–0.9 apfu. The values of the post-collisional granites are as follows: TiO2 = 2.35–4.88 wt%, AlVI = 0.07–0.48 apfu, for 570 Ma granite; TiO2 = 2.48–4.02 wt%, AlVI = 0.10–0.74 apfu, for 560 Ma granite; TiO2 = 1.3–4.0 wt%, AlVI = 0.46–1.15 apfu, for Lake Fitri granite. The Lake Fitri post-collisional granites have relatively high AlVI contents and low TiO2 content, potentially indicating the highest pressure of crystallization among the studied granites. The relatively high TiO2 and AlVI contents in the Guéra Massif granites are supportive of a mid-crustal level crystallization depth.

Uchida et al. (2007) demonstrated that the total Al content of amphibole and total Al content of biotite increase together with increasing pressure, in other words, the crystallization pressure of granitoids may be constrained by the total concentration of Al in biotite. Therefore, Al-in-biotite can be utilized instead of the Al-in-hornblende for geobarometry estimates where appropriate. Eq. (3) is used to calculate crystallization pressure of biotite in granitic rocks that contain a mineral assemblage of plagioclase + biotite + muscovite + hornblende + K-feldspar + magnetite + ilmenite.

[image: image]

Where Alt designates the total number of Al atoms in biotite on the bases of 22 oxygen equivalents.

The calculated average biotite crystallization pressures are shown in Figure 7D. The average values for individual plutons are summarized in Table 3 with the complete results in Supplementary Table S1. The data indicate that the biotite crystallization pressure of the collisional granites tends to be more restricted (0.19 ± 0.08–0.23 ± 0.03 GPa) for the older granites than that for the younger granites (0.13 ± 0.02–0.25 ± 0.09 GPa) although they overlap. The biotite from the post-collisional granites, including those from Lake Fitri, have variable average pressures (570 Ma = 0.17 ± 0.05 and 0.17 ± 0.07 GPa; 560 Ma = 0.14 ± 0.07–0.27 ± 0.05 GPa; Lake Fitri = 0.35 ± 0.03–0.39 ± 0.08 GPa) but, the Lake Fitri rocks have the highest estimates.


TABLE 3. The range of biotite pressure estimates of the Gueìra Massif and Lake Fitri granites.
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Oxygen Fugacity Estimates

Oxygen fugacity (fO2) is an essential parameter constraining magmatic activities (Kilinc et al., 1983; Kress and Carmichael, 1991; Ottonello et al., 2001; Botcharnikov et al., 2005). It is considered to be a useful tool for determining the redox condition of melts during petrogenesis, due to its effect on crystallization, differentiation, and geophysical properties (e.g., melt structure and viscosity) of magma (Carmichael, 1991; Jayasuriya et al., 2004).

Equation (4) is used to calculate the oxygen fugacity estimate of Eugster and Wones (1962). It is based upon the Fe2+-Fe3+-Mg2+ composition of biotite, and the P and T for various oxygen buffers.

[image: image]

Where T is the temperature in K, P is the pressure in bar, and A, B, and C are corresponding coefficients for different oxygen fugacity buffers. Temperature is calculated using equation (1), and P is calculated using equation (3).

The calculation of fO2 depends on the value of coefficients A, B, and C that represent different oxygen fugacity buffers (Eugster and Wones, 1962). The coefficients are chosen based on the proportions of Fe2+, Fe3+, and Mg2+ in biotite, which for this study, are calculated using the methods of Nenova (1997). Wones and Eugster (1965) established the Fe2+-Fe3+-Mg2+ ternary diagram using the contents of biotite, where the QFM (quartz-fayalite-magnetite), NNO (Ni–NiO), and HM (hematite-magnetite) buffers are defined based on experimental data. In ideal cases, the A, B, and C values are able to be directly obtained from Eugster and Wones (1962) for a given buffer, if the data plot directly on one of the buffers. In fact, there are many cases of biotite straddling two buffers in this study. The corresponding value of the coefficient was assigned to the buffer that is closest to the data point (Yavuz, 2003a, b; Ayati et al., 2013; Li et al., 2017). In this study, all samples plot along with the QFM and NNO buffers (Figure 8), therefore, the value of A, B, and C coefficients are interpolated between these buffers. In which, the QFM buffer is used for Moyto (Lake Fitri), 560 Ma-N (northern) pluton, 570 Ma-E (eastern pluton), and the 590 Ma pluton whereas the NNO buffer is designated for Ngoura (Lake Fitri), 560 Ma-S (southern) pluton, 570 Ma-W (western) pluton, and 595 pluton (Table 4). The average values of log fO2 and their corresponding values to ΔQFM are summarized in Table 4 and the results are listed in Supplementary Tables S2, S3.


[image: image]

FIGURE 8. Plot of biotite redox conditions from the (A) 595–590 Ma granitic rocks, (B) 570 Ma granitic rocks, (C) 560 Ma granitic rocks of the Guéra Massif, and (D) the Lake Fitri (554–545 Ma) granitic rocks. Lake Fitri data from Shellnutt et al. (2018). The redox buffers of Eugster and Wones (1962) are HM = hematite-magnetite; NNO = Ni-NiO; QFM = quartz-fayalite-magnetite.



TABLE 4. The range of biotite oxygen fugacity estimates from the Gueìra Massif and Lake Fitri granites.

[image: Table 4]The estimates do not indicate a secular variation but it seems that the granites around Mongo are generally more oxidizing (ΔQFM +0.3 to +0.5) whereas the granites to the east and south are generally more reducing (ΔQFM − 1). The granites from Lake Fitri shows a similar range of estimates with the Ngoura rocks (ΔQFM + 0.3) being moderately oxidizing and the Moyto rocks (ΔQFM − 1) being reducing.



Secular Variation in the Guéra Massif Granites

The estimated temperatures and to some extent pressures of the biotite from the Guéra Massif granites show a systematic variation from higher to lower values with decreasing age. The biotite crystallization temperatures from the Guéra Massif and the Lake Fitri region show a secular variation as they drop from 696 ± 37–607 ± 7°C over time (Figure 7B). The low temperatures of some biotite (<650°C) is indicative of late stage crystallization. Experimental studies show that granitic magma will become solid when the solidification temperature cools to 650–700°C (Tuttle and Bowen, 1958; Luth et al., 1964; Piwinskii, 1968; Freiberg et al., 2001). However, recent studies suggest that the crystallization of many minerals, in particular K-feldspar megacrysts, in calc-alkalic granites can be lower than 650°C and argue for lower consolidation temperatures due to repeated cycles of heating and fluxing by water-rich fluids (Glazner and Johnson, 2013; Challener and Glazner, 2017).

In comparison, the zircon saturation temperature estimates (TZr°C ± 40°C) do not show a secular variation as the temperatures for all rocks ranges from 714°C to 587°C (Supplementary Table S1; Boehnke et al., 2013). The low TZr(°C) temperatures are consistent with the inheritance-rich granites described by Miller et al. (2003). It is postulated that inheritance-rich granites require infiltration of water-rich fluids that could be derived by dehydration of crust in the zone of melting. The granites from Guéra Massif and Lake Fitri are known to contain a significant amount of inherited zircons, and partial melting (∼800–720°C) and fractional crystallization models (∼910–740°C) of the collisional (e.g., 595–590 Ma rocks Guéra Massif) and post-collisional (e.g., Lake Fitri) systems indicate that water-saturated or near water-saturated conditions yield the best results (Shellnutt et al., 2017, 2018, 2019a). Consequently, it is possible that some of the low biotite temperature estimates are not necessarily due to sub-solidus re-equilibration during metamorphism or hydrothermal alteration (Ackerson et al., 2018). Indeed, the biotite and whole rock TZr(°C) temperature estimates in this study lend support to this conclusion and they were likely derived from inheritance- and water-rich parental magmas. The reason for the secular temperature change is uncertain, although the biotites from the 595 Ma rocks have the highest temperatures, the host rock does not contain amphibole whereas the lower temperatures biotites are found in rocks with amphibole. Therefore, it is possible that the low biotite temperature estimates may be due to their later crystallization (i.e., post amphibole).

The oxygen fugacity of the investigated granites does not show a secular trend but the granite bodies in the northern portion of the Guéra Massif around Mongo tend to be oxidizing whereas those to the east and south are reducing. The only exception is samples 14ZA10 (560 Ma-S) which is relatively oxidizing. A similar relationship is observed in the Lake Fitri granites where the Ngoura granites are oxidizing and the Moyto granites are reducing. In general, the biotites that have low Ti content also have low fO2 estimates. The concentration of ferrous iron usually varies among different sample suites that differ in redox conditions, and the oxidation state of magma activity controls the extent of Fe2+-enrichment in the magma sequence during is evolution (e.g., Larsen, 1976). In this case, the biotite of 590 Ma-S, 570 Ma-E, and 560 Ma-N plutons are more enriched in Fe2+ which is associated with relatively reducing magmatic conditions; the Fe2+-poor biotites of 595 Ma, 590 Ma-N, 570 Ma-W, and 560 Ma-S plutons are associated with relatively oxidizing magmatic conditions.

High fO2 magmatic systems usually crystallize Fe-Ti oxide minerals such as ilmenite, hematite, and magnetite and that the appearance of hematite indicates the culmination in oxidation state in felsic rocks (Lindsley, 1991). The petrography and scanning electron microscopy investigation of this study did not identify primary hematite and the rocks have the extremely low abundance of ilmenite and magnetite which are primarily observed as inclusions within biotite or amphibole. The concentration of SiO2 in the collisional granites is variable (59.7–74.8 wt%), whereas the post-collisional granites (69.3–76.9 wt%) is less variable but both can be very high (Pham, 2018; Shellnutt et al., 2018), which may be the reason for the low abundance of Fe-Ti oxide minerals.

The change in estimated pressure of the biotites from Guéra Massif generally shows a flat to slightly decreasing trend from oldest to youngest rocks (Figure 7D), possibly reflecting a decline of pressure associated with the tectonic transition from compressional to extensional stress. Our results show that there is significant pressure variation for some plutons. The 560 and 590 Ma-S plutons have higher biotite pressure estimates (0.27 ± 0.05, 0.25 ± 0.09 GPa) compared to the 560 Ma-N (0.14 ± 0.07–0.19 ± 0.03 GPa) and 590 Ma-N (0.13 ± 0.02 GPa) granites. The barometric dichotomy could be due to a pressure gradient in the 560 and 590 Ma plutons related to their location within the magma body as it was emplaced. In other words, the exhumed southern regions of the plutons correspond to the base of the intrusions whereas the northern region represents the upper portions of the pluton. However, the amphibole pressure estimates from the northern portions of the 590 and 560 Ma plutons are significantly different than the biotite estimates (Figures 7C,D). The higher amphibole (590 Ma-N = 0.50 ± 0.07 GPa; 560 Ma-N = 0.29 ± 0.15–0.39 ± 0.06 GPa) and lower biotite (590 Ma-N = 0.13 ± 0.02 GPa; 560 Ma-N = 0.14 ± 0.07–0.19 ± 0.03 GPa) pressure estimates are in contrast to the estimates from the southern portion of the 590 Ma pluton which have similar values (PAm = 0.20 ± 0.15 GPa; PBt = 0.25 ± 0.09 GPa). A possible explanation for the pressure difference is that the amphibole is older and initially crystallized at higher pressure and was subsequently redistributed before magma consolidation after reaching neutral buoyancy in the crust (lower pressure). Consistent with this interpretation is the fact that the high pressure amphibole has higher TiO2, Al2O3, CaO, Na2O, and K2O and lower FeOt than the low pressure amphibole suggesting that it probably crystallized before significant feldspar crystallization occurred.



Tectonomagmatic Evolution of Guéra Massif Granites

Biotite composition can be used to determine the tectonic environment of host rocks (Abdel-Rahman, 1994; Shabani et al., 2003; Machev et al., 2004; Bónová et al., 2010; Kumar and Pathak, 2010; Zhang et al., 2016). In this study we use the biotite tectonomagmatic characterization of Abdel-Rahman (1994) and Shabani et al. (2003). The older (595 Ma) collisional granites classify as calc-alkaline orogenic suites, and strongly contaminated and reduced (SCR) I-type granite (Figures 9A, 10A). In comparison, the younger (590 Ma) collisional granite is similar to anorogenic granite (anorogenic alkaline suite) in the diagram of Abdel-Rahman (1994) but straddle the fields of A-type granite, I-type granite, and SCR I-type (590 Ma-N) of Shabani et al. (2003) (Figures 9A, 10A). Indeed, the older (595 Ma) pluton is compositionally characteristic of volcanic-arc granite and was likely derived from a subduction modified mantle wedge source (Shellnutt et al., 2019a). In contrast, the 590 Ma plutons are different as they appear to be similar rocks associated with post-collisional extensional settings rather than collisional settings. Moreover, they have significant Mesoproterozoic (∼1.0–1.9 Ga) inherited zircons suggesting they are likely derived from the crust (Shellnutt et al., 2019a). The overlapping and transition of biotite compositions and magmatic conditions suggest the younger (590 Ma) collisional rocks were likely related to the terminal stages of collisional. In other words, the first generation of collisional granites was emplaced at 595 Ma and related to subduction of oceanic crust beneath the Saharan Metacraton whereas the 590 Ma plutons are probably related to syn-collisional magmatism that occurred during continent-continent collision between the Congo-São Francisco Craton and the Saharan Metacraton (Shellnutt et al., 2017, 2019a).


[image: image]

FIGURE 9. Classification of biotite using the FeO-MgO-Al2O3 tectonomagmatic discrimination diagram of Abdel-Rahman (1994). (A) Collisional granites, (B) 570 Ma post-collisional granites, (C) 560 Ma post-collisional granites, and (D) post-collisional granites from Lake Fitri. Lake Fitri data from Shellnutt et al. (2018).



[image: image]

FIGURE 10. Discrimination of biotite using Fe/(Fe + Mg) vs. ∑Al (apfu) (Shabani et al., 2003). (A) Collisional granites, and the (B) ∼570 Ma post-collisional granites, ∼560 Ma post-collisional granites, and ∼550 post-collisional granites from Lake Fitri. Lake Fitri data from Shellnutt et al. (2018).


Post-collisional granites tend to be difficult to classify as they are commonly derived by melting of diverse (i.e., juvenile and ancient) crustal sources (Pearce, 1996). The post-collisional granites from Guéra Massif and Lake Fitri fall mostly within the field of anorogenic granites (A-field) but many straddle the boundary with peraluminous (P-field) granites (Figure 9; Abdel-Rahman, 1994). In comparison, nearly all data fall within the fields of I-type or SCR I-type granite in the classification of Shabani et al. (2003) (Figure 10). The seemingly contradictory results between the classification schemes of Abdel-Rahman (1994) and Shabani et al. (2003) is consistent with classification of post-collisional granite as Pearce (1996) demonstrates that these rocks overlap between the fields of volcanic-arc and within-plate granites with respect to Rb, Y, and Nb concentrations (Figure 7A). The first period of post-collisional granitic magmatism occurred at ∼570 Ma and is probably related to crustal relaxation after oblique collision and shearing between the Congo-São Francisco Craton and the Saharan Metacraton (Ferré et al., 2002; Toteu et al., 2004). The second period of post-collisional magmatism was likely emplaced after an episode of regional crustal shortening (Ferré et al., 2002; Toteu et al., 2004). The timing of exhumation and exposure is unknown as it could be related to faulting either immediately after emplacement or possibly related to fault movement associated with the Cretaceous Western and Central African rift system (Figure 11; Genik, 1992).
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FIGURE 11. A conceptual tectonomagmatic scenario for the crustal evolution of the Guéra Massif. (A) Emplacement of the (∼595 Ma) subduction-related collisional granites. (B) Emplacement of the (∼590 Ma) syn-collision granites. (C) Emplacement of the first generation (∼570 Ma) of post-collisional granites. (D) Emplacement of the second generation (∼560 Ma) of post-collisional granites. (E) Period of post-collisional uplift either immediately after emplacement (∼560 Ma) or possibly during faulting related to the Late Cretaceous West and Central African rift system (WCARS).


In comparison to the Guéra Massif post-collisional granites, the Lake Fitri granites are different. The Lake Fitri granites tend to overlap between the anorogenic alkaline suites (A-field) and the peraluminous suites (P-field) but more importantly the higher pressure estimates indicate that they crystallized at greater depth. It is known that the Lake Fitri granites are isotopically more depleted [εNd(t) +1.3 to +2.9] than the Guéra Massif post-collisional granites [εNd(t) < −1.2] and suggest different sources were involved in their origin (Pham, 2018; Shellnutt et al., 2018, 2019a). Therefore, we conclude that the two regions probably represent separate domains/terranes and indicate that the crust near Late Fitri rocks was thicker and more juvenile whereas crust of the Guéra Massif was likely thinner and more radiogenic.



CONCLUSION

This study reports the compositions of biotite and hornblende from granitic rocks of the Guéra Massif and estimates of their likely crystallization conditions. The results offer new insight into the regional tectonic setting as well. The main conclusions are as follows:

1. The amphibole and biotite compositions show a trend of increasing total iron and decreasing magnesium content with decreasing age.

2. The biotites from the collisional granites tend to have higher crystallization temperatures, and crystallization pressure, and are derived from parental magmas that were relatively oxidizing with redox conditions between NNO and QFM buffers.

3. The biotites from the post-collisional granites tend to yield lower crystallization temperatures and pressures but have similar redox conditions as the collisional rocks.

4. The biotite from the post-collisional granites from the Lake Fitri region crystallized at moderate to low temperatures, at high pressure with redox conditions at or near the NNO to QFM buffers.

5. The older (595 Ma) collisional granites have biotite compositions similar to rocks from orogenic suites whereas the younger (590 Ma) collisional granites have biotite compositions similar to anorogenic suites.

6. All biotites from the post-collisional rocks are characteristic of anorogenic suites although the crystals from the Lake Fitri granites have more variability and straddle the boundary with the peraluminous suites.

7. The post-collisional granites from Lake Fitri region and Guéra Massif have different emplacement depths and source composition. Thus, the Lake Fitri granites are probably unrelated to the Guéra Massif and were emplaced within a separate terrane/domain of the Saharan Metacraton.
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550 Ma Ngoura NAO6 645 605 625 + 20
550 Ma Moyto 2 NA18 631 604 612 £ 13
Average = average value of the temperature in Celsius including the

uncertainty in the average.
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Pluton Sample Pressure (GPa)
Max Min Average

590 Ma-N 14ZA16A 0.61 0.47 0.50 £ 0.07
590 Ma-S 14ZA12D 0.33 0.02 0.20 £0.15
570 Ma-W 14ZA01 0.37 0.31 0.33 £ 0.03
570 Ma-E 142A23 0.40

560 Ma-N 14ZA18 0.44 0.32 0.39 + 0.06
560 Ma-N 14ZA19B 0.43 0.12 0.37 £0.15
560 Ma-N 14ZA20B 0.36 0.05 0.29 £0.15
560 Ma-N 14ZA21B 0.37 0.25 0.33 £ 0.06

GPa = gigapascal. The uncertainty for all calculations is £0.05 GPa (Johnson and
Rutherford, 1989). Sample 14ZA23 only has one analysis. Average = average value
of the pressure (GPa) including the uncertainty in the average.





