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Abstract

<J Article Information

The Tacutu rift-type basin (on the border of Brazil and Guyana) is related to the_ mitial opening of

the Equatorial Atlantic Ocean during the Mesozoic. On the Brazilian side, durina the pre-rift stage,
basaltic magmatism (Apoteri Formation) associated with a fluvial-deltaic systom/took place within a
magma-poor rift domain. At least two basaltic magmatic pulses have bean‘recorded (Ap1 and Ap2).
These rocks are basalt to basalt-andesite in composition, with subalkaline,tholeiitic to calc-alkaline,
low-Ti CAMP (Central Atlantic Magmatic Province), and intra-plate geocheriiical signatures. However,
Ap1 displays an aphanitic to fine-grained porphyritic texture, while A2 has a notable vesicular tex-
tural feature. Ap1 has low MgO, high Ti, Zr, and REE, while Ap2 has high Mg, low Ti, Zr, and REE.
Geochemical and isotopic (low Nd and high Sr isotope ratiogj«inticators point to different rates of
differentiation and crustal contamination between Ap1 and Apzyzrobably related to crustal residence
time. The variations in depth/depocenters, interior block architecture (horst-graben), and fault move-
ment rates controlled the volume and emplacement monien: of the basaltic magmatic pulses during
the Tacutu rifting. On the Brazilian side, the Apoteri hagaltic volcanism exhibited predominantly sub-
-aerial characteristics, with some degree of explosivityrand fragmentation during the Ap2 pulse, as-
sociated with a fluvio-deltaic system. However, ah tive Guyana side, it is likely that this volcanism oc-
curred with a significant submarine volcanism/Component, associated with a deltaic-marine system.
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1. Introduction

During continental rifting, the initial stages usually gather
siliciclastic sedimentary sequences and basaltic magmatism
as results of lithospheric extension related to mantle plume
action (Ruppel 1995; Buck et al. 1999; Pirajno & Santosh
2015). Modern concepts on global tectonics propose
different mechanisms to explain the evolution of the internal
rift architecture on the extended lithosphere, whose tectonic
fabrics control the ratios between the different volumes
of sedimentation and magmatism produced (Corti 2012;
Huismans & Beaumont 2014; Koptev et al. 2018; Zwaan et
al. 2018). Therefore, the petrological investigation of basaltic
magmatism provides indirect information about lithospheric
extension rate, degree of crust-mantle interaction, chronology,
and magmatic evolution during the pre- to syn-rift stages of
the continental breakup (Lebedev et al. 2006; Giordano et al.
2014; Smets et al. 2016; Furman et al. 2016; Zhao et al. 2020).

The northernmost region of the Amazonian craton, at the
border of Brazil and Guyana (Figure 1), hosts a rift-type linear
tectonic feature named the Tacutu Basin (May 1971; Berrangé
& Dearnley 1975). It is related to the Pangaea-Gondwana
supercontinent breakup that led to the opening process of
the Equatorial Atlantic Ocean during the Mesozoic (Crawford
et al. 1985; Marzoli et al. 1999; McHone 2000; Biari et al.
2017; Loparev et al. 2021; Figueiredo et al. 2022). The Tacutu
continental rift presents an internal architecture of the hemi-
graben type, with the basaltic magmatism related to the pre- to
syn-rift phases associated with fluvial-lacustrine sedimentary
sequences (Marzolli et al. 1999; Eiras et al. 1994; Reis et al.
2006; Vaz et al. 2007). This basaltic magmatism has subaeital
and local subaqueous features, a basalt to basaltic-anagasite
composition, with sub-alkaline and continental thol&iitic to
calc-alkaline geochemical signatures, and is markad’' by at
least two magmatic pulses (Vaz et al. 2007; Pinte et/al. 2017;
this paper). The available geochronological datawby the K-Ar
and Ar-Ar methods indicated ages between~280 and 150 Ma
(Marzoli et al. 1999; Reis et al. 2006). Howgv€r based on U-Pb
and Sm-Nd isotopic data from the RoraiinarAlkaline Province,
Figueiredo et al. (2022) proposed qsinat the basaltic floods
related to the Tacutu extensionaipieCtonic event occurred
between 153 and 135 Ma.

In this paper, we present\complementary petrography,
geochemistry, Sm-Nd and.'Gr'Sr isotopic data, as well as
unpublished data on mineral.chemistry results on the basaltic
magmatism of the Agateri Formation, related to the pre- to
syn-rift phase of the Tacutu Basin. The results permitted some
petrological inferences about the emplacement geological
setting and eruption mechanisms, as well as about the
contamination rate during the rise through the crust stages.

Figure 1: A) Geographic location of the Tacutu continental rift on
the border of Brazil and Guyana; B) Simplified regional geological
map of the Mesozoic Tacutu Basin area on the Brazil side, indicating
the sampling site of the Apoteri basaltic rocks (Modified from CPRM
2022); C) Simplified and schematic geological section of the Tacutu
hemi-graben basin (adapted and modified from Reis et al. 1994).

2. Methods

The petrographic, mineral chemistry, and Sm-Nd isotopic
analyses were carried out at the Geosciences Institute of the
University of Brasilia, while the Sr-Sr isotopic analyses were

carried out at the Para-Iso Isotope Geology Laboratory of the
Federal University of Para. The whole-rock geochemistry data
were obtained in a commercial laboratory of the Australian
Laboratory Services (ALS®).

The conventional petrography and mineral chemistry
studies were performed on polished thin sections. For
punctual mineral chemical analyses on pyroxene crystals, a
JEOL® JXA-8230 Electron Probe Microanalyzer (EPMA) was
used. The wavelength-dispersive system (WDS) operated
with acceleration voltage of 15 kV, a beam current of 10 nA
and counting time of 10 s. The standards used for calibration
were natural and synthetic minerals: microcline (Si, Al and K),
andradite (Fe and Ca), albite (Na), forsterite (Mg), vanadinite
(V), pyrophanite (Ti and Mn), bzrite (Ba), synthetic Cr203
(Cr) and NiO (Ni), while the Ti.and V analysis used the ka
lines. Ferric and ferrous iron cestents were calculated using
Droop (1987). The analytic3”precision (expressed as relative
standard deviation) is £.5% for element concentrations >10
ppm and +10% for concertrations <10 ppm.

The geochemicdl gnalysis used analytical instrumentation
set applying ICP-0QI=S to obtain major and minor elements and
ICP-MS for traces and rare earth elements (REE). Lithium
metaborate/lithiam tetraborate was added to the pulverized
sample an uien melted at 10000 C to form a melt that was
cooledarid dissolved in an acidic mixture containing nitric,
hydrgztitoric and hydrofluoric acids. Loss on ignition (LOI) was
detertiiined using 1.0 g of sample previously weighted, heated
ai1000o C for 1 h, cooled, and then weight again. The limit of
U¢tection (LOD) standardization method reached 0.01 % for
major and minor elements, while for traces and REE the LOD
ranged from 0.01 to 0.05%.

For Sm-Nd analysis, a Thermal lonization Mass
Spectrometry (TIMS) equipment was used, following the
methodology described by Gioia & Pimentel (2000). Whole-
rock powders (ca. 50 mg) were mixed with a 149Sm/150Nd
spike solution and dissolved in Savillex capsules. Sm and
Nd extraction of whole-rock samples followed conventional
cation exchange techniques, using Teflon columns containing
LN-Spec resin (di-(2-ethylhexyl) phosphoric acid (HDEHP)
supported on PTFE powder. Sm and Nd samples were loaded
on re-evaporation filaments of double filament assemblies
and the isotopic measurements were carried out on a multi-
collector Finnigan MAT 2.

For Sr-Sr analysis, a 0.5 ml-aliquot from the Sm-Nd
solutions was directly loaded onto Teflon® columns containing
approximately 83 mg of Eichrom® Sr-Spec resin (50-100
um) to separate the Sr fraction from the matrix. Sr isotope
measurements were performed using a Thermo Scientific
TRITON™ Plus Thermal lonization Mass Spectrometer
(TIMS) operating in static multi-collector mode. The average
87Sr/86Sr obtained for the NBS-987 standard was 0.710257
+ 0.000007 (26; n = 9), consistent with the recommended
87Sr/86Sr = 0.71025 of the Thirlwall (1991), with the initial
87Sr/86Sr ratios/samples calculated using the 87Rb decay
constant 1.393 x 10 -11 year -1 (Nebel et al. 2011).

3. Geological setting

The basement of the region between Brazil and Guyana
(more specifically, the State of Roraima) is composed of
variable and complex Paleo- to Mesoproterozoic lithologies,
distributed within different tectonic and geochronological



domains. The Tacutu continental rift area is inserted in the
northeastern portion of the so-called Central Guyana domain
(CPRM 1999; Delor et al. 2003; Reis et al. 2003 and 2013;
Santos et al. 2003; Almeida et al. 2007; Fraga et al. 2009).

In this place, the Mesoproterozoic basement has an
anorthosite-mangerite-charnockite-rapakivi  granite  suite
(AMCG-type), dated between 1.53 and 1.43 Ga, and
inserted in the Mucajai Intrusive Suite. The Paleoproterozoic
basement brings together para- and orthogneiss, migmatites,
metagranitoids, metavolcanics and metamafic-ultramafic
rocks, with ages between 1.96 and 1.92 Ga, inserted in
the Rio Urubu and Orocaima igneous belts. Aluminous
paragneisses and calc-silicate rocks, metachert, ortho- and
para-amphibolites, gondite, quartzite, and phyllite, dated
between 2.05 and 1.91 Ga, and situated within the Cauarane
Group, complete the Paleoproterozoic geological framework
(CPRM 1999; Fraga 2002; Reis et al. 2003 and 2013; Fraga et
al. 2009; Heinonen et al. 2012; CPRM 2022). In contrast, the
Mesozoic Tacutu linear extensional structure has a SW-NE
trend that extends about 300 km from Brazil to Guyana (Figure
1A), measuring between 30 and 50 km wide and more than 7
km in thickness, covering an area of about 12,500 km? (Eiras
et al. 1994).

On the Brazilian side, the lithostratigraphy of the Tacutu
continental rift is composed of regional units related to pre- to
post-rift stages. The pre- to syn-rift stages are represented by
the Apoteri and Manari formations. The magmatism studied
here is inserted in the Apoteri Formation. It has a basaltic to
basaltic-andesitic composition, sub-alkaline and continental
tholeiitic to calc-alkaline geochemical signatures, and an
estimated age between 200 and 135 Ma (Berrangé & Dearniay
1975; Marzolli et al. 1999; Reis et al. 2006; Pinto et al._2017;
Figueiredo et al. 2022, this paper). This magmatism has been
interpreted as the result of the asthenospheric uplift related to
the mantle plume during the opening of the Equatari2i Atlantic
Ocean in the Triassic-Jurassic, accompanied by.irecturing and
consumption of the lithosphere base. The produced basaltic
magmatism invaded the lithosphere as gikes and sills, and
ended with subaerial to subaqueous fig¢sure flows in distinct
moments, marked by the presencg~of vesicles, columnar
jointing, and pillow lava features (Eiras-& Kinoshita 1990; Eiras
et al. 1994; Vaz et al. 2007; Pinw &t al. 2017; Loparev et al.
2021; Figueiredo et al. 2022).

The Apoteri Formatiop.“s/discordantly covered by the
siliciclastic rocks of the~Manari Formation, represented by
siltstones, shales, ang-doisinitic lenses related to the lacustrine
environment, with antinferred Lower Jurassic age (Eiras &
Kinoshita 1990; Eiras et al. 1994). The transition between
pre- and active rift stages is marked by crustal stretching
with normal mega-faults (graben-horst) controlling the rifting
architecture and generating depocenters. At this stage, halite
and gypsum lenses interspersed with shales, siltstones,
and pyrite marls of the Pirara Formation occur, followed by
calciferous siltstones, sandstones, carbonates, and shales
of the Tacutu Formation, finishing with arkosean sandstones
of the Tucano Formation. This stage has been interpreted
as a fluvial-deltaic system under arid to semi-arid climate
conditions during the Late Jurassic to Early Cretaceous (Eiras
& Kinoshita 1990; Eiras et al. 1994; Vaz et al. 2007; Castro et
al. 2021).

In the Late Cretaceous, crustal stretching decreases
and rifting stabilizes, but during the Miocene, transcurrent

movements related to the convergent dynamics of the Cocos,
Nazca, and Caribbean tectonic plates resulted in folds and
inverse faults inside the Tacutu extensional structure (Eiras &
Kinoshita 1988). Finally, in the post-rift stage, a thick siliciclastic
sequence from the Neogene Boa Vista Formation, related to
fluvial, lacustrine, and aeolian continental systems, covers the
limits of the Tacutu continental rift and part of the basement
rocks (CPRM 1999; Eiras et al. 1994; Milani & Thomaz Filho
2000; Reis et al. 2001; Menezes et al. 2020).

4. Local geology

On the Brazilian side, basaltic tiusive flows and sills/
dikes form the Apoteri Formation( ¢hserved mainly in small
topographic elevations known..as Serra Nova Olinda and
Morro Redondo (Reis et al. 200&:/Pinto et al. 2017). This paper
presents only information rggarding Serra Nova Olinda to the
northwest of Boa Vitas city (Figure 1B), which has excellent
exposures of the ApCteli basaltic magmatism, especially
in the mining area (ow.crushed basalt stone of the Granada
Company (Figure(ZA).

Two basaltie sub-horizontal lava flows are observed in this
area (Figures,25 and 2C), confirming the reports by Pinto et
al. (2017), & hieffirst lava flow (Ap1) is greenish gray in color and
around,2.m thick. It has an aphanitic to fine porphyritic texture,
markedsby tabular plagioclase phenocrysts embedded in an
aphatiic groundmass, containing frequent fractures/cavities
fiiled with chalcedony and carbonates. In contrast, the second
iova flow (Ap2) is dark green to greenish brown in color. It
has around 1.5 m thick and covers Ap1, displaying vesicular
texture marked by sub-rounded and irregular cavities (2-15 mm
in size) embedded in an aphanitic to fine-grained porphyritic
groundmass. These cavities normally are filled by zeolites,
carbonates, and quartz/chalcedony. Vesicular coalescence
features at the base of the Ap2 layer also are observed,
favoring the formation of irregular centimetric cavities (Figure
2D).

Figure 2: Outcrops of the Apoteri basaltic rocks. A) Open pit mine for
crushed basalt stone of the Granada Company; B) Field relationship
between the two Apoteri basaltic lava flows; C) Geological contact
detail between the two Apoteri basaltic lava flows; C) Vesicular
enrichment and coalescence zone in the Ap2 basaltic lava flow.

5. Petrography

In general, the Apoteri (Ap1 and Ap2) rocks have
plagioclase (An47-57) phenocrysts embedded in a fine-
grained to aphanitic groundmass with an ophitic to sub-
ophitic micro-texture. The euhedral to subhedral prismatic
phenocrysts comprise less than 10% of the modal contents.
They have between 0.5, 1 mm long, and a regular albite
twinning, showing weak oscillatory zoning, with partial
replacement by epidote, carbonate, and sericite as micro-
aggregates. Occasionally, plagioclase phenocrysts may form
glomeroporphyritic microtexture (Figures 3A and 3B). The
groundmass consists mainly of random plagioclase laths in
a mesh-like arrangement with interstitial subhedral crystals
of clinopyroxene and olivine (0.3-0.6 mm in size), as well as
scattered subhedral to anhedral crystals of iimenite, magnetite,
pyrite, apatite, quartz, and Fe-Ti oxi-hydroxides as accessory
minerals. Clinopyroxene and olivine show different stages of
replacement by tremolite-actinolite, chlorite, and serpentine



as micro-aggregates.

In addition, the cavities in the vesicular texture from Ap2
rocks have an internal zoning similar to geodes (Figures 3C
and 3D), marked by a cortex-type external zone consisting
mainly of microcrystalline chlorite, followed by zeolites,
carbonates, chlorite, white mica, clay minerals, pyrite, and
quartz/chalcedony in fibro-radial aggregates filling the central
zone. Some cavities display vugs inside. Pinto et al. (2017) also
report the presence of agate, opal, malachite, chalcopyrite,
and bornite filling cavities.

Figure 3: Petrographic features of the Apoteri basaltic rocks. A)
Ophitic to sub-ophitic common micro-texture marked by plagioclase
phenocrysts embedded in fine-grained groundmass with interstitial
clinopyroxene and olivine (Ap1 sample); B) Plagioclase phenocrysts
in glomeroporphyritic micro-texture embedded in fine-grained
groundmass (Ap1 sample); C) Vesicles embedded in an ophitic to
sub-ophitic micro-texture. Note the size variation of the vesicles,
which may indicate some degree of coalescence of the volatile phase
(Ap2 sample); D) Detail of the internal mineral zonation of the vesicles
in Ap2 sample (pl = plagioclase, cpx = clinopyroxene, ol = olivine, ch =
chalcedony, cl = chlorite, zl = zeolite, wm = white mica, NX = crossed
nicols, N// = parallel nicols).

6. Whole-rock and mineral chemistry

The Apoteri whole-rock geochemical data from the Ap1
and Ap2 samples presented in Table 1 are discussed below.
The samples revealed important variations in the contents of
major chemical elements (SiO2, Al203, Fe203, MgO, Na20,
K20, Ca0), as well as LOI, and with TiO2, MnO, and P205 <
1%. These samples are relatively enriched in Ba, Sr, V, Cr, and
Zr. Comparatively, the Ap1 samples have high Si (SiO2 =812
- 54 wt.%), Ti (TiO2 = 1.24 - 1.36 wt.%), low Mg (MgO =487
- 5.61 wt.%), and Mg# = 45.73 - 48.51, while the Ap2s/samples
have low Si (SiO2 = 50.10 — 51.30 wt.%), Ti (TiO2 #=,1 wt.%),
high Mg (MgO = 7.21 - 7.32 wt.%) and Mg# = 57.09=59.04. In
addition, the Ap1samples are relatively enrich<a%in Nb, Ta, Th,
Sn, U, Y, Hf, La and Ce. These geochemitzircharacteristics
agree with the data reported by Pinto (2047

On the Na20 + K20 x SiO2 {TAS:type) classification
diagram (Figure 4A), most Ap1 sanfolgs plot in the basaltic-
andesite field, while AP2 samplés jplot in the basalt field,
revealing a dominant subalkalire,affinities. However, the SO-
04 sample (AP2) has a slighty“cubalkaline affinity and plots
very close to the alkaline-gubdlkaline transition field. Another
sample from AP1 (SO-23) piots in the basaltic trachy-andesite
field, indicating an ai<zlime affinity but close to the alkaline-
subalkaline transition field. In contrast, On the Zr/TiO2 x Nb/Y
classification diagram, the samples cluster between sub-
alkaline basalt and basaltic andesite fields (Figure 4A). On the
AFM classification diagram, Ap1 samples are distributed at
the boundary between the tholeiitic and calc-alkaline series,
while Ap2 shows a calc-alkaline affinity (Figure 4B). Variations
in the contents of major and minor chemical elements may
be related to several factors, including the differentiation and/
or contamination rates during ascent and emplacement of
magmas (Xia, 2014; Chin et al., 2018; Vermeesch and Pease,
2021).

Table 1: Whole-rock geochemistry of the Ap1 and Ap2 basaltic rocks
from the Apoteri Formation.

Figure 4: Geochemical characteristics of the Ap1 and Ap2 basaltic

rocks from the Apoteri Formation. A) Na20 + K20 x SiO2 and Zr/
TiO2 x Nb/Y for volcanic rocks discriminant diagrams (Le Maitre et.
al 1989 and Winchester & Floyd 1977); B) AFM discriminant diagram
for tholeiitic and calc-alkaline fields (Irvine & Baragar 1971); C)
TiO2 x FeOtot/MgO diagram indicating the CAMP-type continental
flood basalts fields (Chabou et al. 2010); D) Zr/Y x Zr tectonic fields
diagram (Pearce and Norry 1979); E) REEs-normalized pattern
diagram (chondrite-normalized pattern of Boynton 1984); F) Multi-
element spidergram pattern diagram. Note the comparison with
the distribution pattern of the continental crust (MORB-normalized
pattern of Saunders & Tarney 1984 with additions from Sun 1980);
G-H) Nb/La x Nb and Ce/Pb x MgO discriminant diagrams applied
to crustal contamination rates (Xia 2014;, Furman 2007). Note the
variation in MgO content leading to the formation of two groups of
samples.

On the TiO2 x FeOtotal/MgQ diagram, the Ap1 and Ap2
samples plot in the low-Ti CAN!P field (Figure 4C), forming
two groups with magmatic differentiation in different stages by
fractional crystallization-{~'barede, 1992; Verati et al., 2005).
Additionally, on the Zr3% x Zr tectonic setting discriminant
diagram, the Apoteri samples plot in the intra-plate basalts
fields and form{/two distinct groups (Figure 4D). This
geochemical gigriature is in accordance with the proposed
geological g geotectonic setting for the Tacutu Basin rift
(Reis et 21\2006; Pinto et al. 2017; Passos & Vidotti 2019).

In general, Ap1 and Ap2 samples have moderate to low
normalized REE content and a similar distribution pattern,
marked by low to moderate fractionation between LREE and
HREE (Figure 4E), with LaN/SmN = 1.87 - 2.28 and GdN/YbN
=71.40 - 1.61, separated by a small anomaly in EuN (Eu/Eu* =
0.27 - 0.35). However, the Ap1 samples have a slightly higher
normalized REE content (LaN + CeN =77.12 - 89.82 and TmN
+ YbN = 23.64 — 28.68) compared to the Ap2 samples (LaN
+ CeN =54.18 - 62.05 and TmN + YbN = 19.31 — 20.58). On
the MORB-normalized multi-element diagram, all samples
(Ap1 and Ap2) are relatively enriched in LILE (K, Rb, Ba) and
depleted in HFES (Ce, P, Zr, Hf, Ti, Y, Yb), showing positive Rb
and Nb anomalies, and negative Sr, Ta, P, and Ti anomalies
(Figure 4F). Itis also possible to observe that the Ap1 samples
show a slightly higher normalized HFES content. In general,
the distribution pattern shown by samples is similar to the
average pattern of the upper continental crust, indicating their
continental natures. Usually, variations in the normalized REE
and HFSE contents have been attributed to fractionation or
differentiation rates (Xia 2014; Haissen et al., 2021; Doucet
et al., 2022; Heinonen et al., 2022). Apoteri samples (AP1
and Ap2) are marked by higher Zr (> 70 ppm), lower Nb (8-5
ppm), lowers Nb/La, La/Ba, Th/Yb, Ce/Pb ratios (Figures 4G-
H), and HFES depletions. Such geochemical characteristics
have been established for basaltic rocks that have undergone
some degree of mantle-crust contamination (Hofmann et al.,
1986; Kieffer et al, 2004; Furman 2007; Haissen et al., 2021;
Xia 2014).

Onthe Fenner-type diagrams, the MgO content was applied
as a differentiation index, revealing two groups of rocks (Ap1
and Ap2): a group with high TiO2 and low MgO, and another
group with low TiO2 and high MgO (Figure 5). Overall, SiO2,
Fe203, Y, and La contents tend to decrease with increasing
MgO, while AI20, Sr, and Cr have a positive correlation with
MgO, indicating the important role of the iron-magnesium
minerals, magnetite/iimenite, and feldspar fractionations
during magmatic crystallization. This trendy is most noticeable
in rocks from the Ap1 group, which contain a large amount of



Fe-Ti oxy-hydroxide minerals. Additionally, applying the Zr as
a geochemical index, a positive linear correlation with TiO2
is noted, and two groups of rocks are again formed: a group
with low Zr and TiO2, and another group with high Zr and
TiO2 (Figure 6). Other low mobility elements, such as Y, Th,
Nb, Hf, and La, also presented a positive correlation with Zr,
demonstrating the incompatible behavior for these elements.
In contrast, Srand Cr presented a negative correlation with Zr,
indicating their compatible behavior in relation to the feldspar,
pyroxene, and olivine fractionation degree. Some of these
geochemical characteristics also agree with the data reported
by Pinto (2017).

Figure 5: Fenner-type element variation diagrams of the Ap1 and Ap2
basaltic rocks from the Apoteri Formation. Selected major and trace
elements versus MgO.

Figure 6: Zr versus selected major and trace elements diagrams
applied for possible evaluation of the geochemical mobility of elements
in the Ap1 and Ap2 basaltic rocks from the Apoteri Formation.

In addition, chemical composition studies of Fe-Mg
aluminum silicates (pyroxene, amphibole, olivine, and
biotite) have been widely applied as some indicators in the
geochemical, thermobarometer, and tectonic setting of mafic-
ultramafic rocks (e.g., Zhang et al. 2018; Das et al. 2020;
Wang et al. 2021). In this paper, the mineral chemistry studies
were carried out on clinopyroxene crystals from the Ap1
rocks, whose results are shown in Table 2. On the Fs-Wo-
En ternary classification diagram, the representative Ca—Fe—
Mg clinopyroxene analyses (WDS) plot in the Ti-augite field
(Figure 7A). On the Ti x Ca + Na and Ti + Cr x Ca atotnic
correlation diagrams, the analyzed spots plot in the tliaigiilic
and calc-alkali basalts and non-orogenic basalts, respectively
(Figures 7B-C), also indicating their chemical affinity with
continental basaltic magmatism.

Table 2: Electron microprobe analysis and represanitative structural
formula of clinopyroxene from Ap1 pulse of thesAcateri Formation.

Figure 7: Pyroxene mineral chemistry diagzams applied to the Apoteri
basaltic rocks. A) Mineral chemistry plet,ea/Ca—Mg—Fe pyroxenes in
the Fs-Wo-En ternary diagram (aftes ¥gzrimoto et al., 1988); B and
C) Tectonic discriminant diagrams/ased on mineral chemistry. Note
that analyzed spots plot on the~ih¢ieiitic and non-orogenic basalts
fields, respectively (adapted frori~Leterrier et al., 1982).

7. Sm-Nd and Sr-{ijisotopic geology

Whole-rock Sm-Nd and Sr-Sr isotopic data listed in Tables
3-4 are discussed below. Due to uncertainties regarding
the crystallization age of the Apoteri Formation, which vary
between 200 and 150 Ma (Berrangé & Dearnley 1975; Marzolli
et al. 1999; Reis et al. 2006; Pinto et al. 2017), we apply the
average age of 175 Ma as a reference to calculate the ENd (t
=0.17 Ga).

Table 3: Whole-rock Sm—Nd isotopic data of the basaltic rocks of the
Apoteri Formation.

Table 4: Whole-rock Sr—Sr isotopic data of the basaltic rocks of the
Apoteri Formation.

In general, the samples show an initial 143Sm/144Nd

ratio = 0.512374 - 0.512464 and f Sm/Nd between -0.24 and
-0.25. Similar 143Nd/144Nd values (0.5122238 - 0.512311)
for the Apoteri magmatism are also reported by Pinto et al.
(2020). However, the Ap1 lava flow has €Nd (0) from -3.40 to
-3.75, ENd (t = 0.17) from -2.36 to -2.58, and Nd TDM model
age = 1.33 - 1.35 Ga, while the Ap2 lava flow has ENd (0)
between -4.66 and -5.16, ENd (t = 0.17) from -3.71 to -4.17,
and Nd TDM model age = 1.53 - 1.54 Ga. The ENd versus
time diagram summarizes the Nd evolution patterns provided
by the samples investigated (Figure 8A) and indicates varying
degrees of interaction/contamination with the Paleoproterozoic
sialic crust.

All samples showed high initial 875r/86Sr isotopic ratio,
indicating the important role of tliecrust-mantle interaction
process during magmatic emplacement. The Ap1 samples
have 87Sr/86Sr(0) ratio = 0.7111%75 - 0.714475, with 87Sr/86Sr(t
= 175 Ma) ratio = 0.70972 &70.71155, while the Ap2 samples
have 87Sr/86Sr(0) ratio =8.713113 - 0.714820 and 87Sr/86Sr(t
= 175 Ma) ratio = 0.71785 — 0.71345. However, according to
Pinto et al. (2020), {he. Apoteri basalts have 87Sr/86Sr ratio
= 0.70758 - 0.706S48. The variations in the Sr isotopic ratio
values observed i the different studies suggest basaltic rocks
with differentrates of crustal contamination, probably related
to different.ouicrops or sampling locations.

On Ahe, 143Nd/144Nd x 87Sr/86Sr(t = 175 Ma) diagram
(Figure~8B), the samples plot along a trend towards the
fie!dwoi rocks with a higher rate of mantle-crust interaction/
centamination, marked by low Nd and high Sr isotope ratios.
&N ENd(t = 175 Ma) x 87Sr/86Sr(t = 175 Ma) diagram (Figure
8B), the samples show a good isotopic correspondence with
the low-Ti basalts to andesitic basalts of the Central Atlantic
Magmatic Province (CAMP), plot close to the EM-II mantle
pole, and indicate that the Ap1 samples have a lower rate of
crustal contamination compared to the Ap2 samples.

Figure 8: Nd and Sr isotope ratios characteristics of basaltic rocks
of the Apoteri Formation. A) ENd x Age (Ga) evolution patterns
diagram applied to basaltic rocks of the Apoteri Formation. Depleted
mantle (DM) curve according to DePaolo (1981); B) 143Nd/144Nd x
87Sr/86Sr and ENd x 87Sr/86Sr associated diagrams with time (t)
back-calculated to 175 Ma, indicating the important role of mantle-
crust interaction/contamination rate and the isotopic correspondence
with low-Ti CAMP basalts. The CAMP field with Nd and Sr isotopes
ratios back-calculated to 200 Ma, according to Deckart et al. (2005).

8. Discussion

The Pangaea-Gondwana supercontinent fragmentation
geodynamics, followed by the opening and expansion stages
of the Equatorial Atlantic Ocean during the Mesozoic, favored
the formation of a set of linear extensional structures (rift
zones) oblique to the main direction of fragmentation (Burke,
1976; White & McKenzie, 1989; Bonatti 1996; Lamotte et
al., 2015; Peace et al., 2020). Records of these continental
geodynamics can be found in northern Brazil, Venezuela,
Guyana, Suriname, and northwest Africa (Matos, 2000; De
Min et al., 2003; Deckart et al., 2005; Heine and Brune, 2014;
Loparev et al. 2021; Guan et al., 2021). On the border between
Brazil and Guyana, the Tacutu rift-type basin is a result of this
oblique continental segmentation during the opening of the
Equatorial Atlantic. Its internal geodynamics, controlled by a
normal fault system (horst-graben blocks), favored the dike,
sill, and subaerial to subaqueous fissure basaltic flows related



to the Apoteri magmatism (Eiras and Kinoshita, 1990; Eiras et
al., 1994; Vaz et al., 2007; Thomaz Filho et al. 2000; Pinto et
al., 2017; Marzolli et al., 2018; Loparev et al., 2021; Figueiredo
et al., 2022).

On the Brazilian side, at least two basaltic to basaltic-
andesite pulses have been recorded (Ap1 and Ap2). These
rocks have a dominant subalkaline affinity, with low-Ti CAMP
and intra-plate geochemical signatures (Pinto et al., 2017; in
this paper). However, one AP1 sample showed alkaline affinity
or close to the alkaline-subalkaline transition line, suggesting
a possible coexistence between alkaline and subalkaline
magmas. In general, alkaline intra-plate basalts are common,
but the coexistence between alkaline (silica-undersaturated)
and sub-alkaline (silica-saturated) intra-plate basalts can
occur, which has been primarily attributed to heterogeneity
mantle source or variations in the crust-mantle interaction
rate (Chen et al. 1991; Cook et. al, 2005; Wang and Liu, 2021;
Wilson et. al, 2025).

In addition, these rocks have lower Nb/La, La/Ba, Th/Yb,
and Ce/Pb ratios, indicating a considerable degree of crustal
contamination (Hofmann et al., 1986; Kieffer et al, 2004;
Xia 2014; Pinto et al., 2017). The initial Nd and Sr isotopic
ratios also reveal important crustal participation, marked by
the Mesoproterozoic Nd TDM (1.54 - 1.33 Ga) model age,
negative ENd values (-3.40 to -4.17), and the highest and
variable 87Sr/86Sr ratio (0.70972 to 0.71345), indicating
different crust-mantle interaction rates. In general, Triassic-
Jurassic low-Ti CAMP basalts from Atlantic equatorial margin
have low Nd and high Sr isotope ratios, high LILE, low HFES,
and variable degree of crustal contamination (Fodor et. al,
1990; Bertrand, 1991; De Min et al., 2003; Deckart et al., 20€5;
Verati et al., 2005; Merle et al., 2014; Marzoli et al.,~2Q1%).
In this geological setting, primitive magmatic rocks a.e vare
or absent, and the vast majority of CAMP-type basalts have
sources with significant participation of the metasomatized
sub-continental lithospheric mantle - SCLM (Mge«ie-ct al., 2014;
Marzoli et al., 2018; Pinto et al. 2017). Furthesrinore, the crust-
mantle interaction rates, related to the jpattial assimilation
within crustal magma chambers or duriiig ¥ise to the surface,
also interfered with the primitive gegchemistry and isotopic
signatures.

From a comparative perspeciive, Ap1 has low MgO and
high Ti, Zr. and REE, while ApZ*has high Mg and low Ti, Zr and
REE, suggesting some variation in magmatic differentiation
stages. Probably related~te.the fractional crystallization rate
and consequent varieticns in the Fe-Ti minerals content,
as well as metasoraatic influence and thermodynamic
constraints, for example (Chabou et al. 2010; Chistyakova and
Latypov, 2012; Krans et al., 2024). However, Ap1 proved to be
a more differentiated magmatic phase or one with a higher
fractional crystallization rate, likely resulting from a longer
crustal residence time during the initial stages of the Tacutu
rifting process.

Ap2 has a high vesicle content, which may be the result
of several petrogenetic factors, including variations in
decompression rate, viscosity, melting temperature, and
rheology of multiphase magmas (Bottinga & Javoy 1990; Saar
& Manga 1999; Mader et al. 2013; Soldati et al. 2020). In this
context, morphological, statistical, and chemical studies on
vesicles in basaltic lava flows have been applied, for example,
to determine the explosivity degree at the time of eruption
(Mangan et al., 1993; Houghton & Gonnermann, 2008;

Hashimoto & Sumita, 2021; Colombier et al., 2021). Therefore,
complementary studies on the vesicular Ap2 lava flow would
be a good opportunity to make inferences about the eruptive
mechanism.

On the other hand, variations in decompression rates
caused by rapid volume changes, related to space generation
during fault movements within a volcanic conduit, can influence
magma properties, specifically its geochemistry, viscosity,
fragmentation (bubbles), and overall explosivity (Jaupart.
1996; Fiege et al., 2015; Barth et al., 2019; Allison et al. 2021).
Therefore, it is probable that extensional geodynamics within
the Tacutu Basin may have an imporsant role in the magma
channeling and eruptive styles, influencing the rheology of the
Ap1 and Ap2 lava flows, for example. iHowever, this hypothesis
requires further studies, also keeoming a good opportunity
for the application of temperature-pressure experiments
(numerical models) to the niirieralogy and geochemistry of the
Apoteri basaltic magmas

Previous geophysical investigations revealed that the
Mesozoic Tacutu B@sin internal geometry has greater depth
on the Guyana_sicg (from 3000 to 5400 m), marked by the
dominance of shevdeltaic-marine system. In contrast, on the
Brazil side, #ixeé~depth varies from 600 to 3000 m, with the
predominzance of the fluvial-deltaic system (Crawford et al.
1985; Manriak 2003; Passos & Vidotti 2019; Webster et al.
2020jr Fre Figure 9 is a simplified hypothetical illustration of
the“mantle-derived magma recharge and eruption moments
fonthe Ap1 and Ap2 lava flows, with the volcanism from fissure
zones controlled by the fault movements of the Tacutu Basin
rifting. On the Brazilian side, dikes, sills, and sub-aerial fissure
eruptions likely predominated, with linear vents, lava flows,
and variable explosive potential. However, on the Guyana
side, it is likely that the eruptive activities had some significant
subaqueous volcanic component.

Figure 9: A simplified geological model proposed for the emplacement
moments of the Apoteri Ap1 (A) and Ap2 (B) basaltic lava flows during
the Tacutu pre-rift phase (early Jurassic). The Tacutu rift internal
geometry favored sub-aerial fissure basaltic volcanism with some
degree of explosivity in the Ap2 pulse, associated with a fluvial-deltaic
system on the Brazilian side, as well as underwater fissure volcanism
associated with deltaic-marine systems on the Guyana side.

Finally, K-Ar and Ar-Ar geochronological data available
point to these basaltic magmatism ages between 200 and 150
Ma (Marzoli et al. 1999; Reis et al. 2006). However, due to the
rarity of zircon crystals in the Apoteri basalts, we are applying
the whole-rock chemical dissolution technique (e.g., Oliveira
et al. 2022) in order to obtain crystals suitable for the U-Th-Pb
method, which could provide a more precise age.

9. Conclusions

The petrological data presented in this paper corroborate,
in part, the available data on the Lower Jurassic basaltic
magmatism of the Apoteri Formation, which leads us to the
following conclusions.

During the Tacutu Basin pre- to syn-rift phase, on the
Brazilian side, at least two basaltic lava flows (Ap1 and Ap2),
related to the Equatorial Atlantic Ocean opening, can be
identified. These rocks have from basalt to basalt-andesite
composition, dominant subalkaline, low-Ti CAMP, and intra-
plate geochemical signatures. Field relationships, supported



by geochemistry and isotopic geology data, indicate that Ap1
and Ap2 lava flows are probably related to the same event,
although with mantle-derived magma recharge at distinct
moments during the short lithospheric extent of the Tacutu
Basin rifting.

The rifting extensional geodynamics likely played an
important role in the magma recharge mechanism, especially
during the space generation, also interfering with the
decompression and fragmentation rates, as well as with the
fissure volcanism style. Consequently, some geochemistry
and isotopic (Nd and Sr) variations related to crystallization
thermodynamics were then generated. Ap1 shows greater
differentiation by fractional crystallization, likely related to
higher crustal residence during the initial stages of the Tacutu
rifting process. Additionally, variation in Nd and Sr isotope
ratios between Ap1 and Ap2 also indicates different crustal
contamination rates during the magma rise through the
crust at distinct moments. Finally, the high vesicle content
in Ap2 suggests accelerated decompression during fault
displacement, leading to magma fragmentation and some
explosivity.

Despite recent advances in the petrogenetic understanding
of this basaltic magmatism in the Tacutu Basin, further
experimental petrological studies (barometry and thermometry)
on these magmatic dynamics are still needed. We believe that
the excellent outcrops of the Apoteri Formation in the Serra
Nova Olinda (Boa Vista city) could serve as laboratories for
these investigations.
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Figure 2: Outcrops of the Apoteri basaltic rocks. A) Open pit mine for crysiiad basalt stone of the Granada Company; B) Field
relationship between the two Apoteri basaltic lava flows; C) Geological contact detail between the two Apoteri basaltic lava flows;
C) Vesicular enrichment and coalescence zone in the Ap2 basaltic layasfiow.
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Figure 3: Petrographic features of the Apoteri basaltic rocks. A) Ophitic to sub-ophitic common micro-texture marked by plagioclase
phenocrysts embedded in fine-grained groundmass with interstitial clinopyroxene and olivine (Ap1 sample); B) Plagioclase
phenocrysts in glomeroporphyritic micro-texture embedded in fine-grained groundmass (Ap1 sample); C) Vesicles embedded in
an ophitic to sub-ophitic micro-texture. Note the size variation of the vesicles, which may indicate some degree of coalescence of
the volatile phase (Ap2 sample); D) Detail of the internal mineral zonation of the vesicles in Ap2 sample (pl = plagioclase, cpx =
clinopyroxene, ol = olivine, ch = chalcedony, cl = chlorite, zI = zeolite, wm = white mica, NX = crossed nicols, N// = parallel nicols).
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Figure 4: Geochemical characteristics of the Ap1 and Ap2 basaltic rocks from the Apoteri Formation. A) Na20 + K20
x SiO2 and Zr/TiO2 x Nb/Y for volcanic rocks discriminant diagrams (Le Maitre et. al 1989 and Winchester & Floyd
1977); B) AFM discriminant diagram for tholeiitic and calc-alkaline fields (Irvine & Baragar 1971); C) TiO2 x FeOtot/
MgO diagram indicating the CAMP-type continental flood basalts fields (Chabou et al. 2010); D) Zr/Y x Zr tectonic
fields diagram (Pearce and Norry 1979); E) REEs-normalized pattern diagram (chondrite-normalized pattern of Boynton
1984); F) Multi-element spidergram pattern diagram. Note the comparison with the distribution pattern of the continental
crust (MORB-normalized pattern of Saunders & Tarney 1984 with additions from Sun 1980); G-H) Nb/La x Nb and Ce/
Pb x MgO discriminant diagrams applied to crustal contamination rates (Xia 2014; Furman 2007). Note the variation in
MgO content leading to the formation of two groups of samples.
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Table 1: Whole-rock geochemistry of the Ap1 and Ap2 basaltic rocks from the Apoteri Formation.

Lava flow AP1 AP2
Samples $0-02 $0-23 S0-26 $0-27 S0-28 $0-29 S0-04 $0-20
Si02 (%) 54.00 51.90 53.70 53.00 53.80 53.00 50.10 51.30
AI203 13.85 13.60 13.75 12.90 14.00 13.85 14.80 15.25
Tio2 1.36 1.32 1.30 1.24 1.30 1.35 0.86 1.00
Fe203 11.45 11.80 12.10 12.00 12.00 12.15 9.91 10.90
ca0 8.18 6.75 8.72 8.69 8.16 8.69 815 | 968
MgO 4.87 5.61 5.18 513 5.37 5.39 7.21 ‘L 7.32
Na20 2.84 3.31 2.54 2.96 3.81 3.06 3.72 3.06
K20 1.85 2.96 1.28 075 073 0.83 1.0p 1.06
MnO 018 0.19 0.18 0.17 0.19 0.2 0.17 018
P205 0.16 0.18 0.18 0.16 0.17 0.17 0.09 0.14
Lol 1.68 2.00 0.83 1.51 1.65 {21 2.35 1.51
Total 100.48 99.7 99.83 98.56 101.24 1057 98.5 1015
Ba (ppm) 291.00 406.00 282.00 237.00 181.01 (1”248 172.01 227.00
Rb 83.91 154.00 46.40 34.32 41.49 48.62 65.40 55.20
Sr 207.00 165.50 229.00 231.01 254001 259.00 343.00 316.02
Hf 3.52 3.38 3.52 3.35 334 3.59 2.07 2.58
cr 33.02 71.00 64.10 38.03 51.00 34.04 31.10 37.04
Cs 0.84 0.4 0.63 056~ | 059 0.54 0.81 0.87
Nb 7.99 8.08 7.44 723 7.45 7.76 5.02 5.59
Ta 0.71 072 068 , 4 0.66 0.67 0.69 0.44 0.53
Th 31 3.12 2050 " 2.89 2.88 2.97 1.69 1.92
Sn 2.31 1.82 P 2.00 1.94 1.95 1.51 1.40
0.81 0.72 067 0.72 0.72 0.73 0.46 0.46
352.01 340.03 344.02 326.02 346.00 353.01 286.03 300.02
27.00 2640 26.60 25.80 26.50 28.20 18.31 20.52
zr 128.00 126.00 123.00 119.00 123.01 126.00 75.02 86.03
Pb 4.93 "4.53 3.84 4.20 3.61 3.55 5.46 517
La 15.31 12.42 13.80 13.81 14.10 15.10 9.22 10.61
Ce 3o() 30.01 30.72 30.20 3110 32.50 19.82 22.51
Pr W2 418 4.06 4.04 3.99 447 2.68 3.09
Nd 17.40 16.60 16.41 16.41 16.52 17.00 10.44 12.43
Sm 4.22 4.28 415 4.21 4.09 4.52 276 3.06
Eu 1.32 1.27 1.40 1.26 1.44 1.34 1.03 114
Gd 5.34 4.81 4.67 4.69 4.80 476 3.09 3.71
Tb 0.83 0.82 0.83 079 0.84 0.88 0.59 0.63
Dy 4.93 4.55 5.08 4.57 472 5.06 3.31 3.57
Ho 114 1.05 1.04 1.05 1.07 115 073 0.84
Er 3.07 2.64 3.06 2.98 2.67 3.14 2.03 216
Tm 0.54 0.46 0.38 0.45 0.40 0.45 0.35 0.36
Yb 277 2.40 2.49 2.48 2.68 2.65 1.78 1.98

Continue



Table 1: Whole-rock geochemistry of the Ap1 and Ap2 basaltic rocks from the Apoteri Formation.

Lava flow AP1 AP2

Samples S0-02 S0-23 S0-26 S0-27 S0-28 S0-29 S0-04 S0-20
Lu 0.47 0.43 0.39 0.38 0.36 0.43 0.31 0.33
Na20+K20 4.69 6.27 3.82 3.71 4.54 3.89 4.76 412
Mg# 45.73 48.51 45.89 45.86 47.00 46.78 59.04 57.09
AINK 2.07 1.57 2.47 2.27 1.98 2.33 2.04 2.46
LaN + CeN 89.82 7712 82.51 81.89 83.97 88.93 54.18 62.04
TmN + YbN 28.68 25.68 23.64 25.75 25.16 26.56 19.31 ; 20.58
LaN/SmN 2.28 1.82 2.09 2.06 216 210 2.08 ) 217
GdN/YbN 1.55 1.61 1.51 1.52 1.44 1.44 1.20 1.51
Eu/Eu* 0.27 0.27 0.31 0.28 0.32 0.28 | 6.35 0.33
Nb/La 0.52 0.65 0.53 0.52 0.52 0.51 \ 0.54 0.52
La/Nb 1.91 1.53 1.85 1.90 1.89 a4 N 1.83 1.89
La/Ba 0.05 0.03 0.04 0.05 0.07 ‘ CBG 0.05 0.04
CelPb 6.67 6.66 8.07 719 8.63 \ 9.28 3.66 4.41




Table 2: Electron microprobe analysis and representative structural formula of clinopyroxene from Ap1 pulse of the Apoteri Formation.

Spots 1 2 5 4 5 6 7 8 9 10 1" 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
Sio, 53.54 53.69 53.98 53.82 53.64 53.23 53.35 50.99 50.83 53.05 53.80 53.23 53.53 53.46 53.25 53.66 53.14 53.16 53.08 52.99 53.10 53.01 51.67 52.62 51.99 52.84
TiO, 0.26 0.222 0.24 0.466 0.206 0.375 0.196 0.375 0.427 0.452 0.461 0.358 0.136 0.63 0.349 0.402 0.434 0.207 0.226 0.25 0.547 0.675 0.798 0.778 0.394 0.385
ALO, 2.031 2.05 2.034 2191 2.266 2179 2.412 4.361 4.403 2.654 2.154 1.87 1.782 2.024 2.477 2.44 2.54 2.50 2.84 2.788 1.615 1.718 1.869 2.04 1.972 1.409
FeO 6.688 6.475 6.422 6.668 6.167 6.427 6.309 9.781 7.899 6.859 7.499 7.856 9.238 10.83 5.902 5.911 5.745 5.722 5.674 5.879 12.514 9.317 16.678 8.896 10.541 10.937
MgO 18.357 18.321 18.086 18.371 17.643 17.772 17.851 16.623 17.947 17.66 16.752 17.789 17.386 15.381 19.205 19.161 18.929 19.106 18.863 18.281 17.931 17.079 14.03 15.199 16.872 17.896
Ca0 17.461 17.446 17.978 17.214 18.528 18.195 18.36 16.301 16.731 17.523 18.06 17.95 16.508 16.559 17.498 17.278 17.991 18.025 18.35 18.498 13.439 17.269 13.984 18.976 16.859 15.615
Na,0 0.173 0.208 0.193 0.225 0.216 0.257 0.203 0.216 0.291 0.222 0.256 0.123 0.115 0.098 0.197 0.198 0.244 0.147 0.198 0.258 0.16 0.209 0173 0.339 0.276 0.202
K,0 0.019 0.016 0.01 0.017 0.016 0.005 0.006 0.079 0.018 0 0.015 0.018 0 0.047 0.019 0 ;005 0.021 0.014 0 0.005 0 0 0.016 0.005 0.035
MnO 0.117 0.305 0.133 0.209 0.151 0.082 0.126 0.217 0.115 0.169 0.192 0.076 0.226 0.363 0.182 0.19% N 0.156 0.217 0.081 0.139 0.413 0.209 0.382 0.183 0.227 0.285
PO, 0 0.073 0 0 0.09 0 0.088 0.071 0 0.054 0 0 0 0.04 0 07006 0.01 0 0.044 0.023 0 0 0.014 0 0.064 0.038
Cr,0, 0.386 0.379 0.461 0.367 0.422 0.47 0.375 0.444 0.399 0.474 0.372 0.376 0.195 0.069 0.461 ‘ 70.719 0.45 0.552 0.78 0.926 0.117 0.399 0.04 0.049 0.024 0
F 0 0 0 0 0.139 0.212 0.136 0.073 0.048 0 0 0 0 0 0.005 0.049 0.163 0 0.212 0 0.188 0 0 0.241 0 0
Cl 0.005 0 0.002 0 0 0.002 0 0 0.013 0.031 0 0.003 0 0.013 ?(;JS 0 0 0.013 0.005 0.022 0.013 0 0 0.008 0.029 0
NiO 0.047 0.126 0 0.079 0.131 0.042 0 0.031 0.004 0.03 0.068 0.011 0 0.077 1 ) 0 0.037 0.076 0.072 0.098 0.043 0.052 0.039 0 0 0.048 0.015
Total 99.092 99.318 99.548 | 99.632 99.562 99.160 99.359 99.538 99.108 99.176 99.630 99.659 99.116 99‘555:7 99.548 | 100.037 | 99.818 99.750 | 100.376 | 100.096 | 100.015 | 99.929 99.644 | 99.248 | 99.297 99.662
Cation based on 6 oxygen )

Si 1.973 1.975 1.981 1.973 1.973 1.964 1.963 1.892 1.872 1.959 1.987 1.960 1.989 ‘72.005 1.943 1.951 1.936 1.937 1.925 1.930 1.970 1.959 1.968 1.969 1.936 1.957
Al 0.027 0.025 0.019 0.027 0.027 0.036 0.037 0.108 0.128 0.041 0.013 0.040 0.244 ) 0.000 0.057 0.049 0.064 0.063 0.075 0.070 0.030 0.041 0.032 0.031 0.064 0.043
=T 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.005 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Al 0.061 0.064 0.069 0.068 0.071 0.059 0.068 0.083 0.063 0.074 0.081 0.0417 0.067 0.089 0.049 0.056 0.045 0.044 0.047 0.050 0.041 0.034 0.052 0.059 0.022 0.019
Fe¥ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.007 0.050 0.000 0.000 ’)7.000 0.000 0.000 0.000 0.000 0.000 0.002 0.007 0.000 0.000 0.000 0.000 0.000 0.039 0.017
Ti 0.007 0.006 0.007 0.013 0.006 0.010 0.005 0.010 0.012 0.013 0.013 0.010 0.004 0.010 0.010 0.011 0.012 0.006 0.006 0.007 0.015 0.019 0.023 0.022 0.011 0.011
Cr 0.011 0.011 0.013 0.011 0.012 0.014 0.011 0.013 0.012 0.014 0 0.011 0.006 0.013 0.013 0.021 0.013 0.016 0.022 0.027 0.003 0.012 0.001 0.001 0.001 0.000
Ni 0.001 0.004 0.000 0.002 0.004 0.001 0.001 0.001 0.000 0.001 73.002 0.000 0.000 0.002 0.000 0.001 0.002 0.002 0.003 0.001 0.002 0.001 0.000 0.000 0.001 0.000
Mg 0.919 0.915 0.911 0.907 0.907 0.916 0.916 0.886 0.863 0.89% 0.893 0.938 0.923 0.860 0.928 0.911 0.928 0.930 0.915 0.916 0.939 0.934 0.797 0.848 0.926 0.953
Fe 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 2 (ju:J 0.000 0.000 0.000 0.029 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.127 0.070 0.000 0.000
M1 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 7‘.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Mg 0.089 0.089 0.078 0.097 0.060 0.062 0.064 0.033 '.272 0.074 0.029 0.039 0.040 0.000 0.117 0.127 0.101 0.108 0.105 0.077 0.053 0.007 0.000 0.000 0.011 0.035
Fe? 0.206 0.199 0.197 0.204 0.190 0.198 0.194 0.296 0.193 0.212 0.232 0.242 0.287 0.311 0.180 0.180 0.175 0.172 0.165 0.179 0.388 0.288 0.404 0.209 0.289 0.322
Mn 0.004 0.010 0.004 0.006 0.005 0.003 0.004 0.007 0.004 0.005 0.006 0.002 0.007 0.012 0.006 0.006 0.005 0.007 0.002 0.004 0.013 0.007 0.012 0.006 0.007 0.009
Ca 0.689 0.689 0.707 0.676 0.730 0.179 0.724 0.648 0.660 0.693 0.715 0.708 0.657 0.665 0.684 0.673 0.702 0.703 0.713 0.722 0.534 0.684 0.571 0.761 0.673 0.620
Na 0.012 0.015 0.014 0.016 0.015 0.018 0.014 0.016 0.021 0.016 0.018 0.009 0.008 0.007 0.014 0.014 0.017 0.010 0.014 0.018 0.012 0.015 0.013 0.025 0.020 0.015
M 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000




Table 3: Whole-rock Sm—Nd isotopic data of the basaltic rocks of the Apoteri Formation.

Sample Lava flow (:p”r:l) (p'::n) WSm/Nd mgg’;:?d FSmINd | End(0) | Oﬁ';dGa) (Tg:)'
S0 02 Ap1 4.602 18.927 0.1470 0.512455 + 7 -0.25 -3.57 -2.56 1.33
S0 26 Ap1 4.481 18.329 0.1478 0.512464 £ 5 -0.25 -3.40 -2.36 1.33
S0 27 Ap1 4.383 18.007 0.1471 0.512446 £ 9 -0.25 -3.75 -2.58 1.35
S0 28 Ap1 4.376 17.950 0.1474 0.512456 £ 10 -0.25 -3.55 -2.51 1.33
S0 04 Ap2 2.823 11.361 0.1502 0.512399 + 8 -0.24 -4.66 -37 1.53
S0 20 Ap2 3.210 13.096 0.1482 0.512374 £ 15 -0.25 -5.16 :.7 1.54

Table 4: Whole-rock Sr—Sr isotopic data of the basaltic rocks of the Apoteri Farriation.
Sorle Lava 848r/eSr ¥7Sr/*6Sr 8Sr/*¢Sr Sr/*8Sr Rb Sr STRI/%SF ¥7Sr/*Sr
flow (£2SE) (£2SE) (£2SE) (£2SE) (prn)[ (ppm) (t=175 Ma)
S0 02 Ap1 0.056257 £ 11 | 0.714475+4 8.762847 + 8 0114118 £ 1 :";1 207 1.1736 0.71155
S0 26 Ap1 0.056305 + 8 0.711178 £ 4 8.755676 + 9 0.114212 &, i 746.4 229 0.5864 0.70972
S0 27 Ap1 0.056337 £ 6 0.711267 £5 | 8.757603 + 8 0.114187 1 1 34.32 231 0.4300 0.71020
S0 28 Ap1 0.056394 +8 | 0.712543 +4 | 8.770781 %7 0.1146% B 414 254 0.4718 0.71137
S0 04 Ap2 0.056324 £8 | 0.714820+5 | 8.760879 + 6 4;14144 +1 65.4 343 0.5520 0.71345
S0 20 Ap2 0.056358 £ 6 0.713113 +4 | 8.755995 + 16 ‘ 0.114207 + 2 55.2 316 0.5056 0.71185






