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ARTICLE

The petrogenesis of tholeiitic diabases in
eastern Parnaiba Basin: evidence
for geochemical heterogeneities in the
subcontinental lithospheric mantle
in NE Brazil

Petrogénese de diabdsios toleiticos na porcdo oriental da Bacia do
Parnaiba: evidéncias para heterogeneidade no manto litosférico
subcontinental no NE do Brasil

Adriano Guilherme da Silval, Cicera Neysi de Almeida?,
Sérgio de Castro Valente?*, Leonardo Fonseca Borghi de Almeida'’

ABSTRACT: 7)e sedimentary rocks within the Paleozoic Parnaiba
basin in NE Brazil were intruded by voluminous tholeiitic diabase
sills and covered by coeval basaltic flows. This paper presents lithogeo-
chemical data of borehole samples obrained from wells located in the
eastern portion of the Parnaiba basin. The diabases are subalkaline
tholeiitc rocks comprising three high-TiO , and three low-TiO, suites
that are unrelated by differentiation /I}‘{)(,‘(;SS(’S. Fractional wyfz:ﬂ//z'zﬂ—
tion of olivine and augite was the predominantly evolutionary pro-
cesses within individual high- and low-TiO, suites as depicted by
trace element geochemical modelling, exception being made for one
low-TiO, suite that evolved by AFC. Parental compositions for both
low- and high-TiO, suites are related with variably enriched, spi-
nel harzburgitic sources likely to represent the heterogeneous sub-
continental lithospheric mantle underneath the sedimentary basin.
The geochemical provinciality of the Parnaiba tholeiitic magmatism
seems unrelated with the Transbrasiliano Lineament but may be due
to lithospheric mantle amalgamation and remobilization occurred
during previous tectonic events.
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RESUMO: As rochas sedimentares paleozdicas da Bacia do Parnaiba,
no Nordeste do Brasil, foram intrudidas por soleiras volumosas de diabd-
sio toleitico e cobertas por derrames basalticos. Este artigo apresenta da-
dos geoquimicos obtidos a partir de amostras de pogos da por¢io leste da
bacia sedimentar. Os diabésios sao subalcalinos, toleiticos e agrupam-se
em trés suites de alto-TiO, e trés de baixo-TiO, nio relacionadas por
processos de diferenciagio. Os processos petrogenéticos foram investi-
gados com base em modelagem geoquimica e revelaram que as suites
toleiticas evoluiram por cristalizagao fracionada de augita e olivina & exce-
¢io de uma, de baixo—TiOz, evoluida por AFC em cAmaras magmdticas
pequenas na crosta superior. As composicoes parentais de ambas as sui-
tes, de baixcv—TiO2 e alto—TiOz, estio relacionadas com fontes mantélicas
harzburgiticas variavelmente enriquecidas dentro da zona de estabilidade
espinélio representadas pelo manto litosférico subcontinental. Esta fonte
mantélica é lateralmente e/ou verticalmente quimicamente heterogénea
e a provincialidade geoquimica em escala local parece nio ter sido con-
trolada pelo Lineamento Transbrasiliano, mas sim por remobilizagio do
manto litosférico subcontinental possivelmente amalgamado durante
processos orogénicos colisionais ocorridos previamente.
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INTRODUCTION

Tholeiitic basalt flows and diabase intrusions (dykes and
sills) occur associated with the sedimentary rocks of the
Paleozoic Parnaiba basin in northeast Brazil (Aguiar 1969).
These magmatic rocks comprise the Mosquito Formation
(199 £ 2,4 Ma; “°Ar/*Ar in plagioclase; Merle ez a/. 2011)
and the Sardinha Formation (c.z. 129 — 124 Ma; K-Ar and
“Ar/*Ar, whole-rock; Bellieni ez 2/ 1990, Fodor ez al. 1990).
The former has been associated with the Central Atlantic
Magmatic Province (CAMP; Marzoli er al. 1999) and the
break-up of Pangea, prior to the opening of the Central
Atlantic Ocean in the Florida-Guyana-Liberia area (e.g.,
Bertrand 1991) whereas the latter has been related with the
Parani-Etendeka Continental Flood Basalt Province and the
fragmentation of Gondwana, previously to the opening of
the South Atlantic ocean (Bellieni ez 2/ 1990).

The tholeiitic dykes and sills are interbedded with the
Paleozoic sedimentary rocks of the Pimenteiras and Cabegas
formations (Devonian), the Poti Formation (Mississipian),
and the Piauf Formation (Pensylvanian) of the Parnaiba
basin (Vaz ez al. 2007). The sedimentary rocks within these
formations are related with the petroleum systems identified
in this Paleozoic basin (Abelha 2013). The magmatic rocks
of the Sardinha and Mosquito formations played their role
in the generation and migration as well as sealing and tra-
pping of hydrocarbons (e.g. Rodrigues 1995).

Previous works on the tholeiitic magmatism within the
Parnaiba basin were done on the basis of petrographic, geo-
chemical and geochronological data obtained from surface
samples (Bellieni ez a/. 1990, Fodor et al. 1990, Baksi &
Archibald 1997, Marzoli et al. 1999, Ernesto et al. 2004,
Merle ez al. 2011). In this paper we present new petrographic
and lithogeochemical data obtained from borehole samples
of the Parnaiba tholeiitic rocks and put constraints on the
geochemical heterogeneity of the subcontinental lithospheric
mantle beneath the Parnaiba sedimentary basin in NE Brazil.

GEOLOGICAL FRAMEWORK
OF THE PARNAIBA BASIN

The Parnaiba basin is located in northeastern Brazil
(Fig. 1). It extends over 6.7 x 10° km? with approximately
3,500 m of maximum thickness of sediments (Vaz et al.
2007). The sedimentation of immature siliciclasts started in
the Late Cambrian and Early Ordovician (Jaibaras Group)
and took place onto grabens originated from the separa-
tion of Laurentia and Baltica (Bond ez 2/ 1984, Oliveira &
Mohriak 2003). The stratigraphic record of the Parnaiba basin
can be divided into three main sedimentary cycles during
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the Silurian, the Devonian and the Permian-Carboniferous
separated by well-marked unconformities all over the basin
(Goes et al. 1990). These three sedimentary cyles are related
with five sedimentary supersequences from the begining of
the Paleozoic to the end of the Cretaceous, including two
magmatic episodes represented by the tholeiitic basalts
and diabases of the Mosquito Formation (Triassic) and the
Sardinha Formation (Cretaceous) (Aguiar 1969).

The main regional structures within the Parnaiba basin
are the NE-trending, Transbrasiliano Lineament and the
NW-trending, Picos-Santa Inés Lineament (Fig. 1), which
controlled the main NE and NW depositional axis from
the Early Silurian up to the Early Carboniferous. Later on,
the basin acquired the typical oval shape of a syneclise lea-
ding to the migration of the depocenter to the central parts
of the basin (Vaz ez al. 2007). Recent small magnitude,
shallow depths earthquakes (< 60 km) within the northe-
ast part of the basin (Lima Neto 2013) might be related to
the reactivation of ENE-WSW-trending shear zones (Médio
Coreatt Domain) extending far below the basin eastwards
the Borborema Province.

Gravimetric and seismic data show that the thickness
of the continental crust in the area of the Parnaiba basin
does not exceed 40 km (Assumpgio et al. 2013, Castro ez al.
2014) with Moho at shallow to intermediate depths in the
northeast and central portions of the basin. The boreholes
of the present study are located in this area (Fig. 1).

PREVIOUS WORK ON
THE PARNAIBA BASALTS

The tholeiitic basalts of the Sardinha Formation pre-
vail eastwards whereas those of the Mosquito Formation
prevail westwards the Parnaiba basin (e.g., Fodor ez al.
1990; Ernesto ez al. 2004). Some authors proposed that
the high-TiO, Sardinha and low-TiO, Mosquito basalts
could be distinguished on the basis of the higher Ti, Ba,
La, Ce, Y, Zr, and Sr contents of the former (Bellieni ez a/.
1990). Nevertheless, low-TiO, basalts were later recognised
in the Sardinha Formation (Baksi & Archibald 1997) and
distinction from their counterparts within the Mosquito
Formation are difficult to be made on the basis of petro-
logical data.

Geochronological K-Ar data obtained for the Mosquito
basalts (Fodor ez al. 1990) peaked at cz. 160 Ma and ca.
200 Ma whilst for the Sardinha basalts ages spreaded over
ca. 130 Ma and ca. 115 Ma. Later, “Ar/*Ar data pointed
to ca. 200 — 190 Ma for the low-TiO, Mosquito basalts,
and ca. 129 — 124 Ma for the high-TiO, Sardinha basalts as
well as ca. 123 Ma for their low-TiO, counterparts (Baksi
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& Archibald 1997). More recent “Ar/*Ar ages on plagio-
clase separates gave 196 = 1,0 Ma, 198,0 = 1,2 Ma and
199,2 + 1,0 Ma for the high—TiO2 basalts of the Mosquito
Formation, z.e., coeval to the low—TiO2 ones (Metle et al.
2011). In general, the geochronological data corroborates
the association of the high- and low-TiO, Mosquito basalts
with the tectonic events related with the opening of the
Atlantic ocean at equatorial latitudes as well as the high-
and low-TiO, Sardinha basalts with the fragmentation of
Gondwana prior to the opening of the South Atlantic ocean.

It is now generally accepted by many authors that high-
and low-TiO, basalts, dykes and sills occur both in the
Mosquito and Sardinha formations in the Parnaiba basin
(Bellieni ez al. 1990, Fodor et al. 1990, Baksi & Archibald
1997, Marzoli et al. 1999, Ernesto ez al. 2004, Metle et al.
2011). Previously to the publication of geochronological data,
petrogenetic studies proposed that the high-TiO, Sardinha
basalts and the low-TiO, Mosquito basalts could not be
related to each other by fractional crystallization without
or with concomitant assimilation (ie. AFC, DePaolo 1981)
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- Paleozoic @ Tocantins Araguaia Lineament km
- Mosquito and O Well
Sardinha Formations 1UN

Figure 1. Phanerozoic sedimentary cover and major lineaments of the Parnaiba basin. The boreholes sampled
during this study are indicated (eg. 1UN21). As an approximation, the 45°W longitude circle separates the
Mosquito Formation, to the west, from the Sardinha Formation, eastwards the Parnaiba basin.
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althought the low-TiO, Mosquito basalts themselves seemed
to be related by AFC at low pressures (Bellieni ez /. 1990).
These authors proposed that the compositions of the high-
-TiO, Sardinha and the low-TiO, Mosquito parental magmas
could be explained by either 8 and 25% of partial melting
of a garnet peridotite source or 10% of partial melting from
a garnet and spinel source, respectively. Dynamic models
also pointed to generation of the Sardinha and Mosquito
basalts by 5 and 20% partial melting of a spinel source with
2% of magma retention in the residue.

More recent petrological work recognized two non-coge-
netic high-TiO, and three low-TiO, suites in the Mosquito
basalts in the west part of the Parnaiba basin (Merle et al.
2011). The origin of the high-TiO, suites was attributed to
partial melting of asthenospheric sources contaminated by
interaction with the subcontinental lithospheric mantle.
More evolved compositions were related to further AFC
processes during ascent to crustal levels. On the other hand,
the low-TiO, basalts were related to partial melting of the
most enriched portions of the subcontinental lithosphe-
ric mantle whose metassomatization was associated with
previous subduction processes. Nevertheless, the partici-
pation of asthenospheric sources in the generation of the
low-TiO, Mosquito basalts was not completely refused by
those authors. The authors proposed that the high- and the
low-TiO, Mosquito basalts are related to local anomalously
hot mantle conditions due to combined effects of edge-dri-
ven convection and large-scale mantle warming beneath the
Pangea supercontinent, although a mantle-plume compo-
nent with asthenospheric-like isotopic characteristics was
not ruled out neither as a main source nor as a heat supplier.

BOREHOLE SAMPLING
AND ANALYTICAL METHODS

The boreholes are located along an approximately NNE
trend subparallel to the Transbrasiliano Lineament (Fig. 1).
The farmost boreholes (1UN21 and 1UN26) are located
about 400 km apart but boreholes can be displaced from
each other by just about 20 km (1UNO06 and 1UN32).

Thirty-four samples were collected from the boreholes
within the study area. They were prepared for petrography
and a subset with twenty-two samples was used for lithoge-
ochemical analysis. Criteria for sample selection for lithoge-
ochemical analysis were based on the absence of amygdales
and veins, alteration products as well as phenocrysts as much
as possible. Samples were washed under destiled water, dried,
crushed under a cutrock device and furtherly reduced to pow-
der (- 10 g) under 200# in a WC mill. Samples powders were
sent to ACTLABS in Canada for analyses of major and trace
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elements, including the Rare Farth Elements (REE). A 1 g
aliquota of each sample powder was fused and then diges-
ted with aqua regia and diluted to 250 mL volumetrically.
Appropriate international reference materials were digested at
the same time. The samples and standards were analyzed on a
Thermo Jarrell Ash ENVIRO II simultaneous and sequential
ICP-AES for SiO,, TiO,, AL, O, Fe,O,, MnO, MgO, CaO,
Na,O, KO, and P O.. Total iron was analysed as Fe,O,".
Loss on ignition (LOI) was performed by measuring weight
differences before and after heating another 1 g aliquota of
the same sample powder in furnace at 1100°C for 30 minu-
tes. Detection limits were 0.01 wt.% for the analysed oxides
and LOI, but 0.001 wt.% for MnO and TiO,. Afterwards,
a 0.25 g aliquota of sample powder was digested with four
acids beginning with hydrofluoric, followed by a mixture of
nitric and perchloric acids, heated using precise program-
mer controlled heating in several ramping and holding cycles
which takes the samples to dryness. After dryness was attained,
samples were brought back into solution using hydrochloric
acid. Selected trace elements (Ni, Cr, Sc, Co, V, Ba, Rb, Sr,
Nb, Y, Zr, Hf, U, Th, Pb, and the whole set of REE) were
measured in samples and standards by Perkin Elmer Sciex
ELAN 9000 ICP/MS. Three blanks and five controls (three
before sample group and two after) were analyzed per group
of samples. Duplicates were fused and analyzed every 15 sam-
ples. Instrument was recalibrated every 40 samples. Detection
limits for the selected trace elements were as follows: Ni and
Cr (20 ppm), Scand Co (1 ppm), V (5 ppm), Ba (3 ppm), Rb
(1 ppm), St (2 ppm), Nb (0.2 ppm), Y (0.5 ppm), Zr (1 ppm),
Hf (0.1 ppm), U (0.01 ppm), Th (0.05 ppm), Pb (5 ppm),
and below chondritic values for REE. Accuracy was measured
on the basis of international standards W-2a (oxides and some
trace elements), BIR-1a (Ni, La, Eu, and Gd), and ZW-C
(Nb) whereas precision was measured by duplicating sam-
ple 1TUN06/178,90, according to the method proposed by
Jenner (1996) and Jenner et al. (1990). As such, precision
values on the basis of percentages of relative standard devia-
tions (%RSD) varied from 0.00 to 2.56 (average of 0.6) for
oxides, 0.00 to 0.75 (average of 0.3) for Ni, Cr, Sc, and Co,
0.00 to 2.22 (average of 1.1) for the other selected trace ele-
ments, and 0.00 to 4.76 (average of 1.5) for REE. Accuracy
values on the basis of percentage of relative differences (%RD)
varied from 0.0 to + 4.2 (average of = 1.9) for oxides, 0.00 to
+ 8.7 (average of + 4.9) for Ni, Cr, Sc, and Co, £1t0 9.5
(average of £ 5.9) for the other selected trace elements, and
0.00 to £ 6.5 (average of 3.4) for REE. According to those
authors criteria, precision and accuracy values can be consi-
dered excelent (0 to 3%RSD) and very good (3 to 7%RSD)
for most of analysed oxides and trace elements. Accuracy
values for V, Cr, Rb, Zr, Hf, and Th can be considered good
(£ 7-10%DR) based on the same criteria.
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RESULTS

Petrography

The studied samples are basalts and diabases, which were
arbitrarily distinguished by their amount of volcanic glass
(respectively, > 50 vol.% and < 50 vol.%) since distinction
could not be made on field relationships criteria. Textures
and structures were described following MacKenzie ez al.
(1982). The rocks vary from aphanitic to phaneritic, the latter
being fine (< 1 mm), medium- (I — 3 mm) or coarse-grai-
ned (> 3 mm) types. Both hypo- to holohyalline rocks were
found, the latter being predominantly equigranular and,
more rarely, porphyritic. Zoned, partially corroded laths of
plagioclase with sieve textures, as well as euhedral to subhe-
dral augite and olivine pseudomorphs altered to bowlingite
and iddingsite occur in the porphyritic rocks. The textures
of the plagioclase crystals (Fig. 2) indicate that they were
not in equilibrium with the host magma and may represent
either antecrysts or xenocrysts. Augite phenocrysts largely
predominate over olivine ones. Intersertal and intergranular
textures are common, with subordinate ophitic and subophi-
tic ones. Essential minerals within the groundmass include
plagioclase and augite with apatite and Fe-Ti oxides as acces-
sory phases. Myrmekite and microgranophyric textures are
common, pointing to the relatively evolved compositions
of the original basaltic magmas (Fig. 3). Alteration products
include bowlingite and iddingsite over olivine, uralite over
augite and saussurite over plagioclase. Veins and amygdales

Figure 2. Corroded (A) and zoned (B) plagioclase
xenocrysts in diabases from the Parnaiba basin.
Crossed polarized light. Samples: 1UNO6 and 1UN32.

Figure 3. Myrmekite in diabase (A) and basalt (B)
from the Parnaiba basin. Crossed polarized light.
Samples: 1UN26.
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were found in some samples, particularly in those from the
central portion of borehole 1UN32.

Lithogeochemistry

The lithogeochemical data of the studied samples are
shown in Table 1. The Parnaiba basalts and diabases sam-
pled from the five boreholes comprise a subalkaline, tholeii-
tic series (Fig. 4). The rocks are classified as basalts and basal-
tic andesites in the TAS diagram. CIPW norm calculations
(Tab. 2) showed that all samples are hypersthene normative
with no nepheline, which corroborates their tholeiitic evolu-
tionary trend. There are both supersaturated (fe. normative
quartz-bearing) and saturated (ie. normative olivine-bearing)
tholeiites among samples, the former being more abundant
than the latter.

The Parnaiba tholeiitic basalts and diabases can be divi-
ded into low-TiO, (L-Ti) and high-TiO, (H-Ti) suites
according to their TiO, contents to similar evolutionary
level (MgO) with a boundary at TiO, = 2% (Fig. 5) and
Ti/Y = 410 (Fig. 6) as with many Continental Flood Basalt
Provinces worldwide (Erlank ez /. 1984, 1988, Peate 1997).

Neither the L-Ti nor the H-Ti studied samples bear
primary basaltic compositions (e.g. Ni > 500 ppm; Cr
> 1000 ppm; SiO, < 50wt.%; magnesium number 0.68 —
0.75; Roeder & Emslie 1970, Wilson 1989) (Tab. 3). The two
aforementioned suites cannot be related by evolutionary
processes since a single parental magma could not give rise
to such different Ti/Y ratios and TiO, contents for similar
MgO values (Figs. 5 and 6). The small gap shown in both
suites (- 4 wt.% < MgO < 5.5 wt.%) are most likely to be
related to the somehow reduced amount of samples available
for this study than to magma mixing processes. Even so, the
petrogenetic investigations were carried on with great care
to prevent possible biased interpretations and were mostly
based on geochemical modelling.

GEOCHEMICAL MODELLING
OF EVOLUTIONARY PROCESSES

The Rayleigh equation (Wood & Fraser 1976) was used
to test for relationships among basaltic suites in the study
area by fractional crystallization. Results were then used
in mass balance calculations in order to test for coherence
with the degree of evolution based on the MgO content of
samples. Additionally, assimilation and fractional crystalli-
zation (AFC) modelling (DePaolo 1981) was tried whene-
ver fractional crystallization alone could not explain trace
element variations within basaltic suites. As aforementioned,
magma mixing or assimilation (without fractional crystalli-
zation) were not taken as possible differentiation processes
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Table 1. Major and trace elements analyses. n.d. = not detected. Fe,0,t is total iron. L.0.L. is the loss on ignition.
Oxides in wt.%. Trace elements in ppm.

Sample
1UNO6/ 84.65m
1UNO06/ 139.70m
1UNO06/ 176.20m
1UNO6/ 178.90m
1UN19/ 559.0m
1UN21/ 240.60m
1UN21/ 254.30m
1UN21/ 272.70m
1UN21/ 282.10m
1UN21/ 319.80m
1UN26/ 68.40m
1UN26/ 76.30m
1UN26/ 85.50m
1UN26/ 100.41m
1UN26/ 103.78m
1UN26/ 104.78m
1UN26/ 108.91m
1UN32/ 224.55m
1UN32/ 233.10m
1UN32/ 243.70m
1UN32/ 248.30m
1UN32/ 254.10m

SiO, |47.27 |48.91|47.67 |48.40|51.65|52.99 |51.83|50.62 | 51.82|52.89|52.22 |51.72 | 52.58 | 53.45 | 51.38 | 53.43 | 46.47 | 49.07 | 48.97 | 48.75 | 49.50 | 48.32

TiO, | 237 | 228 | 208 | 222 | 145 | 143 | 147 | 140 | 1.35 | 1.51 | 1.55 | 1.69 | 1.72 | 1.93 | 2.87 | 2.59 | 291 | 2.27 | 2.24 | 2.28 | 2.32 | 2.21

ALO, | 14.04|13.60 1391 |13.40|13.63|13.90 | 14.08|13.88  14.20 | 13.90 | 13.30|13.25|13.55|13.00|11.97 | 11.93 | 12.42 | 13.79 | 13.29 | 13.46 | 13.44 | 13.39

Fe,0,t | 13.76|15.00|13.99|14.2812.23|11.69 | 11.98 | 12.02 | 11.67 | 12.20|12.47 | 13.54| 13.24 | 14.56 | 17.85 | 17.06 | 18.61 | 14.27 | 13.69 | 15.25 | 14.66 | 14.51

MnO | 0.18 | 021 | 0.18 | 020 | 0.18 | 0.19 | 0.17 | 0.19 | 0.18 | 0.16 | 0.18 | 0.21 | 0.19 | 0.22 | 0.24 | 0.25 | 0.18 | 0.21 | 0.19 | 0.23 | 0.24 | 0.23

MgO | 591 | 6.13 | 649 | 593 | 592 | 6.18 | 6.25 | 636 | 6.63 | 593 | 5.61 | 549 | 543 | 3.99 | 3.87 | 3.39 | 554 | 6.66 | 6.52 | 6.46 | 6.52 | 6.68

CaO |10.52|10.47|10.41|10.29|10.11| 9.81 |10.40|10.27 |10.79| 9.60 | 9.15 | 9.76 | 9.47 | 825 | 817 | 7.18 | 5.82 |10.43|10.47|10.26 | 10.44 | 10.68

Na,O | 2.38 | 243 | 228 | 241 | 220 | 223 | 212 | 219 | 213 | 219 | 2.59 | 2.35 | 2.70 | 2.70 | 2.64 | 2.77 | 2.57 | 2.62 | 3.26 | 2.55 | 2.58 | 2.52

KO | 026 | 032 | 025 | 0.34 | 0.70 | 0.72 | 0.54 | 0.65 | 0.60 | 0.77 | 0.70 | 0.72 | 0.74 | 0.96 | 0.94 | 1.14 | 0.55 | 0.39 | 0.47 | 0.44 | 045 | 0.46

2

PO, | 019 | 019 | 017 | 019 | 014 | 0.16 | 0.15 | 0.14 | 0.14 | 014 | 0.17 | 0.16 | 0.18 | 0.25 | 0.23 | 0.30 | 0.16 | 0.21 | 0.19 | 0.21 | 0.21 | 0.23

275

LOI | 326 | 088 | 1.86 | 197 | 1.31 | 1.32 | 1.58 | 0.79 | 1.04 | 1.54 | 094 | 0.55 | 0.85 | 1.00 | 0.37 | 0.68 | 490 | 0.77 | 1.08 | 0.52 | 0.15 | 0.74

Total |100.14|100.42| 99.30 | 99.64 | 99.52 |100.62(100.57| 98.51 |100.55|100.84| 98.89 | 99.43 |100.65|100.30|{100.53|100.72|100.14/100.69|100.37(100.41|100.51| 99.97

Ni 110 | 90 100 | 100 | 70 80 80 80 110 | 70 70 60 60 40 30 40 50 | 100 | 110 | 90 100 | 100

Cr 130 | 110 | 130 | 110 | 60 40 70 60 100 | 50 20 nd. | nd | nd | nd | nd | nd | 130 | 120 | 120 | 120 | 140

Co 56 57 65 67 77 64 60 82 90 70 53 56 60 78 60 59 76 70 99 81 72 79

Sc 39 41 41 41 39 38 40 39 39 39 38 40 39 37 41 36 44 41 40 41 42 42

\ 470 | 483 | 466 | 473 | 347 | 368 | 346 | 368 | 361 | 349 | 398 | 392 | 434 | 434 | 647 | 596 | 815 | 535 | 525 | 547 | 549 | 521

Rb 5 7 6 7 17 19 14 14 14 21 23 21 22 30 29 36 16 11 14 13 13 12

Sr 256 | 252 | 269 | 352 | 197 | 202 | 208 | 224 | 229 | 247 | 181 | 187 | 192 | 197 | 181 | 185 | 200 | 208 | 209 | 194 | 197 | 198

Ba 65 248 | 138 | 139 | 162 | 208 | 227 | 183 | 175 | 252 | 156 | 209 | 176 | 276 | 263 | 343 | 220 71 92 97 103 97

Y 30 32 29 32 26 26 25 25 24 27 29 29 29 40 37 43 31 32 33 34 34 32

Zr 146 | 153 | 131 | 149 | 119 | 116 | 116 | 101 99 131 | 125 | 133 | 120 | 170 | 199 | 211 | 149 | 140 | 139 | 144 | 145 | 131

Nb 7 7 6 7 7 8 6 6 6 8 8 8 8 11 12 12 11 7 8 8 8 7

La | 863|893 |794|898 115|122 | 112|109 | 101 | 128 | 147|126 | 13 |189 | 178 | 225|141 | 105 | 111 | 776 | 181 | 9.95

Ce | 240 | 242|216 |241 |270|284 |258 |253 |235 292 | 319 | 294 | 30.6 | 441 | 40.3 | 504 | 32.6 | 259 | 280 | 93.3 | 345 | 251

Pr 3.70 | 3.69 | 3.23 | 367 | 361 | 3.71 | 341 | 348 | 324 | 401 | 407 | 399 | 409 | 586 | 543 | 6.61 | 440 | 3.84 | 411 | 392 | 396 | 3.70

Nd | 179|180 | 158 |17.8 | 157 | 158 | 152 | 150 | 141 | 17.1 | 17.4 | 17.7 | 183 | 25.0 | 23.1 | 29.1 | 193 | 181 | 19.7 | 188 | 19.3 | 17.9

Sm | 534|544 | 510 | 522 | 433 | 438 | 412 | 421 | 3.74 | 457 | 475 | 470 | 477 | 6.65 | 6.06 | 7.26 | 532 | 526 | 5.82 | 590 | 563 | 5.28

Eu 191 | 189 | 167 | 182 | 146 | 145 | 139 | 139 | 132 | 145|160 | 162 | 1.57 | 215 | 1.92 | 220 | 1.85 | 1.91 | 197 | 1.96 | 2.07 | 1.87

Gd | 6.00 | 6.06 | 546 | 596 | 470 | 469 | 460 | 454 | 422 | 465 | 521 | 525 | 551 | 727 | 6.86 | 7.81 | 547 | 6.00 | 6.46 | 6.30 | 6.52 | 5.98

Tb | 1.06 | 1.05 | 0.94 | 1.03 | 0.81 | 0.83 | 0.79 | 0.77 | 0.73 | 0.83 | 0.90 | 0.86 | 0.90 | 1.23 | 1.13 | 1.35 | 1.00 | 1.02 | 1.10 | 1.10 | 1.09 | 1.04

Dy | 623|634 | 565|620 | 504 | 498 | 479 | 476 | 447 | 513 | 541 | 552 | 549 | 765 | 6.83 | 824 | 6.16 | 6.19 | 6.62 | 6.62 | 6.57 | 6.32

Ho 121 | 120 | 1.08 | 1.20 | 0.99 | 097 | 095 | 0.94 | 088 | 1.02 | 1.09 | 1.11 | 1.10 | 1.55 | 1.39 | 165 | 1.23 | 1.24 | 1.26 | 1.30 | 1.35 | 1.24

Er 332 | 343 | 304 | 336 | 2.74 | 2.74 | 2.66 | 2.68 | 2.50 | 2.87 | 3.19 | 3.19 | 3.07 | 442 | 390 | 472 | 3.41 | 349 | 352 | 3.54 | 3.53 | 345

Tm |0.463|0.490|0.431 |0.479|0.401 | 0.395|0.386 | 0.377 | 0.362 | 0.410 | 0.455 | 0.464 | 0.453 | 0.636 | 0.560 | 0.682 | 0.498 | 0.489 | 0.489 | 0.514 | 0.493 | 0.469

Yb 2.76 | 309 | 261 | 299 | 260 | 253 | 244 | 244 | 229 | 250 | 291 | 295 | 297 | 406 | 356 | 445 | 3.27 | 3.14 | 3.03 | 3.26 | 3.19 | 3.01

Lu |0.416|0.463|0.395|0.451 | 0.398|0.392 | 0.366 | 0.380 | 0.354 | 0.384 | 0.442 | 0.446 | 0.447 | 0.623 | 0.552 | 0.678 | 0.515|0.474 | 0.460 | 0.484 | 0.500 | 0.459

Hf 36 | 36 | 32 | 37 | 31 | 31 30 | 26 | 29 | 31 | 34 | 35 | 32 | 49 | 48 | 57 | 35 | 38 | 34 | 39 | 38 | 35

Pb nd |nd nd nd |nd nd nd|nd|nd | nd|nd|nd | nd | nd|nd 8 nd | nd | nd | nd 15 nd.

Th | 071|089 |085|090 |215 | 237 | 200 | 1.96 | 1.81 | 2.52 | 2.46 | 2.28 | 2.36 | 3.63 | 3.21 | 438 | 240 | 097 | 1.21 | 1.04 | 1.05 | 0.89

u 021 | 024 | 0.23 | 023 | 0.50 | 0.58 | 0.47 | 0.49 | 044 | 0.57 | 062 | 0.58 | 0.57 | 0.87 | 0.80 | 0.99 | 0.58 | 0.25 | 0.54 | 0.29 | 0.27 | 0.24

114
Brazilian Journal of Geology, 47(1): 109-126, March 2017



Adriano Guilherme da Silva et al.

since the small compositional gap has been interpreted as
resulting from constrained sampling.

Modelling was mostly performed taking into conside-
ration a fractionating assemblage of olivine (10 % 2 vol.%)
and augite (90 % 2 vol.%), according to the phenocrysts
contents of the studied samples. Extract compositions
for mass balance calculations varied from MgO = 10 to
15 wt.%, considering olivine compositions with 20 wt.%
< MgO < 25 wt.% and augite compositions with 10 wt.%
< MgO < 15 wt.%, according to the MgO compositions of
typical basaltic parental liquids (e.g. Piccirillo & Melfi 1988).
The crystal-liquid partition coeflicients used in modelling
were those compiled by Rollinson (1993) unless otherwise
indicated. Tests were also made for fractionating assemblages
with different amounts of plagioclase although the disequi-
librium textures described for this mineral indicate that it
is likely to represent either antecrysts or xenocrysts (Fig. 2).

The L-Ti and H-Ti parental and most evolved composi-
tions for the whole study area are presented in Tab. 3. Since
the two suites cannot be related by differentiation processes,
modelling will be performed separately.

Samples 1UN21/282.10m (MgO = 6.63 wt.% and
La/Yb, = 2.9) and 1UN26/100.41m (MgO = 3.99 wt.%
and La/Yb_ = 3.1) represent respectively the parental and
most evolved samples of the L-Ti suite. Modelling using
the Rayleigh equation shows that the La/Yb ratio variation
(6%) between parental and evolved liquids could be achie-
ved by 13% fractional crystallization of olivine: augite in
the proportion of 10:90 and bulk partition coefficients (D)
such as D, =0.051 and D, = 0.493. Mass balance calcu-
lations showed that such amount of fractional crystalliza-
tion would require a parental composition with MgO =
7 — 10% and an extract with unrealistic MgO = 42% to
generate the evolved liquid (MgO = 3.99 wt.%) within the
L-Ti suite. Fractionating assemblages with 10% olivine and
different proportions of augite and plagioclase (from 80:10
to 40:60) were also considered in modelling. Results showed
that minimum (10%) and maximum (60%) amounts of
plagioclase would require 15% and 60% fractional crys-
tallization to cope with the La/YDb ratio variation within the
low-TiO, basaltic suite (for D, = 0.071 —0.138 and D, =
0.444 — 0.201). Nevertheless, mass balance calculations
showed that it would be necessary 30 and 90% fractional
crystallization to explain MgO variations between paren-
tal and evolved compositions of the low-TiO, samples for
extracts with such amounts of plagioclase. Likewise, AFC
modelling cannot explain the La and Yb variations within
the L-Ti suite (Fig. 7).

Similar geochemical modelling was performed for the
H-Ti suite in the study area. Samples 1UN32/254.10m
(MgO =6.68 wt.% and La/Yb_=2.2) and TUN26/104.78m
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(MgO =3.39 wt.% and La/Yb_= 3.4) represent respectively
the parental and most evolved samples of the H-Ti suite.
Modelling using the Rayleigh equation shows that the La/
Yb ratio variation (53%) between parental and evolved
liquids could be achieved by ~ 80% fractional crystalliza-
tion, keeping with the same fractionating assemblage (oli-
vine:augite = 10:90) and D values used on modelling the
L-Ti suite. However, MgO differences between parental and
most evolved compositions within the H-Ti suite would
require only ~50% fractional crystallization. Crosschecking
of the La/Yb ratio variation and MgO variation using the
Rayleigh equation and mass balance calculations was not
consistent using different amounts (10 to 60%) of plagio-
clase in the fractionating assemblage in models. Likewise,
AFC modelling cannot explain the Ti and Y variations within
the H-Ti suite (Fig. 8). So far, the results showed that there
must be more than one H-Ti suite as well as more than one
L-Ti suite in the study area.

The presence of chilled margins between the magma-
tic rocks and their enclosing sedimentary rocks in the stu-
died boreholes are consistent with the intrusive nature of
the former. As such, the studied samples are likely to repre-
sent diabase sills, which is in agreement with the prevalent
intrusive nature of the magmatic rocks within the Sardinha
Formation eastwards the Parnaiba basin based on previous
works (eg. Vaz et al. 2007). The existence of several L-Ti
and H-Ti in the study area as depicted by the geochemi-
cal modelling is somehow expected considering that, the
Parnaiba diabases are predominantly saucer-shaped (Porto
& Pereira 2014) and that, the emplacement mechanisms
of such intrusions would prevent them to spread over large
areas (Hansen 2015).

Different L-Ti and H-Ti suites can be discriminated by
comparing trace element ratios of samples with the same
degree of evolution (Ze., same MgO contents). For instance,
the L-Ti samples 1UN21/319.80m and 1UN19/559.00m
were collected from borelohes, which are about 200 km
apart from each other. These samples have the same MgO
content (respectively, 5.93 wt.% and 5.92 wt.%) but rather
different La/Yb_(respectively, 3.4 and 3.0) and could clearly
not have evolved from the same parental magma. As such,
they constitute two different L-Ti suites in the study area.

Boreholes IUNO6 and 1UN32 are about 20 km apart
and gave only H-Ti samples. Samples from the top and
base of borehole 1UN32 have the same MgO contents
(- 6.6 wt.%) and La/Yb_ ratios (2.2) which, in turn, is the
same (considering an analytical error of & 0.1) of sample
1UN06/84.65m whose MgO = 5.91 wt.%. Cogenetic liquids
evolved from the same parental magma cannot reach the
same La/Yb_ratios for different degrees of evolution (ze.
different MgO contents). Variations of the La/Yb_ ratio are
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most dependent upon the fractionating assemblage. If only
olivine and clinopyroxene fractionate, as presented in pre-
vious geochemical models, then the La/Ybn ratio will not
vary too much. However, as demonstrated in the models
presented previously, including plagioclase in the fractiona-
ting assemblage does not change the results of the modelling
because the Kd, _value of plagioclase is greater than those of

clinopyroxene and olivine but Kd,, values are smaller than
those same mafic phases, balancing the La/Yb_ ratio varia-
tion. Similarly, crystallization and contamination (AFC) can
vary from place to place for liquids derived from the same
parental magma only in cases different compositions of con-
taminants are taken in consideration. However, the AFC
modelling previously performed assumed a rather invariable
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Figure 4. The total alkalis versus silica (TAS; in wt.%) discrimination and classification diagram (A) and the AFM

(A =Na,0 +K,0, F =FeO + 0.8998Fe,0

,0., M = MgO, in wt.%) diagram (B) for the studied samples (LeBas et al. 1986,

LeMaitre 2002). Curves are from Irvine & Baragar (1971). Data recalculated to 100% on a volatile-free basis.
The Fe,0,/FeO ratios for CIPW norm calculations (Middlemost 1989) are shown in the TAS classification fields.
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composition of the country rocks for the magma chambers
as the simplest approach. Overall, it seems that there are
more than one H-Ti suite in the study area, represented at
least in boreholes 1TUNOG6 and 1UN32.

Geochemical modelling using the Rayleigh equation showed
that MgO (5,91% < MgO < 6,49%) and La/Y‘bn (2,0+0,1)
variations in borehole 1UNO6 could be explained by 7% of
fractional crystallization with augite and olivine in the pro-
portions of 90:10, an extract with MgO = 14.20 wt.%, and
D, =0.051 and D, = 0.493. On the other hand, differentia-
tion processes associated with borehole 1UN32 seem to be more
complex. Samples collected along a 30m-thick, discontinuous
section have rather similar MgO contents (6.46 wt.%< MgO
< 6.68 wt.%,) but different La/Yb ratios (Fig. 9). These varia-
tions preclude fractional crystallization and AFC as possible
differentiation processes. It should be noted that the REE
patterns of the five samples collected in borehole 1UN32 are
similar as expected from their narrow range of MgO (Fig. 10).
However, the contents of La and Ce are very discrepant when
compared to other REE, which, in turn, explain their variable

Table 2. Maximum, minimum, average and standard
deviation values of CIPW norm of the studied
samples. All values are expressed in wt.%. Iron ratios
for calculations according to Middlemost (1989).

Normative . . Standard
minerals Maximum | Minimum | Average deviation
Nepheline 0.00 0.00 0.00 0.00
Hypersthene 29.76 7.16 17.44 4.01
Olivine 7.03 0.00 0.38 1.48
Quartz 11.86 0.00 4.49 3.58
Diopside 25.44 6.32 19.33 3.69
Orthoclase 6.80 1.54 3.60 1.37
Plagioclase 49.06 40.66 45.72 1.98
Apatite 0.70 0.32 0.44 0.09
[Imenite 591 2.60 3.90 0.93
Magnetite 7.51 3.44 471 1.01

La/YDb ratios. Those two light-REE are prone to mobilization
by fluids (e.g. Pearce 1983, Humphries 1984, Hoyle ez 4.
1984, Tsay et al. 2014) which makes reasonable to test for in
situ (ie. in-conduit) contamination of a single intrusion by
percolating fluids from the interbedded sedimentary rocks.
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Figure 5. Variation diagram for TiO, for the studied
samples showing two different evolutionary trends
(low- and high-TiO, suites) with a boundary at
TiO, = 2.00 wt.%.
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Figure 6. Variation diagram for Ti/Y for the studied
samples showing two different evolutionary trends
(low- and high-TiO, suites) with a boundary at
Ti/Y = 410.

Table 3. Representative compositions of the parental and the most evolved liquids of the low-TiO, (L-Ti) and
high-TiO, (H-Ti) suites in the study area. n.d. = not detected.

Composition Sample Sio0, (wt.%) MgO (wrt.%) Ni (ppm) Cr (ppm)
Parental L-Ti 1UN21/282.10m 51.82 6.63 110 100
Evolved L-Ti 1UN26/100.41m 53.45 3.99 40 nd.
Parental H-Ti 1UN32/254.10m 48.32 6.68 100 140
Evolved H-Ti 1UN26/104.78m 53.43 3.39 40 nd.
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Fluid contamination is preferred to rock contamination
because there is no appropriate eutectic composition in the
sandstone country rocks that could cope with the extreme
La and Ce fractionation compared to other REE.

As a first approach, the in-conduit assimilation can be
modelled as a binary mixing process between the fluid and
magma using the equations shown in Faure (1986). The major
drawback in the modelling refers to the composition of the
contaminating fluid. Thus, calculations were made for fluids
with La/Yb ratios varying from 10 to 50 in order to pro-
duce the La/Yb ratios of samples 1UN32/233.90m (3.7),

6_
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Figure 7. La versus Yb diagram showing an AFC curve
at F = 0.1 intervals up to F = 0.5. The L-Ti samples
are shown. Other parameters used in modelling were:
D, =0.051;D, =0.493;r = 0.3. Upper crust composition
from Taylor & McLennan (1981).
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Figure 8. Y versus Ti diagram showing an AFC curve
at F = 0.1 intervals up to F = 0.7. The H-Ti samples are
shown. Other parameters used in modelling are those
in Figure 7.
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1UN32/248.30m (5.7), and 1UN32/243.70m (23.8) loca-
ted within the contamination zone (Fig. 11). Results showed
that fluids with La/Yb < 20 cannot give rise to the La/Yb
ratio (23.8) of contaminated magma represented by sample
1UN32/243.70m. Thus, that is the minimum value (20) of
contaminant fluids needed for the contamination to take
place. The very high La/Yb ratio of sample 1UN32/243.70m
could only be achieved by contamination with 71% of fluids.
The widespread venulation within the contamination zone
gives support to the fluid contamination hypothesis (Fig. 12).

Borehole 1UN21 is located southwards the study area
(Fig. 1) and comprises only L-Ti tholeiites (Tab. 1). The MgO
variation between parental (1UN21/282.10m; MgO = 6.63
wt.) and most evolved 1UN21/319.80m; MgO = 5.93 wt.%)

compositions cannot be correlated with their large variations

MgO Approximate
(wt.%) La/Yb zone of in situ
—» 224.55m 6.66 3.3 contamination
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Figure 9. Schematic sampled section of borehole
1UN32. MgO (wt.%) and La/Yb ratios are indicated.
The approximate in situ contamination zone was
estimated by the anomalously values of La/Yb
ratios compared to those of the top and the base of
the intrusion.
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Figure 10. Chondrite-normalized REE diagram for

samples from borehole 1UN32. Normalization factors
from Evensen et al. (1978).
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of La/Yb_ratios (-16%) by fractional crystallization. Instead,
AFC seems to explain the variation of some trace elements
(e¢. Y, Ti, Zr, La, and Yb) within this L-Ti suite. Results of
AFC modelling (Fig. 13) showed that such variations can
be attributed to 10% to 13% fractional cristallization of oli-
vine (10 vol.%) and augite (90 vol.%) concomitant to assi-
milation of upper crust rocks (Taylor & McLennan 1981)
at shallow-level magma chambers (r = 0.3).

Borehole IUN26 is located northwards the study area
(Fig. 1) and comprises both L-Ti tholeiites at its top (- 69
to 100 m) and H-Ti tholeiites at its base (> 103 m) (Tab. 1).
Drilling was stopped at ~ 108 m and textural variations
indicate that the intrusion may be at least 60 m thick.
In the lowermost H-Ti section of the borehole, La/Yb_
and MgO variations can be explained by 31% of fractio-
nal crystallization solely of augite, giving rise to an extract
with MgO = 10 wt.%. In the uppermost L-Ti section of
the borehole, the La/Yb  ratios decrease (from 3.4 to 3.1)
with decreasing MgO contents (from 5.61 to 3.99 wt.%)
which is not in agreement with the greater incompatibi-
lity of La compared to Yb during the fractionation of oli-
vine and/or augite and/or plagioclase. The same applies
for AFC taking place in shallow-level magma chambers
with La-rich contaminants. However, with the exception
of sample 1UN26/68.40m, located at the contact with
the overlain sandstones, the La/Yb  ratios of the other
L-Ti tholeiites in borehole 1UN26 could be explained by
20% fractional crystallization of olivine (12%) and augite
(88%). The MgO variation of these samples can also be
explained by the same amount of fractional crystallization
involving an extract with MgO = 11.50 wt.%. It should be
noted that the L-Ti samples of borehole 1UN26 cannot
be related with those of boreholes 1UN19 and 1UN21
due to incongruent La/Yb_ variations among parental and
most evolved compositions found in these three boreholes.

The REE patterns of the uppermost IUN26 L-Ti sam-
ple at the contact with the overlain sandstone and of sample
1UN26/76.30m located about 8m below (Fig. 14) show the
same anomalously fractionation of La and Ce depicted by
the fluid-contaminated samples in borehole 1UN32. Binary
mixing modelling showed that 9% contamination by fluids
with La/Yb_ = 20 could generate the La/Yb,_ ratio (3.4) of
sample 1UN26/68.40m in contact with overlain sandsto-
nes. Similarly, 5%, 15%, and 30% contamination would
require contaminating fluids with La/Ybn ratios of 40, 6.7
and 13.4, respectively. If the amount of contamination can
be directly related to the volume of veins, then the scarce
occurrence of the latter indicates that the contaminant fluid
would have La/Yb_ -~ 40 as a maximum value.

In summary, the results of geochemical modelling per-
formed in this section to investigate possible differentiation

processes involving the Parnaiba tholeiites showed that there
are more than one L-Ti and than one H-Ti suites in the
study area. Fractional crystallization and AFC can explain
trace element variations within most suites but in-conduit,
fluid-related contamination took place locally. The results
point to various shallow-level magma chambers underneath
the Parnaiba basin in the Mesozoic as opposed to few, large,
long-living reservoirs. Such reasonably small magma chambers
may have fed sills and dykes intruded into the overlain sedi-
mentary sequence taking advantage of a well-fractured upper
crust built over possible reactivation processes throughout
geological time. The existence of various magma chambers
may have contributed to increase the geothermal gradient
in the basin area at the time of magmatism.
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Figure 11. Diagram showing the relation of the amount
of contamination (or the amount of contaminant
fluid) and the La/Yb , ratio of fluids to produce the
contaminated magmas of borehole 1UN32.
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Figure 12. Photograph of sections of borehole 1UN32
outside (A) and inside (B) the contamination zone.
Thelatter bears a greater volume of veins than the former
as depicted by its whitish, more fractured features.
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MANTLE SOURCES
DISCRIMINATION AND MODELLING
OF PARTIAL MELTING PROCESSES

Representative samples of parental magmas of the L-Tiand
H-Ti discriminated before are shown on Table 4. The REE
patterns of these samples display La/Yb_and La/Nb_ ratios
greater than unity (Fig. 15), pointing to at least a contri-
bution from enriched mantle sources on the generation of
the L-Ti and H-Ti suites in the study area likely to be rela-
ted with the subcontinental lithospheric mantle (SCLM).

Geochemical modelling was performed to put constraints
on partial melting processes associated with the Parnaiba
tholeiites. The equation of modal batch partial melting
(Wood & Fraser 1976) was used in the modelling and bulk
partition coeflicients were calculated with data compiled by

Rollinson (1993) unless otherwise indicated. Residual mantle
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samples from borehole 1UN26. Normalization factors
from Evensen et al. (1978).
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Figure 13. Bivariate diagrams with AFC curves for F = 0.1 intervals. The L-Ti tholeiites of borehole 1lUN21 are
shown. Partition coefficients (K,) from Rollinson (1993), with the exception of Ti, Y, and Zr (Johnson 1998).

120

Brazilian Journal of Geology, 47(1): 109-126, March 2017



Adriano Guilherme da Silva et al.

Boreholes IUN06 and 1UN32 comprise H-Ti suites
and are about 20 km apart and modelling was performed
to test for the hypothesis of their parental compositions
being related to different degrees of partial melting from
the same mantle source. The patterns of these samples in
a chondrite-normalized multielemental diagram (Fig. 16)
show the typical Nb negative anomaly of continental flood
basalts (Peate 1997). Sr and P negative anomalies are not
attributed to mantle compositions but instead to possible
cryptic apatite inclusion-bearing plagioclase fractionation
(Cox et al. 1979) considering the degree of evolution of
parental compositions. The spiked patterns for mobile incom-
patible elements may be due to small degrees of alteration.

A garnet harzburgite residual source could generate the
(La/Yb)  ratio (2,2) of the H-Ti sample 1UN32/254,10m
but this would require an extremelly high K | value (~35;
Irving & Frey 1978) and a (La/Yb)  ratio lower than unity
which is not consistent with the enriched characteristic of
mantle sources as depicted by their patterns in multielemental
diagrams. Partial melting of a harzurgitic source with La/Yb
ratio 1.6 times greater than chondritic values, lesser amounts
of residual garnet (1 vol.%) and a lower K, value (- 1,67;
Irving & Frey 1978) could give rise to both 1TUN06 and
1UN32 H-Ti parental tholeiites within the range (25% —
45%) required to generate tholeiitic basalts (eg., Mysen &
Kushiro 1977). It should be noted that those parental mag-
mas could also be generated by a harzburgitic source with
La/Yb ratio 1.8 times greater than chondritic values and
3 vol.% of residual spinel (Fig. 17). Considering the grea-
ter enrichment factor associated with the spinel peridotite
source as well as no evidence for different degrees of La/Yb
fractionation in the multielemental diagram due to garnet
control, these H-Ti tholeiitic suites are likely to be related
to an enriched spinel-bearing harzburgitic mantle source.

Boreholes 1UN19 and 1UN21 comprise L-Ti suites and
are about 400 km apart from each other so that derivation

Table 4. Representative samples of parental magmas,
their respective wells, MgO content (wt.%) and (La/Yb)_

from a single mantle source would indicate regional-scale
geochemical heterogeneties in the SCLM. The patterns of
these samples in a chondrite-normalized multielemental
diagram (Fig. 18) show a Nb negative anomaly similarly to
samples from boreholes ITUN06 and 1UN32. Other negative
anomalies may have resulted from the same process depicted
for borehole 1UN06 and 1UN32. As with the latter, there
is no evidence for retention of garnet in the residual source
in the patterns of the L-Ti suites in the chondrite-normali-
zed multielemental diagram (Fig. 18).

It should be noted that the two L-Ti parental com-
positions have the same La/Yb_ ratio (3.0) but different
MgO contents meaning that they had to be generated
by different amounts of partial melting from different

mantle sources. In accordance to derivation from the zone

100 —— 1UN32/254.10 m
—5 1UN26/68.40 m
—A— 1UN06/176.20 m
—— 1UN19/559.0 m
—%— 1UN21/282.10 m
—e— 1UN26/108.91 m

Rock/Chondrite

La Ce Pr NdPmSmEu Gd Tb Dy Ho Er Tm Yb Lu
Figure 15. Chondrite-normalized REE diagram for
samples representing parental compositions in the

study area. Normalization factors from Evensen
et al. (1978).

[

o

o
)

—— 1UN32/ 254.10 m (Mg0=6.69 wt.%; La/Yb n=2.2; La/Nb n=1.4
—e— 1UNO06/ 176.20 m (Mg0=6.49 wt.%; La/Yb n=3.0; La/Nb n=1.6

Rock/Chondrite (except Rb, K, and P)

and (La/Nb)_ ratios. High-TiO, (H-Ti) and low-TiO, (L-Ti)
suites are indicated.
Sample MgO | (La/Yb), (La/Nb), | Suite
1UNO06/176.20m 6.49 2.1 13 H-Ti
1UN19/559.00m 5.92 3.0 1.7 L-Ti
1UN21/282.10m 6.63 3.0 1.6 L-Ti O e s S S S e e e s e N e e e ]
BaRb Th K NbTaLa CeSr Nd P SmZr Hf Ti Tb Y TmYb

1UN26/108.91m 5.54 29 13 H-Ti

Figure 16. Chondrite-normalized multielemental
1UN26/76.30m 5.49 29 16 L-Ti diagram for samples representing H-Ti parental
1UN32/25410m | 6.68 25 14 H-Ti composFtlor'ls in boreholes 1UNO6 and 1UN32.

Normalization factors from Thompson (1982).
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of stability for spinel, the modal batch partial melting
modelling showed that a harzburgitic mantle source with
3 vol.% of residual spinel could generate the L-Ti suites
either by 25% partial melting or by 45% partial melting
from sources with La/Yb ratios 2.4 and 2.7 times grea-
ter than the chondritic values, respectively. Keeping the
parameters of the modelling, the results can also apply
to the parental compositions of the L-Ti and H-Ti tho-
leiites from borehole 1UN26 with similar MgO contents
and the same La/Yb_ ratios (Fig. 19).

In summary, the results of the partial melting models
indicate that the Parnaiba L-Ti and H-Ti tholeiitic suites
in the study area cannot be related to a single mantle source
implying lateral geochemical heterogeneities in the SCLM
within the spinel stability zone.

PETROGENETIC MODEL

A petrogenetic model that integrates the results shown
in the previous sections is presented in Figure 20.

The Parnaiba tholeiites in the study area were deri-
ved from an enriched harzburgitic source in the zone of
spinel likely to be related with the SCLM. The L-Ti and
H-Ti tholeiitic suites represented by samples in borehole
1UN26 located far north (- 3.5°S) can be generated by
greater (45%) and minor (25%) amounts of partial mel-
ting from respectively more (La/Yb_ = 2.8) and less (La/
Yb_ = 2.4) enriched portions of the SCLM. The same
applies to the L-Ti tholeiitic suites in boreholes 1TUN19

5.0
L
4.0
g‘: 30' \0?:1) l‘;»
<5 o
5 7
2.0 ! S
1.01
0O 01 02 03 04 05 06 07 08 09 1

F

Figurel7.FversusLa/Yb_diagramwiththemodalbatch
partial melting curve. Modal composition in the mantle
residue (olivine:orthopyroxene:clinopyroxene:spinel =
68:27:2:3) is from McKenzie & O'Nions (1991).
The amount (%) of partial melting and their respective
La/Yb_ ratios are indicated. Crystal-liquid partition
coefficients from Arth (1976) e Schock (1979).
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and 1UN21 (the latter located far south in the study area;
~7.5°S). On the other hand, the H-Ti tholeiitic suites in
boreholes ITUNO06 and 1UN32 are related with a less enri-
ched mantle source (La/Yb_=1.8).

As such, the model proposes that the SCLM underne-
ath the Parnaiba basin is geochemically heterogeneous on
a scale of on a scale of hundreds of square kilometers. It is
difficult to ascertain whether such heterogeneity is solely
lateral since vertical heterogeneities seem to be necessary to
explain the occurrence of L-Ti and H-Ti suites in the same
borehole (1UN26).

The model also proposes that the primary tholeiitic
magmas would segregate from their mantle sources and
evolve mostly by fractional crystallization and AFC in
relatively small magma chambers (possibly - 10 km in

=

o

o
)

——1UN19/ 559.00 m (Mg0=5.92 wt.%; La/Yb n=3.0; La/Nb n=1.7
——1UN21/ 282.10 m (Mg0=6.63 wt.%; La/Yb n=3.0; La/Nb n=1.6

=

BaRbTh K NbTaLa Ce SrNd P SmZr Hf Ti Tb Y TmYb

. Rock/Chondrite (except Rb, K, and P)

Figure 18. Chondrite-normalized multielemental
diagram for samples representing L-Ti parental
compositions in boreholes 1UN19 and 1UN21.
Normalization factors from Thompson (1982).

1004
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—@— 1UN21/282.10 m (Mg0=6.63 wt.%; La/Yb n=3.0; La/Nb n=1.6
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Rock/Chondrite (except Rb, K, and P)
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Figure 19. Chondrite-normalized multielemental
diagram for samples representing L-Ti and
H-Ti parental compositions in borehole 1UN26.
Normalization factors from Thompson (1982).
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diameter). Although basaltic magma chambers can be
mapped along a few hundreds of kilometers worldwide,
such as many layered intrusions (e¢g. Smith & Kapp
1963, Namur et al. 2013), the existence of small basaltic
magma chambers have been proved by geophysical and
geochemical studies in slow-spreading ridge segments in
the ocean floor (eg. Sleep 1975). Small magma chambers

seem to be more liable to undergo extensive differentia-
tion compared to large ones and, as such, will give rise to
a wider compositional range of basalts (Nisbet & Fowler
1978). A densely fractured upper crust could provide a
number of conduits fed from these magma chambers
which in turn would give rise to various intrusions and

eventually flows. Such conduits could well extend up to
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Figure 20. Petrogenetic model for the Parnaiba tholeiites in the study area.
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the sedimentary basin and give rise to the diabase sills
studied in this work.

TECTONIC CONTROLS
ON MAGMA GENERATION

The lack of geochronological data prevent refined corre-
lations of the L-Ti and H-Ti tholeiites in the present study
with tholeiitic basalts and diabases previously studied in the
Parnaiba basin. The Mosquito and Sardinha basalts in the
Parnaiba basin overlap when ploted on typical bivariate dis-
criminant plots proposed for L-Ti and H-Ti suites elsewhere
(eg. Peate 1997) as do the tholeiites of the present study
(Fig. 21). As a gross approximation, the tholeiites sampled
from the boreholes may be related to the Sardinha basalts
since they are located eastwards the basin where most of the
outcrops of the latter are found (Fig. 1). So, discussions will
focus as much as possible on tectonic processes regardless
the geodynamics possibly related with the studied tholeiites.

The boreholes align parallell to the NNE-trending
Transbrasiliano lineament, which in turn follows approxi-
mately the lateral geochemical heterogeneities proposed in
the petrogenetic model. Obviously, the extent of this late-
ral geochemical variation in the SCLM is diflicult to cal-
culate due to the restricted sampling from the boreholes.
Nevertheless, preliminarly it could be asserted that lateral
extensions oblique to N-S direction seem to be more plau-

sible giving rise to NE-SW, NW-WE or even E-W trending

1507 Sardinha Formation (L-Ti)
o L-Ti (this work)
0 Mosquito Formation (L-Ti)
Esmeralda
— — - Gramado
100 o
S o
S~ @
P o3
a
50+ - o
T~8 -
0 T T T )
0 100 200 300 400
Ti/Y

Figure 21. Discriminant diagram of low-TiO, suites of
Parana-Etendeka Province (Peate 1997) with samples
of low-TiO, basalts of the Parnaiba Basin studied by
other authors (Bellieni et al. 1990, Ernesto et al. 2004)
and studied in this thesis. The discriminant field for
the low-TiO, basalts of Parana-Etendeka are shown.
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borderlines. This rule out the control of the Transbrasiliano
Lineament on tectonic processes that might have almalga-
mated distinctive lithosphere during past tectonic events.
The origin of the geochemical provinciality depicted by the
existence of L-Ti and H-Ti tholeiitic suites in the Parnaiba
basin may not be related to different amounts of lithospheric
thinning but instead to differential heat conduction from
the underlain asthenospheric mantle. The nature of such
thermal anomaly is beyond the scope of this work but=the
different amounts of heat conduction needed to explain
the different amounts of partial melting of the SCLM may
be related with an irregular, negative topography of the ther-
mal (and mechanical) boundary layer (Fig. 20) inherited
from previous orogenic processes.

CONCLUSIONS

The geochemical data obtained for tholeiitic basalts and
diabases from borehole samples located easterwards the
Parnaiba basin pointed to the existence of six tholeiitic sui-
tes being three L-Ti and three H-Ti ones in the study area.
Results from geochemical modelling showed that fractional
crystallization of augite and olivine and AFC can explain
some relevant trace element and trace element ratios varia-
tions within suites. Local in-conduit, fluid-driven conta-
mination was also discriminated in two boreholes. Mantle
sources for the six tholeiitic suites are likely to be within
the spinel stability zone in a variably enriched harzburgi-
tic SCLM which seems to be in agreement with the exis-
tence of a relatively narrow continental crust underneath
the sedimentary basin. Different degrees of partial melting
from this heterogeneous source can account for the trace
element compositions of the parental liquids. Lateral and/
or vertical, local-scale mantle heterogeneities seem not to
have been controled by the Transbrasiliano Lineament but to
reactivation of distinctive lithospheres amalgamated during
previous orogenetic processes.
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