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Abstract: In northeastern Brazil, tholeiitic basalts and microgabbros from
the Rio Ceara-Mirim dike swarm and Serra do Cud basaltic flow
experienced post-magmatic hydrothermal alteration, forming secondary
minerals that replaced magmatic phases and filled amygdules.
Petrographic, X-ray diffraction, thermogravimetric, and chemical analyses
identified laumontite, quartz, and calcite as the dominant amygdule
minerals in the Rio Ceara-Mirim dikes, formed at temperatures < 150 °C
(Stage II) following an earlier low to moderate-temperature (< 150 —
200 °C) alteration phase (Stage I). In the Serra do Cud basalts,
polymineralic amygdule formation began with mafic phyllosilicates (from
<150 to ~200 °C, Stage I) and proceeded to Ca-Na zeolites (~250 °C, Stage
II). These assemblages reflect fluid composition changes due to primary
mineral destabilization by heated meteoric fluids. Results indicate fluid
composition, rather than temperature, as the primary control on mineral
variability, highlighting the role of host-rock chemistry in hydrothermal
alteration.

Keywords: Rio Ceara-Mirim Dike Swarm, Serra do Cud basalts,
Borborema Province, meteoric fluids, amygdules.

Resumo: No nordeste do Brasil, basaltos toleiticos e microgabros do
enxame de diques Rio Ceara-Mirim e do derrame baséltico Serra do Cud
passaram por alteragdo hidrotermal pds-magmatica, resultando na
formag@o de minerais secundarios que substituiram fases magmaticas e
preencheram amigdalas. Analises petrograficas, difraccdo de raios X,
andlises termogravimétricas e quimicas identificaram laumontite, quartzo
e calcite como os principais minerais nas amigdalas dos diques Rio Ceara-
Mirim, formados a temperaturas < 150 °C (Estagio II), apés uma fase
prévia de alteracdo a temperaturas baixas a moderadas (< 150 — 200 °C
Estagio I). Nos basaltos Serra do Cud, a formagdo de amigdalas
poliminerélicas iniciou-se com filossilicatos maficos (de temperaturas <
150 °C até ~200 °C, Estagio I), e prosseguiu com zeolitas calcio-sodicas
(~250 °C, Estagio II). Estas associagdes refletem mudangas na composigao
dos fluidos, decorrentes da destabilizagdo dos minerais primarios por
fluidos metedricos aquecidos. Os resultados indicam que a composigao do
fluido, mais do que a temperatura, ¢ o principal fator controlador da
variabilidade mineral, sublinhando o papel da quimica da rocha hospedeira
na alteragdo hidrotermal.

Palavras-Chave: Enxame de Diques no Rio Ceara-Mirim, basaltos da
Serra do Cud, Provincia Borborema, fluidos metedricos, amigdalas.
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1. Introduction

Basaltic rocks commonly experience hydrothermal alteration
through hot aqueous or meteoric fluids, resulting in secondary
minerals like chalcedony, clays, zeolites, and carbonates that
replace magmatic phases and fill amygdules, vugs, and veins
(Kristmannsdottir, 1979; Eggleton et al., 1987; Markusson and
Stefansson, 2011; Walker, 1960). The formation of these minerals
depends on the composition of the basalt and the temperature,
pressure, and pH of interacting fluids (Kristmannsdoéttir and
Tomasson, 1978; Duarte ef al., 2009; Konya and Szakall, 2011;
Kousehlar et al., 2012; Mattioli et al., 2016). Examining these
secondary mineral assemblages in basaltic rocks provides insights
into their thermal history, alteration processes, and fluid evolution
(Robert, 2001; Mattioli et al., 2016).

Northeastern Brazil hosts significant continental tholeiitic
magmatism linked to the breakup of Gondwana during the
Mesozoic. This activity, is marked by dike swarms in Precambrian
rocks and small volcanic flows, and has two major episodes: the
Rio Ceara-Mirim dike swarm (~130 Ma) and the Serra do Cud
basaltic flow (93 — 99 Ma) (Fig. 1; Sial, 1978; Bellieni et al., 1992;
Mizusaki et al., 2002; Souza et al., 2003; Hollanda et al., 2006;
Ngonge et al., 2016; Hollanda et al., 2019; Macédo Fillho et al.,
2025). Despite thorough petrographic, geochemical, isotopic, and
geochronological studies, detailed mineralogical descriptions of
secondary mineral paragenesis filling vesicles and replacing
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primary minerals in these rocks are limited. Thus, the
hydrothermal and post-magmatic processes affecting these rocks
remain insufficiently understood.

This study aims to characterize zeolites and other secondary
minerals in amygdules from samples of the Rio Ceara-Mirim dike
swarm and Serra do Cu¢ basaltic flow. Using petrography, X-ray
diffraction, thermogravimetry, and in situ chemical analyses, we
identify distinct mineral assemblages and examine how the basalt
composition and fluid chemistry influenced this mineral diversity.

2. Geological Setting

The Borborema Province in northeast Brazil is a key component
of West Gondwana, formed by the convergence of the West
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African and S3o Francisco-Congo cratons during the Late
Neoproterozoic Brazilian/Pan-African Orogeny. This province has
a complex geological framework, including an Archean-
Neoproterozoic basement with metamorphosed supracrustal
sequences and numerous Neoproterozoic plutons (Fig. 1b;
Almeida et al., 1981; Arthaud et al., 2008; Van Schmus et al.,
2008; Souza et al., 2016; Caxito et al., 2020). These units intersect
with large-scale, high-temperature shear zones (Vauchez et al.,
1995; Neves et al., 2021). Additionally, the Cretaceous opening of
the Equatorial Atlantic triggered extensive rifting and tholeiitic
magmatism (Bellieni et al., 1992; Mizusaki ef al., 2002; Hollanda
et al., 2006; Ngonge et al., 2016; Hollanda et al., 2019).

This tholeiitic magmatism occurred in four main phases during
the Mesozoic. The earliest, represented by the Rio Ceara-Mirim
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Figure 1. Maps showing the location of the study area. (a) Map of South America

36°200°W

indicating the location of the state of Rio Grande do Norte, Brazil; (b) simplified geological

map of Rio Grande do Norte in northeastern Brazil; (c) geological sketch of the study area in Rio Grande do Norte (RN) between the cities of Lajes and Agu, highlighting the

outcrops of the Rio Ceara-Mirim dike swarm and the Serra do Cud basaltic flow,
neighboring states of Ceara (CE) and Paraiba (PB) are also shown.

as well as the locations of the studied samples. Modified from Angelim et al. (2006). The

Figura 1. Mapas mostrando a localizagdo da area de estudo. (a) Mapa da América do Sul indicando a localizagdo do estado do Rio Grande do Norte, Brasil; (b) mapa geologico
simplificado do Rio Grande do Norte, no nordeste do Brasil; (c) esbogo geoldgico da area de estudo no Rio Grande do Norte (RN), entre as cidades de Lajes e Agu, destacando
os afloramentos do enxame de diques Rio Ceara-Mirim e do derrame basaltico Serra do Cud, bem como as localizagdes das amostras estudadas. Modificado de Angelim et al.

(2006). Também sao mostrados os estados vizinhos Ceara (CE) e Paraiba (PB).
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dike swarm (CMD), consists of diabase and basalt, while the latest
phase includes minor alkaline basaltic flows from the Serra do Cuo
basaltic flow (SCB) (Figs. 1b, ¢). The CMD is recognized as part
of the Equatorial Atlantic Magmatic Province (EQUAMP), a
major Cretaceous Large Igneous Province (LIP) (Hollanda ef al.,
2019). The CMD comprises mafic dikes that extend up to 400 km,
range from 1 to 190 m in width, and trend east-west, with a
southwest shift near 38°W (Ngonge et al., 2016; Hollanda et al.,
2019). These dikes, primarily subalkaline tholeiitic basalts to
basaltic trachyandesites, date between 145 and 115 Ma (K/Ar
methods) and 132 — 118 Ma (*°Ar/*°Ar) (Bellieni et al., 1992;
Mizusaki et al., 2002; Souza et al., 2003; Ngonge et al., 2016).
The CMD dikes examined here are situated between Acu and Lajes
(Rio Grande do Norte State, Brazil) in north-central Borborema
(Figs. 1b, ¢).

The SCB comprises small volcanic flows near Ipanguagu (Rio
Grande do Norte), marking the boundary between the Borborema
basement and the Cretaceous Potiguar Rift Basin, and extending
into north-central Borborema (Figs. 1b, ¢). These fine- to medium-
grained basalts and trachybasalts exhibit alkaline to tholeiitic
affinities (Fig. 2). K-Ar dating places SCB activity at ~90 Ma,
while “°Ar/*°Ar dating on plagioclase yields an age of 93 = 1 Ma
(Souza et al., 2003). Slightly older ages (~98 Ma) were reported
by Aratjo et al. (2001) for the same magmatism, whereas recent
whole-rock “°Ar/3°Ar dating indicates a minimum crystallization
age of 99 + 1 Ma (Macédo Filho et al., 2025). Mizusaki et al.
(2002) linked SCB with the formation of the youngest oceanic
crust along the Brazilian eastern margin, coinciding with the final
separation of South America and Africa. Macédo Filho et al.
(2025) recently suggested this magmatism may be related to
changes in South America drift pattern and possible interactions
between asthenospheric and lithospheric processes during the
Cenomanian.

3. Materials and methods

Twenty samples of CMD and SCB basalts and microgabbros were
collected from six representative outcrops in the north-central
Borborema Province, between Agu and Lajes, Rio Grande do
Norte (Fig. 1b, c; Tab. 1). Each sample was examined under a
polarizing microscope, and 1 cm cubes with prominent millimeter
to  centimeter-sized amygdules were prepared for
stereomicroscopic observation of the cavity infillings.

Scanning electron microscopy (SEM) was used to analyze the
morphology of cavity infillings across three laboratories: (1) the
Laboratério de Caracterizagdo de Minerais e Materiais
(LACAMM) at the Instituto Federal de Educacdo, Ciéncia e

Table 1. Selected samples of amygdaloidal basalts and microgabbros from the Rio
Ceara-Mirim dike swarm and the Serra do Cud basaltic flow. UTM coordinates were
measured using the SIRGAS 2000 datum; all coordinates fall within zone 24S.

Tabela 1. Amostras selecionadas de basalto amigdaloidal e microgabro do enxame de
diques Rio Ceara-Mirim e do derrame basaltico Serra do Cud. As coordenadas UTM
foram medidas usando o datum SIRGAS 2000; todas as coordenadas estdo na zona

248.

Sample Magmatism N E
LMO1.1, LM 01.2 Rio Ceara-Mirim 792601 9382424
LM 02 Rio Ceara-Mirim 792277 9382360
LM 03.2; LM 03.4 Rio Ceara-Mirim 804933 9368626
LM 04.2 Rio Ceara-Mirim 805550 9368536
LM 05.2; LM 05.3 Serra do Gug. 736417 9380278
LM 06.2; LM 06.3 Serra do Gug. 736417 9380682
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Figure 2. Major whole-rock classification diagrams for the Mesozoic tholeiitic basalts and microgabbros of the Rio Ceara-Mirim dike swarm and Serra do Cu6 basaltic flow in
northeastern Brazil. (a) Total Alkali-Silica (TAS) diagram from Le Bas et al. (1986), with the boundary between alkaline and subalkaline series from Irvine and Baragar (1971); (b)
Total Alkalis-FeO-MgO (wt.%) ternary plot (AFM) from Irvine and Baragar (1971). Data sources: Sial (1978); Bellieni ez al. (1992); Hollanda et al. (2006); Ngonge et al. (2016).

Figura 2. Diagramas de classificagdo de rocha total para basaltos toleiticos e microgabros mesozdicos do enxame de diques Rio Ceara-Mirim e do derrame basaltico Serra do Cud no
nordeste do Brasil. (a) Diagrama Total Alcalis-Silica (TAS) de Le Bas et al. (1986), com a divisdo entre séries alcalinas e subalcalinas de Irvine e Baragar (1971); (b) diagrama ternario
Total Alcalis-FeO-MgO (em %) (AFM) de Irvine e Baragar (1971). Fontes de dados: Sial (1978); Bellieni et al. (1992); Hollanda et al. (2006); Ngonge et al. (2016).
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Tecnologia do Rio Grande do Norte (IFRN), equipped with a
TESCAN VEGA3 SEM coupled to an Oxford Instruments X-act
energy-dispersive X-ray spectroscopy (EDS) microanalysis
system; (2) the Laboratério de Dispositivos e Nanoestruturas
(LDN) at the Universidade Federal de Pernambuco (UFPE), using
a JEOL JSM-6460 SEM with an Oxford Instruments wavelength-
dispersive X-ray spectroscopy (WDS) system; and (3) the
Laboratério de Peneiras Moleculares (LABPEMOL) at the
Universidade Federal do Rio Grande do Norte (UFRN), equipped
with a TESCAN MIRA 4 SEM paired with an Oxford Instruments
Ultim Max EDS system.

Chemical compositions of secondary minerals within cavities
were measured at LDN-UFPE under the following conditions: 20
kV acceleration voltage, 20 nA beam current, 1 pm beam diameter,
~50 s acquisition time, and 8 mm working distance. Key spectral
lines, standards, and associated uncertainties (20) included: SiKa
(quartz, = 0.4), AlKa (corundum, + 0.2), FeKa (metallic iron, +
0.4), MgKa (periclase, = 0.3), CaKa (wollastonite, + 0.2), NaKa
(amelia albite, + 0.2), and KKa (MAD-10 feldspar, + 0.2).

Zeolite mineral compositions were recalculated by subtracting
H20O content, as determined by ideal structural formulae (Coombs
et al., 1997; Deer et al., 2013). Quality checks were applied based
on formula balance error (E%) using the method by Passaglia
(1970), calculated as E% = [(Al + Fe**) - Altheor / Altheor] * 100,
with Altheor = (Na + K) + 2*(Ca + Mg + Ba + Sr). Positive errors
indicate an excess of trivalent cations, while negative errors
suggest an excess of exchangeable cations. E values within £10%
were considered reliable (cf., Passaglia, 1970).

Amygdule filling minerals were manually extracted, scraped,
and powdered (< 200 mesh) for X-ray diffraction (XRD) and
thermogravimetric (TGA) analysis. Limited amygdule volume
yielded sufficient powder for XRD in only four samples, analyzed
using a Rigaku Miniflex diffractometer at Laboratoério de Difracdo
de raios-X, Departamento de Fisica Tedrica e Experimental
(DFTE), UFRN. Samples were scanned from 5° to 85° 20 with a
0.01° step size and Cu Ka radiation. Phase identification employed
Crystal Impact Match! Software (v.3.11) and the Crystallography
Open Database (COD), with qualitative diffractogram
interpretation following Chen (1977).

TGA was conducted at the Laboratorio de Propriedades
Fisicas de Materiais Ceramicos (LaPFiMC), DFTE/UFRN, using
a Shimadzu DTG-60H analyzer. Samples were analyzed under an
argon atmosphere, with a 10 °C/min heating rate over a
temperature range of 25 — 1000 °C.

4. Results
4.1 Petrographic characterization

4.1.1 Rio Ceara-Mirim dike swarm

The CMD dikes cut through gneissic-migmatitic basement rocks
(Fig. 1c) and exhibit textures ranging from fine-grained basalts to
medium-grained microgabbros (Figs. 3a, b), varying with dike
width. The basalts are mainly porphyritic, while microgabbros
show inequigranular, subophitic, and intergranular textures.
Primary minerals include clinopyroxenes (32%, diopside, augite,
and some pigeonite), Ca-plagioclase (55%), and Fe-Ti oxides
(10%), with accessory minerals (3%) like olivine, apatite, biotite,
and amphibole (cf., Ngonge et al., 2016). The groundmass
contains cryptocrystalline material, possibly devitrified glass, with
calcite and magnetite particles observed via backscattered electron
analysis (Archanjo et al., 2002). Secondary minerals, resulting

Figure 3. Macroscopic views of amygdules (indicated by white arrows) in basalts and
microgabbros from the Rio Ceara-Mirim dike swarm [(a) and (b)] and the Serra do Cud
basaltic flow (c). Samples: (a) LM-01.1, (b) LM-03, and (c) LM-05.2.

Figura 3. Vistas macroscopicas de amigdalas (indicadas por setas brancas) em basaltos
e microgabros do enxame de diques Rio Ceara-Mirim [(a) e (b)] ¢ do derrame basaltico
Serra do Cud (c). Amostras: (a) LM-01.1, (b) LM-03 e (c) LM-05.2.

from the alteration of ferromagnesian phases and plagioclase
feldspar, include phyllosilicates (predominantly smectite-group
minerals and dioctahedral white mica), Fe-oxyhydroxide phases,
and carbonate minerals. Amygdules, corresponding to 10 — 20%
of the rock volume, are present in both basalts and microgabbros.
They vary in shape — typically irregular, elongated, or ellipsoidal,
with occasional rounded forms — and range from 0.02 — 0.03 cm in
basalts to 1.0 — 2.0 cm in microgabbros (Figs. 3a, b). These
amygdules are mostly monomineralic, containing white to orange
prismatic or tabular zeolites (hardness < 5; Figs. 4a-c) or granular
quartz (Fig. 4e).

Polarizing microscopy shows that zeolite crystals are biaxially
negative with low birefringence (~0.012; Figs. 4a-c) and exhibit
perfect cleavage along {010} and {110} directions (Fig. 4d). SEM
images reveal prismatic, monoclinic forms with cleavage that
produces splinters (Figs. 4g-i). Occasionally, amygdules near
fracture zones in the host basalt also contain calcite (Fig. 4f).

4.1.2 Serra do Cuo basaltic flow

The SCB samples were collected from the type locality between
Ipanguacu and Agu cities (Fig. 1c). These rocks consist mainly of
fine-grained basalts with some medium-grained microgabbros,
displaying porphyritic or glomeroporphyritic textures. The
primary minerals include olivine (15%  phenocrysts),
clinopyroxene (25%, mainly augite), Ca-plagioclase (50%), and
Fe-Ti oxides (5%). Devitrified, palagonized glass (5%) defines
intersertal  textures. Secondary minerals, predominantly
comprising phyllosilicates (smectite-group minerals, white mica),
iddingsite, and Fe-oxyhydroxides, have formed as alteration
products of primary mafic silicates, glass, and plagioclase.

Amygdules, comprising 5 — 15% of the SCB rock volume, are
rounded and typically under 1 cm in diameter. They are generally
polymineralic, showing gradual infilling by secondary minerals
that indicate multiple formation phases (Fig. 3c). This process
creates mineral zoning, with outer rims featuring colorless to
greenish or brown fine-grained aggregates with resinous to waxy
luster and platy or botryoidal textures. Central zones are filled with
either (1) prismatic colorless crystals altered to an orange-brown
dull material with low birefringence or (2) bladed and fibrous
white to brownish crystals, accompanied by minute yellow-
greenish flakes (Figs. 5a—d). Additionally, some amygdules are
monomineralic, filled only with carbonates.

Microscopic analysis identified the earliest cavity-lining
minerals as smectite-group clay minerals (nontronite-saponite)
and some chalcedony (Figs. 5a, c). Late magmatic clinopyroxene
laths, oriented perpendicular to the cavity walls, are also present in
some amygdules (Fig. 5e). The inner infillings are composed of
prismatic and bladed/fibrous zeolite crystals (Figs. 5c, d, f).
Prismatic zeolites, often altered to an orange-brown dull material,
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have low birefringence (~0.01), while bladed/fibrous zeolites, the
most common type in SCB amygdules (Figs. 5a, c, ), display
orthorhombic  symmetry with {110} cleavage visible
perpendicular to the crystallographic c-axis (Figs. 5g, i). These
zeolites form fan-like aggregates in two main types, distinguished
by color and birefringence (Figs. Sa—c, f).

Early-formed fibrous/bladed zeolites are colorless with
birefringence up to ~0.02 (Fig. 5c), followed by an epitaxial
overgrowth of darker fibrous zeolites with lower birefringence
(~0.012 — 0.013), which alter to a brownish dull material (Figs. 5a,
c, f). Finally, a second generation of colorless fibrous aggregates
forms as an epitaxial overgrowth toward the inner cavity regions
(Figs. Sa—c). This pattern resembles the calcic-to-sodic zeolite
overgrowth in the natrolite subgroup, as documented by Triana et
al. (2012) in Isle of Skye basalts, Scotland.

SEM images of SCB amygdules show bladed zeolite crystals
(Figs. 5g, 1) and petal-like or flake aggregates of nontronite-
saponite lining the cavity walls (Fig. 5h). Occasionally, a second
generation of clay minerals overgrows the zeolites. Amygdules
rich in fibrous zeolites have fewer prismatic crystals, and vice
versa.

Figure 4. Photomicrographs (a—f) and scanning electron microscopy (SEM) images (g—
1) showing textural and morphological aspects of amygdule infillings in the Rio Ceara-
Mirim dike swarm. (a—c) Aggregates of subhedral to euhedral crystals of laumontite,
minor calcite, and an unidentified fibrous mineral (orange arrow) (samples LM-03.4,
LM-03.2, and LM-03); (d) large euhedral laumontite crystals with perfect cleavage in
two directions (sample LM-01.2); (¢) round-shaped amygdule filled with quartz crystals
(sample LM-01.1); (f) calcite associated with unidentified fibrous minerals in an
amygdule near fracture zones in the host rock (sample LM-01.2); (g—i) SEM images
highlighting the morphology and cleavage planes of laumontite (samples LM-01.2 and
LM-03.4). Photomicrograph (a) was obtained using plane-polarized light, while the
others were obtained with cross-polarized light. Mineral abbreviations: laumontite
(Lmt), calcite (Cal), quartz (Qz).

Figura 4. Fotomicrografias (a—f) e imagens de microscopia eletronica de varrimento
(MEV) (g—1) mostrando aspectos texturais e morfologicos dos preenchimentos das
amigdalas no enxame de diques do Rio Ceara-Mirim. (a—c) Agregados de cristais
subédricos a euédricos de laumontite, calcite menor ¢ um mineral fibroso ndo
identificado (seta laranja) (amostras LM-03.4, LM-03.2 e LM-03); (d) cristais euédricos
de laumontite com clivagem perfeita em duas direcgdes (amostra LM-01.2); (e)
amigdala arredondada preenchida com cristais de quartzo (amostra LM-01.1); (f) calcite
associada a minerais fibrosos ndo identificados numa amigdala proxima de zonas de
fraturas na rocha hospedeira (amostra LM-01.2); (g—i) imagens MEV destacando a
morfologia ¢ planos de clivagem da laumontite (amostras LM-01.2 ¢ LM-03.4). A
fotomicrografia (a) foi obtida com polarizadores paralelos, enquanto as restantes foram
obtidas com polarizadores cruzados. Abreviaturas minerais: laumontite (Lmt), calcite
(Cal), quartzo (Qz).

Figure 5. Photomicrographs (a—f) and scanning electron microscopy (SEM) images (g—
i) showing textural and morphological aspects of the amygdule infillings in the Serra
do Cud basaltic flow. (a—b) Rounded zoned amygdule with a layer of smectite-group
minerals (nontronite-saponite, indicated by orange arrows) lining the cavity wall,
followed by two subsequent generations of fibrous/bladed zeolites identified as
natrolite-subgroup phases, and late crystals of smectite-group minerals (sample LM-
05.2); (c) detail of the amygdule shown in (a); (d) rounded amygdule filled with
prismatic phillipsite crystals partially altered to an orange-brown dull material (sample
LM-06.2); (e) epitaxial growth of clinopyroxene crystals against the cavity walls,
followed by a thin film of unidentified isotropic material (silica?) and fine-grained
aggregates of smectite-group minerals (sample LM-05.2); (f) rounded amygdule filled
with fibrous Ca-Na zeolites partially altered to a brown dusty material composed of
clay minerals; orange arrows indicate layers of smectite-group minerals (nontronite-
saponite); (g—1) SEM images detailing the morphology of: (g) fibrous natrolite (sample
LM-05.3); (h) petalous and flake aggregates of smectite-group minerals (nontronite-
saponite) toward the cavity walls (sample LM-05.3); and (i) bladed crystals of Ca-Na
zeolites (sample LM-06.2). Photomicrograph (b) was obtained with cross-polarized
light, while the others were obtained using plane-polarized light. Mineral
abbreviations: natrolite (Nat), phillipsite (Phl), smectite-group minerals (Sme),
clinopyroxene (Cpx).

Figura 5. Fotomicrografias (a—f) e imagens de microscopia eletronica de varrimento
(MEV) (g-i) mostrando aspectos texturais ¢ morfologicos dos preenchimentos das
amigdalas no derrame baséltico Serra do Cud. (a—b) Amigdala arredondada zonada
com uma camada de minerais do grupo das esmectites (nontronite-saponite, indicada
por setas laranjas) revestindo a parede da cavidade, seguida por duas geragdes de
zeolitas fibrosos/laminares identificados como fases do subgrupo natrolite, e cristais
tardios de minerais do grupo das esmectites (amostra LM-05.2); (c) detalhe da
amigdala mostrada em (a); (d) amigdala arredondada preenchida com cristais
prismaticos de phillipsite, parcialmente alterados para um material bago castanho-
alaranjado (amostra LM-06.2); (e) crescimento epitaxial de cristais de clinopiroxena
contra as paredes da cavidade, seguido por uma pelicula fina de material isotropico néo
identificado (silica?) e agregados finos de minerais do grupo das esmectites (amostra
LM-05.2); (f) amigdala arredondada preenchida com zeolitas fibrosos de Ca-Na,
parcialmente alterados para um material poeirento castanho composto por minerais
argilosos; as setas laranjas indicam camadas de minerais do grupo das esmectites
(nontronite-saponite); (g—i) imagens MEV detalhando a morfologia de: (g) natrolite
fibrosa (amostra LM-05.3); (h) agregados petaloides e lamelares de minerais do grupo
das esmectites (nontronite-saponite) nas paredes da cavidade (amostra LM-05.3); e (i)
cristais laminares de zeolitas de Ca-Na (amostra LM-06.2). A fotomicrografia (b) foi
obtida com polarizadores cruzados, enquanto as restantes foram obtidas com
polarizadores paralelos. Abreviaturas minerais: natrolite (Nat), phillipsite (Phl),
minerais do grupo das esmectites (Sme), clinopiroxena (Cpx).

4.2 Mineralogical identification

4.2.1 Rio Ceara-Mirim dike swarm

XRD analysis of CMD cavity infillings (Figs. 6a—c) shows
laumontite as the dominant zeolite, with peaks characteristic of
laumontite at 20 = 9.36°, 12.95°, 21.41°, and 25.43° (d-spacings
0f9.445, 6.835, 4.150, and 3.503 A) (Fridriksson et al., 2003; Lee
et al.,2004), consistent with microscopic observations. Secondary



26

Aratjo et al. / Comunicagdes Geolodgicas (2025) 112, 1, 21-34

minerals include quartz and possible trace amounts of chabazite,
though its presence lacks sufficient textural and chemical evidence
for confirmation. Peaks for plagioclase and diopside suggest
possible contamination from the host rock primary mineralogy
during cavity scraping.

Mineral chemical analysis (Tab. 2; Fig. 7) confirmed
laumontite as the primary mineral in CMD amygdules, showing
relatively homogeneous compositions with slight variations in
CaO content (9.82 — 12.4 wt.%). The composition fits within
the laumontite field on the ternary classification diagram
10(SiO; / Al,03) — (CaO + MgO) — (Na,O + K;0) (Fig. 7a;
Bastias et al. (2016). The calculated structural formula is:

[Ca3.34-426Na0.23K0.08-0.23F€0.08]5=3.34-4.41[ Al7.6-7.96S115.96-
164043]. 18H20,

and the Si/(Si + Al) ratio values range from 0.67 to 0.68.

The TGA curve of sample LM 01.2 (Fig. 8a) revealed three
dehydration peaks at 109.7 °C (1.3% H;O loss), 234.1 °C (5%
H>O0 loss), and 380 °C (5.9% H,O loss), indicating laumontite’s
stability over a range of temperatures. These peaks align with the
typical stepwise dehydration of laumontite at ~100 °C, ~240 °C,
and ~400 °C, and its partial transformation into leonhardite

(Gottardi and Galli, 1985; Deer et al., 2013). This confirms
laumontite as the primary zeolite in the CMD amygdules.

4.2.2 Serra do Cuo basaltic flow

XRD analysis of sample LM 05.3 (Fig. 6d) identifies natrolite as
the dominant zeolitic phase, with minor amounts of phillipsite,
smectite (nontronite-saponite), and quartz/chalcedony. Key
natrolite peaks are observed at 20 = 6.85°, 13.56°, 14.98°, 20.35°,
28.24°, 28.89°, and 31.24° (d-spacings of 12.904, 6.528, 5.914,
4.364, 3.160, 3.091, and 2.863 A) (Krogh Andersen et al., 1990;
Stuckenschmidt et al., 1996, Hassan and Al-Rashed, 2020).
Phillipsite peaks are weaker and partially overlap with natrolite
peaks at 20=18.02°, 28.02°, and 28.49° (d-spacings of 4.923,
3.184, and 3.133 A; Gatta et al., 2009). A broad reflection near
20=6.3° (~14 A) and peaks at 20 =9.17° and 21.34° (d-spacings
of 9.644 and 4.164 A) correspond to smectite-group minerals.

These findings align with the microscopic textural
characterization and optical properties, which show that most SCB
cavities are lined with nontronite-saponite and filled with
prismatic and fibrous/bladed zeolite crystals (Figs. Sa-c). The
fibrous/bladed crystals are identified as natrolite (Fig. 5g), while
the prismatic crystals correspond to phillipsite (Fig. 51).

Table 2. Representative semi-quantitative chemical compositions of zeolites in amygdules from the Rio Ceara-Mirim dike swarm and the Serra do Cuo basaltic flow. *H.O
contents are based on ideal zeolite structural formulae. < dl: values below detection limits. E% = [(Al + Fe*") - Altheor / Altheor] * 100, where Altheor = (Na + K) + 2*(Ca
+ Mg + Ba + Sr) (Passaglia, 1970).

Tabela 2. Composi¢des quimicas representativas semi-quantitativas de zeolitas em amigdalas do enxame de diques Rio Ceara-Mirim e do derrame basaltico Serra do Cu6. Os
teores de Hz0 sao baseados nas formulas estruturais ideais de zeolitas. <dl: valores abaixo dos limites de detegdo. E% = [(Al + Fe*") — Altheor / Altheor] * 100, onde Altheor =
(Na +K)+2(Ca + Mg+ Ba + Sr) (Passaglia, 1970).

Rock Rio Ceara-Mirim dike swarm Serra do Cud basaltic flow
Sample LM 1.2 LM 03.2 LM 03.4 LM 04.2 LM 05.3 LM 06.2
Crysial ci c2 c.3 cd c5 ci c2 c.3 c.d
Analysis 5.9 5.66 s.25 5.30 5.42 s.44 5.13 512 s.57 5.60 s.62
Zeolites laumontite nafrolite-subgroup phillipsite-subgroup
Si0a(wt %) 50.78 50.72 49.30 5050 50.56 51.64 48.90 48.01 4871 44.45 42.64
Al0g 21.04 2122 20.53 21.02 2015 20.69 2514 25.65 26.79 2528 26.11
Fea0s 0.32 =dl 0.32 =dl 032 <dl =dl =dl =dl 032 <dl
MaO 0.00 =dl 017 =dl =dl <dl 0.78 0.78 0.36 <dl <dl
Ca0 10.90 10.66 12.40 11.56 11.97 9.82 1.15 2.00 1.75 433 6.79
MNa:0 =dl =dl =dl =dl =dl 0.37 14.54 14.04 12.83 9.20 8.00
K20 =dl 0,56 <dl =dl 0,19 0,56 =dl =dl =dl <dl =dl
Total 23.04 8316 83.21 §3.08 83.19 83.00 90.52 90.48 90.44 83.58 8355
H=0* 16.90 16.90 16.90 16.90 16.90 16.90 9.50 8.50 9.50 16.50 16.50
cationic proportions based on 48 oxygens cationic proportions based on 80 oxygens
Si (cpfu) 16.164 16.152 15.960 16.101 16.175 16.404 24643 24.263 24.407 24103 23.286
Al 7.892 7.962 7.753 7.900 7.596 7748 14.934 15.282 15.829 16.161 16.12
Fei* 0.077 0.077 0.077 - - - 0.132 -
Ma - 0,079 0.586 0.588 0.269 - -
Ca 3719 3.638 4.257 3.048 4101 3344 0.622 1.083 0.938 2.519 3.972
Ma - 0.228 14.209 13.759 12.469 9.671 8475
K - 0.228 0.078 0227
Ecations 27.852 27980 28125 27.949 28.027 27.950 54984 54 975 53.913 52 586 52 545
E% 71 6.1 9.7 0.1 -1.3 8.5 -10.2 -10.6 6.4 108 24
SilSi+Al) 0.67 0.67 0.67 0.67 0.68 0.68 0.62 0.61 0.61 0.60 0.58




Zeolites as indicators of hydrothermal alteration

27

1200 1200
(a) Sample LM 01.2 (b) o Imt, cbz Sample LM 03.2
1000 1000
800 800 -
9 3
et o
2 58 E -
3 600 600 1 E < E_
8 i =&
= N
400 400 - 8
E
200 200 -
0 .
10 20 30 40 50 60
1200 1200
(c) Imt, chb Sample LM 03.4 Sample LM 05.3
000 Imt, cbz, non ...... Imt, qz 1000 4
=
o
800 A = 800 -
= £
X =y
2 %
@ 600 - '5: _LB; 600 4
) N: -
400 - WS = J
o = 400
Q £
2 ;
200 : 200
0~ 0 - - -
10 20 30 40 50 60 10 20 30 40 50 60
26 (theta) 26 (theta)

Figure 6. X-ray diffraction (XRD) patterns showing the occurrence of zeolites and other minor phases in the studied amygdules from the Rio Cearad-Mirim dike swarm (a-c), and from
the Serra do Cuo basaltic flow (d). The identified phases include laumontite (Imt), chabazite (cbz), natrolite (ntr), phillipsite (phl), nontronite (non), saponite (sap), plagioclase (pl), and

diopside (di).

Figura 6. Padrdes de difragdo de raios X (DRX) mostrando a ocorréncia de zeolitas e outras fases menores nas amigdalas estudadas do enxame de diques Rio Ceara-Mirim (a-c) e do
derrame basaltico Serra do Cuo (d). As fases identificadas incluem laumontite (Imt), chabazite (cbz), natrolite (ntr), phillipsite (phl), nontronite (non), saponite (sap), plagioclase (pl) e

diopsidio (di).

Mineral chemical analyses were performed on amygdules
from samples LM 05.3 and LM 06.2 (Tab. 2). Bladed (sample LM
05.3) and prismatic crystals (sample LM 06.2) were identified in
the SEM images (Figs. 5g, 1). Analyses with £ <10% for LM 05.3
showed compositions close to natrolite (Fig. 7), with a calculated
structural formula (considering the ideal stoichiometric water
content of 9.5 wt.% for this zeolite; cf. Gottardi and Galli, 1985;
Coombs et al., 1997) of:

[Nai2.47-14.21Ca0.62-1.08M20.27-0.59 ]5=13.68-15.43A114.93-15.83S124.27-
24.64080.16H20,

and Si/ (Si + Al) ratio between 0.61-0.62.

However, Ca levels are slightly higher than typical for
natrolite, which usually has low Ca content (< 1.0 cpfu) (Birch,
1989; Kénya and Szakall, 2011; Ozen and Génciioglu, 2015;
Mattioli et al., 2016). This suggests compositions potentially
intermediate between natrolite and Ca-Na-bearing gonnardite or
mesolite (Figs. 7a and 9), though further studies are required to
confirm this. Additionally, optical microscope images reveal
distinct generations of fibrous/bladed crystals exhibiting

overgrowth relationships akin to those between calcic and sodic
zeolites in the natrolite subgroup (Figs. 5c, f), as described by
Triana et al. (2012).

The TGA curve for sample LM 05.3 (Fig. 8b) shows
dehydration peaks at 90.5 °C (2.3% H;O loss), 360 °C (6% H,O
loss), and 866 °C (5% H,O loss). The first peak aligns with
smectite dehydration, typical between 100 and 200 °C (Foldvari,
2011), while the second peak corresponds to natrolite dehydration,
generally between 340 — 400 °C. The third peak, at 866 °C, likely
represents dehydroxylation or structural breakdown of smectite
with subsequent new phase crystallization (F6ldvari, 2011). These
results indicate that natrolite is the primary zeolite in SCB
amygdules, with minor amounts of smectite-group minerals.

In sample LM 06.02, zeolites showed higher Al (16.16 — 16.81
cpfu) and Ca (2.52 — 3.97 cpfu) contents, with lower Na (8.47 —
9.67 cpfu). These compositions plot near the phillipsite field on the
Si/Al versus (K + Na) /(K + Na + Ca) discrimination diagram
(Chipera and Apps, 2001; Fig. 7b). Assuming an ideal
stoichiometric water content of 16.5 wt.% for this zeolite subgroup
(Gottardi and Galli, 1985; Coombs et al., 1997), the calculated
structural formula is:
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[Nas.47-9.67Ca2.52-3.97Ca2.523.97F €0.13]5=12.3-12.4Al16.16-16.81S123.29-
24.1080.30H20,

with Si/ (Si + Al) ratios ranging from 0.58 to 0.60.

Mafic phyllosilicates (clay minerals) also play a significant
role in filling SCB amygdules. Optical and SEM images (Fig. 5)
show these minerals primarily as early aggregates with petal-like
crystal growth along cavity walls, later forming overgrowths on
the zeolites. XRD patterns (Fig. 6d) confirm that these mafic
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Figure 8. Chemical compositions of the analyzed zeolites. (a) Projection on the
chemical system 10(SiO2 / Al:Os) — (CaO + MgO) — (Na:O + K:0) (wt%) based on
Bastias ef al. (2016); (b) projection on the discriminating cationic diagram Si / Al vs.
(K + Na)/(K + Na + Ca) based on Chipera and Apps (2001). Abbreviations in (a):
analcime (Anl), barrerite (Bar), clinoptilolite (Cpt), dachiardite (Dac), epistilbite (Epi),
faujasite (Fau), gismondine (Gis), heulandite (Heu), laumontite (Lmt), mesolite (Mes),
mordenite (Mor), natrolite (Nat), offretite (Off), scolecite (Sco), stellerite (Ste), stilbite
(Stb), thomsonite (Tho), wairakite (Wai), yugawaralite (Yug).

Figura 8. Composi¢des quimicas dos zeolitas analisados. (a) Projec¢do no sistema
quimico 10(SiOz / ALOs) — (CaO + MgO) — (Na:0 + K:0) (% em massa) baseado
em Bastias et al. (2016); (b) projec¢do no diagrama catiénico discriminante Si/Al
versus (K +Na)/(K +Na+ Ca) baseado em Chipera ¢ Apps (2001). Abreviaturas em
(a): analcima (Anl), barrerita (Bar), clinoptilolite (Cpt), dachiardite (Dac), epistilbite
(Epi), faujasite (Fau), gismondina (Gis), heulandite (Heu), laumontite (Lmt), mesolite
(Mes), mordenite (Mor), natrolite (Nat), offretite (Off), escolecite (Sco), estellerite
(Ste), estilbite (Stb), thomsonite (Tho), wairakite (Wai), yugawaralite (Yug).
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Figure 7. Thermogravimetric (TGA) curves for minerals filling cavities in the Rio
Ceara-Mirim and Serra do Cu6 basaltic rocks. (a) Laumontite in amygdules of the Rio
Ceara-Mirim dike swarm (sample LM-01.2); (b) natrolite and nontronite-saponite in
amygdules of the Serra do Cud basaltic flow (sample LM-05.3).

Figura 7. Curvas termogravimétricas (TGA) para minerais preenchendo cavidades nas
rochas basalticas Rio Ceara-Mirim e Serra do Cuo. (a) Laumontite em amigdalas do
enxame de diques do Rio Ceara-Mirim (amostra LM-01.2); (b) natrolite e nontronite-
saponite em amigdalas do derrame basaltico da Serra do Cu6 (amostra LM-05.3).

phyllosilicates closely align with the nontronite-saponite series
(Dainyak et al., 2006), with an average composition of:

[Cao.68Nao.s]z=1.18[Mga.75F€0.34Al0.49]5-5.58[ Si6.7A11.23]5=7.93020( OH)4.

5. Discussion

The alteration of volcanic and subvolcanic rocks by hot
hydrothermal fluids or meteoric water is a well-documented
process, seen in regions such as the North Atlantic Igneous
Province and Deccan Traps (India). These alteration processes
dissolve primary magmatic phases, enabling the precipitation of
secondary minerals. This process depends on the rock mineralogy
and composition, fluid chemistry, and temperature-pressure
conditions (e.g., Walker, 1960; Kristmannsdottir and Tomasson,
1978; Robert, 2001).

Primary minerals in basaltic rocks, including olivine,
pyroxenes, Ca-plagioclase, and Fe-Ti oxides, as well as interstitial
glass, become metastable, leading to dissolution and hydrolysis
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Figure 9. Binary cationic plot of Ca+ Mg + Fe versus Na + K for the Ca — Na zeolites
in amygdules of the Serra do Cu6 basalts. Ideal zeolite end-member compositions
(Coombs et al., 1997; Deer et al., 2013) are shown as solid grey diamonds.

Figura 9. Diagrama cationico binario de Ca+ Mg+ Fe versus Na + K para os zeolitas
Ca — Na nas amigdalas dos basaltos da Serra do Cud. As composi¢des ideais dos
membros finais dos zeolitas (Coombs et al., 1997; Deer et al., 2013) estdo indicadas
como diamantes cinzas.

that release chemical components (e.g., Mg, Fe, Ca, Si, and Al)
into fluids. Under low-temperature conditions, these components
then precipitate as secondary minerals, such as clays and zeolites
(Honnorez, 1978; Eggleton ef al., 1987; Chipera and Apps, 2001;
Konya and Szakall, 2011; Abdioglu, 2012; Bastias et al., 2016;
Mattioli et al., 2016; Ottens et al., 2019).

The presence of secondary, water-rich minerals within
amygdules of the CMD and SCB basalts and microgabbros
suggests that hot fluids circulated through these rocks,
decomposing primary minerals. The CMD and SCB exhibit
distinct secondary mineral assemblages, indicating that host rock
composition influences alteration pathways: CMD is subalkaline
and Fe-rich, while SCB is alkaline and Mg-rich (Fig. 2).
Furthermore, the subvolcanic crystallization environment of CMD
rocks contrasts with the extrusive nature of SCB flows, suggesting
variations in the processes and fluids involved.

5.1 Alteration processes and secondary mineral formation in
the Ceara-Mirim dike swarm

In the CMD rocks, the primary magmatic phases and basaltic glass
were replaced by white mica, smectites, Fe-oxyhydroxides, and
calcite (Fig. 10a). The vesicles are mainly filled with euhedral
laumontite (a Ca-rich zeolite), although calcite and quartz are also
present. This indicates the percolation of aqueous fluids through
the rock system, which was enriched primarily in Si, Al, and Ca,
along with minor amounts of Mg and Fe, derived from the
destabilization of primary mafic silicates, glass, and Ca-rich
plagioclase (Fig. 10a). Based on this secondary mineral
assemblage, it is suggested that hydrothermal alteration in the
CMD occurred in two stages at different temperatures, referred to
as Stages [ and II (Figs. 11a and 12).

The occurrence of accessory biotite and amphibole in some
samples indicates crystallization from hydrous melts (containing
approximately 4-7 wt% H,O; Sisson and Grove, 1993; Moore and
Carmichael, 1998; Pichavant and Macdonald, 2007) during the
late stages of CMD emplacement, though not necessarily implying
water saturation or the exsolution of free magmatic water. Stage |
is characterized by the pervasive destabilization of reactive glass,

Ca-plagioclase, and mafic minerals, most likely resulting from the
interaction of rocks with heated meteoric waters drawn in by the
convective cooling of the dikes at shallow crustal levels
(Bindeman et al., 2020; Fig. 12). While a contribution from
magmatic fluids cannot be entirely ruled out, the observed mineral
assemblage is consistent with meteoric fluid-dominated alteration.

During Stage I, the formation of white mica as an alteration
product of primary phases indicates temperatures likely below 300
°C, as the absence of higher-grade minerals typical of greenschist
or amphibolite facies (such as actinolite, albite, epidote, or
chlorite) constrains the upper temperature limit of alteration
(Galan and Ferrell, 2013; Verati and Jourdan, 2014). Experiments

Figure 10. Photomicrographs of host-rock mineralogy highlighting the superimposed
hydrothermal alteration. (a) Detail of a Rio Ceara-Mirim microgabbro showing primary
clinopyroxene, plagioclase and oxides replaced mainly by greenish smectite-group
minerals; (b) detail of a Serra do Cud basalt showing the primary mineralogy of olivine,
plagioclase, clinopyroxene and oxides replaced by “iddingsite” and smectite-group
minerals. Orange arrows point to zeolite-filled amygdules. Mineral abbreviations:
pyroxene (Px), plagioclase (Pl), olivine (Ol), opaque minerals (Opq), smectite-group
minerals (Sme), zeolites (Zeo), “iddingsite” (Idd). Photomicrographs obtained under plane
polarized light.

Figura 10. Fotomicrografias da mineralogia da rocha hospedeira destacando a alteragio
hidrotermal sobreposta. (a) Detalhe de um microgabro Rio Ceara-Mirim mostrando
clinopiroxena, plagioclase e oxidos primarios substituidos principalmente por minerais
esverdeados do grupo das esmectites; (b) detalhe de um basalto Serra do Cu6 mostrando
a mineralogia primaria de olivina, plagioclase, clinopiroxena e 0xidos substituidos por
“iddingsite” e minerais do grupo das esmectites. Setas laranjas indicam amigdalas
preenchidas com zeolitas. Abreviaturas minerais: piroxena (Px), plagioclase (P1), olivina
(Ol), minerais opacos (Opq), minerais do grupo das esmectites (Sme), zeolitas (Zeo),
“iddingsite” (Idd). Fotomicrografias obtidas com polarizadores cruzados.
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Figure 11. Stages of secondary mineral formation in cavities of (a) Rio Ceara-Mirim and (b) Serra do Cu¢ basaltic rocks.

Figura 11. Etapas de formagao de minerais secundarios em cavidades das rochas basalticas (a) do Rio Ceara-Mirim e (b) da Serra do Cuo.
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Figure 12. Sketch (not to scale) illustrating the sequence of secondary mineral
neoformation within amygdules in the basalts of the Rio Ceara-Mirim dyke swarm.

Figura 12. Esquema (fora de escala) ilustrando a sequéncia de neoformagao de minerais
secundarios nas amigdalas dos basaltos do Enxame de Diques Rio Ceara-Mirim.

by Larsen et al (1991; see also Baldermann et al, 2014)
demonstrated that smectite-group minerals form by the alteration
of basaltic rocks at 150 — 200 °C. However, Alt et al. (2010)
documented that basaltic lavas at the East Pacific Rise are altered
to smectite-group minerals at temperatures < 150 °C to near-
ambient conditions, confirming that these phases can form at
substantially lower temperatures. This aligns with our
interpretation of progressive cooling during alteration and supports
the possibility of mineral formation across a broader temperature
range. Therefore, Stage I likely represents a low to moderate-
temperature (< 150 — 200 °C) hydrothermal event dominated by
heated meteoric waters that altered primary minerals and released
chemical components during water-rock interaction (Fig. 11a).
Notably, mafic phyllosilicates were absent as cavity linings in
CMD rocks.

Stage II is characterized by the formation of laumontite,
quartz, and some calcite within cavities at temperatures < 150 °C
(Figs. 11a and 12). The destabilization of primary minerals could
be enhanced by the influx of relatively cool meteoric waters,
releasing more Ca, Si, and Al—for instance, through the
plagioclase hydrolysis reaction, as follows:

CaAl>Si20s + H" <> HAISi308 + Ca* (Eq. 1)

The released elements were used for laumontite, quartz, and
calcite precipitation inside cavities (Fig. 12). Moreover, the
formation of calcite also suggests the presence of dissolved CO3%
in the fluids. Further calcium supply could be derived from the
alteration of Ca-rich basaltic glass in the CMD (cf. Archanjo et al.,
2002).

According to Liou et al. (1991; see also Kristmannsdottir,
1979), laumontite typically forms at temperatures > 150 °C,
reaching ~260 °C. However, when it occurs in paragenesis with
quartz, as observed in the CMD (Figs. 4e, 6¢), laumontite
precipitation temperatures can decrease to as low as 125 °C
(Fridriksson et al., 2003; Figs. 11a and 12).

5.2 Alteration processes and secondary mineral formation in
the Serra do Cu¢ basaltic flow

The SCB secondary mineralogy reveals a complex, chemically
distinct, multistage hydrothermal alteration sequence. Moreover,
augite laths (‘miarolitic minerals’ sensu Konya and Szakall, 2011)
occasionally crystallized along cavity walls (Fig. 5e) during a late
magmatic stage at temperatures up to 600 °C (Konya and Szakall,
2011), distinct from subsequent secondary alteration processes.

The assemblage of mafic phyllosilicates and zeolites observed
in SCB amygdules is characteristic of zeolite facies metamorphism
(anchimetamorphism) in basalts, similar to that seen in the Parana
Volcanic Province, Brazil (Duarte et al., 2009; Hartmann et al.,
2012), the North Atlantic Tertiary Igneous Province (Walker,
1960; Neuhoft, 1999), the Deccan Traps, India (Ottens et al.,
2019), and the Kahrizak volcanic field, Iran (Kusehlar et al., 2010;
Kousehlar ez al., 2012).

As noted by Ottens et al. (2019), the cooling of recently
erupted flows is commonly followed by intense rock—water
(mainly meteoric) interactions, leading to the initial alteration of
more reactive glass and mafic minerals. The alteration of basaltic
glass results in cation leaching in the order
Na>Mg>K>Ca>Al>Fe (Eggleton et al., 1987; Jeong and
Sohn, 2011). The hydrolysis reaction of olivine and clinopyroxene
can be written as:

(Fe,Mg)2Si04 + Ca(Mg,Fe)Si206 + 4H20 + 2H+ <> (Mg?*,Fe?")
+ Ca?" + (Mg?* Fe?") + 2Si02 + Si(OH)4aq + 6(OH)-
(Eq.2)

This reaction provides the main components for forming
smectite-group minerals (nontronite/saponite) that line the vesicle
walls during an early low-temperature alteration stage (Stage I; Figs.
11b and 13). These clay minerals can form over a broad temperature
range, from near-ambient conditions to below 150 °C and up to 200
°C (Baker and Haggerty, 1967; Seyfried and Bischoff, 1979; Larsen
et al., 1991; Alt et al, 2010; Fig 11a). Additionally, olivine is
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replaced by ‘iddingsite’ (Fig. 10b), indicating alteration under
oxidizing conditions at temperatures < 140 °C (Baker and Haggerty,
1967). As smectite precipitates, Mg and Fe concentrations decrease
relative to Ca, along with a reduction in Si/Al ratios. Compared to
glass and olivine, plagioclase is more stable under low-temperature
metamorphic conditions and undergoes hydrolysis later, releasing
Ca and Na into the solution, as shown in reactions such as those by
Kousehlar et al. (2012):

Ca3NazAlsSi12040 + H20 <> 3Ca?" + 2Na* + 8A1O2 + 12Si0; +
H20 (Eq. 3)

This change in fluid composition initiated a second
hydrothermal stage (Stage II; Figs. 11b and 13), marked by the
formation of euhedral fibrous and bladed Na-Ca zeolites, primarily
from the phillipsite and natrolite subgroups (Figs. 5 and 13),
directly over Stage I minerals, alongside plagioclase alteration to
white mica. While clay minerals typically form around pH ~7,
most zeolites form at pH > 9 (Nemecz, 1981; Stefansson and
Gislason, 2001; Kousehlar et al., 2012), suggesting the fluid
evolved to more alkaline conditions, consistent with the host rock
composition (Fig. 2a). In contrast, acidic fluids would favor quartz
precipitation (Kousehlar et al., 2012), a mineral rarely observed in
SCB secondary paragenesis.

The shift from Stage I to Stage I (Fig. 13), indicating a change
in aqueous solution chemistry (Kénya and Szakall, 2011; Mattioli
et al., 2016), may also reflect a slight temperature increase
(Kousehlar et al., 2012; Ottens et al., 2019), potentially due to the
burial of volcanic rock or late magmatic events in the region (cf.
Neuhoff, 1999; Kousehlar et al., 2012). Pe-Piper and Miller (2003)
suggest that Ca-bearing zeolites more commonly form from
higher-temperature solutions than Na-zeolites, though the reverse
has been observed in many amygdaloidal basalts globally (e.g.,
Konya and Szakall, 2011; Triana et al., 2012).

Experimental data on zeolite formation from basaltic glass
indicate that phillipsite is stable up to 150 — 200 °C
(Kristmannsdottir and Tomasson, 1978; Barth-Wirsching and
Hoeller, 1989), while natrolite remains stable in Si-deficient
systems at temperatures up to 250 °C (Senderov, 1988). Thus,
Stage II alteration in SCB likely occurred at moderately elevated
temperatures of around 200 — 250 °C. Finally, a distinct Stage III,
identifiable by a second-generation low-temperature clay mineral
replacing zeolites in some amygdules, likely reflects the influx of
cooler meteoric water (Figs. 11b and 13).
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Figure 13. Sketch (not to scale) illustrating the sequence of secondary mineral
neoformation within amygdules in the Serra do Cu6 basalts.

Figura 13. Esquema (fora de escala) ilustrando a sequéncia de neoformagao de minerais
secundarios nas amigdalas dos basaltos Serra do Cuo.

6. Conclusions

The amygdule-filling secondary mineral assemblages in Mesozoic
subalkaline and alkaline tholeiitic basalts and microgabbros from
the Rio Ceara-Mirim dike swarm (CMD) and the Serra do Cud
basaltic flow (SCB) in the northern part of the Borborema
Province, Northeastern Brazil, were characterized through
petrography, X-ray diffraction, thermogravimetry, and in situ
chemical analysis.

In the Fe-rich, subalkaline CMD rocks, amygdules range from
millimeters to centimeters in irregular, elongated, or ellipsoidal
shapes. These cavities are primarily monomineralic, filled mainly
with euhedral tabular or prismatic zeolites, quartz, and minor
calcite. Diffraction, thermogravimetric, and chemical analyses
confirmed laumontite as the primary zeolite, which precipitated at
~125 °C during a low-temperature hydrothermal stage (Stage II).
This followed an earlier alteration stage (Stagel), in which
primary minerals were replaced by phyllosilicates at low to
moderate temperatures (< 150 — 250 °C).

In contrast, the Mg-rich, alkaline SCB basalts contain
millimeter-sized, rounded amygdules, typically polymineralic and
indicative of a complex, multistage hydrothermal process. Early,
authigenic phases (Stage I) include mafic phyllosilicates (mainly
from the nontronite-saponite series), which replaced primary
minerals and lined cavity walls. These clay minerals formed across
a wide temperature range, from near-ambient conditions to ~200
°C. A subsequent hydrothermal stage (Stagell) led to the
precipitation of prismatic and fibrous/bladed zeolite aggregates.
X-ray diffraction and chemical data identified these as Ca-Na
zeolites from the phillipsite and natrolite subgroups, reflecting
fluid composition changes and slightly higher formation
temperatures (up to 250 °C). In a later stage (Stage I1I), zeolites
were partially replaced by clay minerals, marking a lower-
temperature phase.

Mafic phyllosilicates and zeolites in CMD and SCB rocks
result from the dissolution and hydrolysis of primary minerals,
driven by heated meteoric fluids. The similar temperature
ranges for secondary mineral formation in both rocks suggest
that fluid composition, rather than temperature, is the primary
factor influencing mineral variation in amygdules. Differences
in fluid composition align with the distinct chemical and
mineralogical properties of the host rocks: the Mg-rich,
alkaline SCB rocks contrast with the laumontite-filled cavities
in the Fe-rich, subalkaline CMD rocks, underscoring the
importance of host-rock composition in determining amygdule
mineralogy.
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