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Abstract 20 

This paper reports the composition and alteration products of pyroclasts in the Holocene 21 

Paredão volcano (pyroclast 1) and Late Quaternary Morro Vermelho Formation 22 

(pyroclasts 2 and 3) of Trindade Island, South Atlantic, Brazil using combined 23 

macromorphological, micromorphological, mineralogical and geochemical techniques. 24 

The pyroclasts 1 and 2 are interpreted as volcanic tuff breccia deposits, whereas 25 

pyroclast 3 is a lapilli deposit. They are dark gray in color with some altered reddish 26 

regions and show vesicles and amygdales structures with small greenish crystals of 2.0 27 

mm scattered throughout the matrix. The eruptions can be regarded as Strombolian-type 28 

by producing pyroclastic deposits with coarse fragments with high vesicularity and 29 

fluidal shape that indicate magmatic degassing and fragmentation. Petrologic and XRD 30 

data revealed a mixture of biotite, goethite, ilmenite, anatase, magnetite, hematite, 31 

pyroxene, zeolites, and olivine as their main mineral components. Optical microscopy 32 

analysis confirms the vesicular and amygdaloid structures, with a hypocrystalline 33 

texture and a pale brown stained vitreous mass classified as sideromelane, due to its 34 

basaltic composition. The sideromelane changes to a reddish brown and yellowish-35 

brown staining material identified as palagonite, clearly indicating a hydrovolcanic 36 

eruption that occurs when the ascending magma comes into contact with water. Infrared 37 

analyses in the palagonitized regions revealed the presence of halloysite, suggesting 38 

alteration of sideromelane to tubular clay minerals. Amygdales and microfractures are 39 

partially or totally filled with zeolites, which are formed by the percolation of water that 40 

reacts with the palagonite and precipitation of chemical elements of hydrothermal fluid. 41 

Reddish dark brown iddingsite and anhedral crystals of titaniferous magnetites occur in 42 

the fractures and edges of the olivine. These crystals are also dispersed in the matrix 43 

while some of them are zoned with Cr-rich core and Cr-poor edge, suggesting a deep 44 

mantle origin of the magma. The high trace elements content can be related to 45 

clinopyroxene (diopside) that include these elements. Geochemical data show that the 46 

pyroclasts are undersaturated in silica, plotting in the ultrabasic and foidites fields on 47 

the TAS classification diagram.    48 
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1. Introduction 51 

The Trindade Island is a small Brazilian island of ~13 km
2
 and located in the South 52 

Atlantic (Fig. 1). The Island is part of an extensive east-west-oriented underwater 53 

volcanic chain, called Vitória-Trindade, and constitutes the upper portion of a volcanic 54 

building of ~5.2 km high. The Vitória-Trindade Chain corresponds to the western 55 

extension of the Trindade Victory Fracture Zone, located at 18°40’ in the Mid Atlantic 56 

Ridge (Alves et al., 2006). The Island is formed by five different volcanic episodes of 57 

lava flows and intrusions of poor silica rocks with accentuated sodium-alkaline content 58 

(Almeida, 1961). These volcanic episodes were described by Almeida (1961) from 59 

bottom to top as: Trindade complex, Desejado sequence, Morro Vermelho Formation 60 

(MV), Valado Formation and Vulcão do Paredão Formation (VP) (Fig.1). The volcanic 61 

spills are overlain by the Holocene deposits that represent a small portion of the 62 

stratigraphic units occurring on the island (Castro and Antonello, 2006) (Fig.1). 63 

Particularly in MV and VP formations, there are several pyroclasts such as lapilli and 64 

ash tuffs containing rotational lumps, blocks, aggregates and agglutinates of 65 

melanefelintic, basanite and tephrytic lava. Cordani (1970) suggested an eruption age by 66 

potassium-argon dating method of 0.17 Ma for the MV deposits. However, Pires et al. 67 

(2016) a recorded a 0.25 Ma age for the VP volcanic deposits and suggests that this 68 

volcanism represents the most recent volcanic activity of the Brazilian territory. 69 

Studies of volcano stratigraphy and eruption geological models in the area of the 70 

Paredão Volcano (Pasqualon, 2017) and Morro Vermelho Formation (Luz, 2016) 71 

showed intercalation of nephelinitic flows and pyroclastic deposits, leading to the 72 

interpretation of heterogeneous volcanism characterized by an early stage of the 73 

Hawaiian style eruption (Sumner et al., 2005; Parcheta et al., 2012; Rader et al., 2015), 74 

and a final phase of the Strombolian style. According to Pasqualon (2017) and Luz 75 

(2016), the Hawaiian style is represented, in the study area, exclusively by a'a flows but 76 

without describing the a´a morphotypes (Murcia et al., 2014). The Strombolian style is 77 

represented by pyroclasts deposits of tuff breccia and lapilli being composed mainly of 78 

basaltic scoria (Pasqualon, 2017 and Luz, 2016). 79 

The petrological and geochemical studies of the olivine-nephelinites in the VP rocks 80 

showed strongly fractionated REE patterns in the melanephelinites and basanites–81 

tephrites, suggesting the presence of garnet as a probable residual phase and generation 82 

of melt at about 100 km depth (Marques et al., 1999). Bongiollo et al. (2015) recently 83 
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used geochemical modeling to show that the nephelinites in Trindade Island were from 84 

magmas derived at a minimum of 1490 °C and 3 Gpa (>100 km depth). 85 

Studies to date have focused on the petrogenesis and age of lava flows and intrusions on 86 

Trindade Island.  87 

Except for studies of alteration of olivine crystals of the pyroclasts (Mateus et al., 2018), 88 

there is still a deficiency of studies with emphasis on alteration of the rocks, that evolve 89 

specific factors like young volcanic parent materials, interaction with seawater and 90 

climate conditions. Detailed studies analyzing the features of palagonization and 91 

zeolitization, which are constantly found on oceanic islands with basic rocks consisting 92 

of sideromelane altered to palagonite (Wentworth, 1926; Stearns and Vaksvik, 1935; 93 

Nakamura, 1961; Einarsson, 1965; Thorseth et al., 1991) and to zeolite (Nayudu, 1964; 94 

Hay and Iijima, 1968; Iijima and Harada, 1969; Kristmannsdóttir and Tómasson, 1978), 95 

can be used to understand the mechanisms involved in the transformations of pyroclatic 96 

rocks from the Trindade  Island. 97 

Therefore, this study used combined macromorphological, micromorphological, 98 

mineralogical and geochemical techniques to examine the composition, alteration 99 

products, and origin of the pyroclasts in MV and VP formations. 100 

2. Methodology 101 

The pyroclastic rocks were collected from the Holocene VP Formation (the latest event) 102 

and the Late Quaternary MV formation. Macromorphologically, the coloration and the 103 

mineral constituents of the rocks were observed with the aid of a magnifying glass of 104 

20x. The pyroclasts were measured and classified according to the systematic of the 105 

IUGS (Le Maître, 2002) taking into account the size of the clasts. The petrological 106 

description including mineralogy, texture, estimation of the percentage of minerals and 107 

photographic images were performed in polished thin sections using a Zeiss microscope 108 

coupled with a camera. 109 

More detailed mineralogical information was obtained on the samples using X-Ray 110 

Diffraction (XRD) technique. The samples were initially gently powdered in agate 111 

mortar and sieved with 250 mesh. The samples were analyzed at a scanning interval of 2 112 

to 70 °2θ with a step size of 0.02 ° 2θ/s using a CuKα radiation and power 45KV and 113 

40mA on a Panalytical diffractometer at the Universidade Federal de Ouro Preto 114 

(DEGEO/UFOP), Brazil. The diffractograms were interpreted with X'pert HighScore 115 
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Plus software and compare with standards (Brindley and Brown, 1980). The Transform 116 

Fourier Thermo Nicolet, Nexus 5700 series infrared spectrometer coupled with   117 

Thermo Scientific Nicolet Continum microscope was used to complement the XRD 118 

mineralogical analyses at the IC2MP institute, Université de Poitiers, France. These 119 

analyses were performed on clay fractions and point analyses in thin sections. In 120 

microscope the near-infrared spectra (8000-4000 cm
-1

) were obtained using source of 121 

white light, beamsplitter CaF2, resolution of 4cm
-1

, optical velocity of 0.3165 cm s
-1

 and 122 

100 scans. The spectra of clay fraction were obtained with the same condition of 123 

acquisition in thin sections, but with velocity of 0.12659 cm s
-1

. 124 

Image analyses of the clay minerals were performed with a JEOL 2011 Bruker Esprit 125 

Transmission Electron Microscope (TEM) at CinaM-CNRS, Aix Marseille University. 126 

The suspended clay separates were deposited onto carbon coated Formvar film Cu 127 

grids. The palagonitized regions were scraped and then deposited in resin to be made 128 

cuts in ultramicrotome. The cuts were deposited in grids.  129 

The chemical analyses of the major and trace element compositions of the samples were 130 

measured in the ICP-OES Agilent Technologies 725 while the rare earth elements 131 

(REE) were performed in the ICP-MS Agilent Technologies 7700 at DEGEO/UFOP 132 

LGqa Laboratory. For total digestion of 0.1g of each sample, 1ml of hydrogen peroxide, 133 

3ml of HCl at 10mol/L, 6 ml of HNO3 to 10mol/L, 20ml of HNO3 to 2 mol/L and 4ml 134 

of HF concentrate were used. The percentage of SiO2 was calculated in a relative way 135 

by the difference to 100% in the sum of the main elements and LOI. 136 

Back-scattered electron images and semi-quantitative chemical analyses by Electron 137 

Dispersive X-ray (EDX) were made to analyze the habit and chemical compositions, 138 

respectively, of the volcanic glass and palagonite. These analyzes were made in 139 

Scanning Electron Microscope (SEM) coupled with EDX Jeol JSM-6510 with an 140 

operating voltage of 20KV. 141 

The microanalyses of the olivines, pyroxenes, zeolites, spinels, sideromelane and 142 

palagonite were performed with electron microprobe JEOL JXA-8230 at the 143 

Microanalysis Laboratory of the DEGEO/UFOP. The acceleration and current 144 

conditions were 15 kV and 20 nA, and corrections of the common ZAF matrix were 145 

applied. The counting time in the peaks/background were 10/5s for all elements except 146 

the sodium that was 20/10s (Na, Si, Al, Mg, Fe, Cr, Ti, Ca, Ni, K, Mn). The punctual 147 

analyses were calibrated with jadeite-TAP, rutile-LIF, sanidine-PETJ, magnesium-TAP 148 
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oxide, chromium-LIF oxide, AN100-PETJ, corindon-TAP, rodonite-LIF, quartz-TAP, 149 

magnetite-LIF. The FeO was considered as the amount of total iron obtained through 150 

the microprobe. 151 

3. Results  152 

The pyroclastic rocks collected in the VP (pyroclast 1) and MV formations (pyroclasts 2 153 

and 3) were classified according to their sizes (Le Maître, 2002). The pyroclasts 1 and 2 154 

are classified as tuff breccia deposit according to diagram of Németh and Martin (2007). 155 

The pyroclasts 1 and 2 contain more than 75% of angular and subangular fragments 156 

larger than 64.0mm (blocks) (Figs. 2A, C).  In addition, pyroclast 1 contains fragments 157 

between 2.0 and 64.0mm (lapilli; Fisher, 1966) in smaller proportions (Fig. 2B). The 158 

pyroclast 3 belongs to a lapilli deposit containing more than 75% of 2.00 to 64.00mm 159 

(lapilli) fragments (Figs. 2D, E). Macroscopically, all the pyroclasts have dark gray 160 

color with some brownish to reddish regions, and vesicular and amygdaloid structures 161 

(Fig. 2). The matrix of the pyroclasts contain scattered small green crystals (~2.0 mm). 162 

Owing to the fine-grained size (<1.0 mm) of the matrix constituents, it is difficult to 163 

distinguish their mineral composition in macroscopic view. 164 

Microscopically the pyroclast 1 are altered and show reddish brown vitreous matrix 165 

(Fig. 3A) that is attributed to exposure to intense alteration. Some regions of pyroclasts 166 

2 have grayish stains because of the presence of unaltered portions of the rock (Fig. 3E). 167 

However, fragments in pyroclast 3 are yellowish brown in color (Fig. 3J). All the 168 

pyroclasts have vesicular and amygdaloid structures and hypocrystalline textures (Figs. 169 

3A, D, J). The pyroclasts are composed of a pale brown vitreous mass in 50% of thin 170 

section area, which are isotropic in crossed polarized light and occurs around olivine, 171 

pyroxene and spinel crystals. Bulk rock XRD analyses show that the matrix of these 172 

pyroclasts are essentially composed of biotite, goethite, ilmenite, anatase, magnetite, 173 

hematite, pyroxene and olivine (Mateus et al., 2018). 174 

Glass – The vitreous mass (glass) is classified as sideromelane due to the basaltic 175 

composition of the pyroclasts (Table 1; Figs. 4B, C). The sideromelane changes to a 176 

reddish brown (Fig. 3B) and yellowish brown (Fig. 3K) materials identified as 177 

palagonites. In pyroclast 1, the glass is totally palagonitized and it is possible to find 178 

only sideromelane in pyroclasts 2 and 3. The reddish colorations are due to a high 179 

degree of alteration and high Fe content. In some portions, palagonite is whitish (Fig. 180 

3K) due to leaching of Fe in the reddish brown and yellowish brown palagonite. This 181 



6 
 

process is similar to what was observed in palagonites of Iceland (Thorseth et al., 1991). 182 

Chemical analyses of the palagonite showed a loss of alkali and alkaline-earth elements 183 

(Na, Ca, Mg) and enrichment of Fe and water in relation to the sideromelane (Table 1) 184 

in the reddish and yellowed regions. This composition is similar to those found in 185 

palagonites from previous studies such as Peacock (1926, 1928), Thorseth et al. (1991), 186 

Stroncik and Schmincke (2001, 2002) and Pauly et al. (2011). The infrared analyses in 187 

the palagonitized regions of pyroclasts 1 and 2 showed the presence of halloysite (Fig. 188 

5). Notably, the characteristic bands of halloysite are observed at about 7070, 7200, and 189 

4530 cm
-1

. The two former bands are attributed to the first overtones of the Al2OH 190 

stretching vibrations  and the latter band to the Al2OH stretching plus bending 191 

combination mode (Madejová et al., 2011). Images of TEM confirm the presence of 192 

tubular halloysite in the clay fraction of the altered and palagonitized portions of the 193 

pyroclasts. The diameter of the tubes ranges from 0.1 to 0.2m (Fig. 6). Figure 6B 194 

shows a halloysite crystal and a fragment of volcanic glass.   195 

Olivine – Olivine is euhedral, forsterite (Fo80) in composition (Mateus et al., 2018) and 196 

makes up 20% of the rock in all the pyroclasts. The olivine phenocrysts in pyroclast 1 197 

are essentially altered and fractured with axis sizes greater than 1mm (Fig. 3A). The 198 

fractures and edges of these altered and fractured olivine phenocrysts in pyroclasts 1 are 199 

filled and corroded with reddish dark brown colored iddingsite (Fig. 3A). However, 200 

well preserved olivine phenocrysts with sizes ranging from 0.5mm to 3mm dominate 201 

pyroclasts 2 and 3 (Figs. 3D, L).  202 

Pyroxene – The pyroxenes were observed as very small crystals about of 70 µm in the 203 

form of microliths in the vitreous matrix and present in trace amount (5 %) in pyroclast 204 

1 (Fig. 3B). Pyroxenes in pyroclast 2 are mostly tiny (20 µm), dispersed in the matrix 205 

and surround the olivine phenocrysts with high interference colors, and are present in 206 

small amount (15 %). However, largest crystals of ⁓120 mm are rarely found (Fig. 3F). 207 

In the pyroclast 3, prismatic pyroxenes, constituting about 25 %, are tiny (⁓20 µm) and 208 

occur within the microlytic matrix and surrounding the olivine phenocrysts (Fig. 3L). 209 

Electron microprobe micro-chemical analyses show that the pyroxene in pyroclasts 1 210 

and 2 are diopside (Table 2; Fig. 7). TEM analyses also show occurrence of fragments 211 

of pyroxene in clay fraction (Fig. 6D).  212 

Spinels – Spinels are commonly observed dispersed in the matrix of the pyroclasts, and 213 

within the fractures and edges of olivine phenocrysts in varying trace amounts (5 – 10 214 
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%; Fig. 3C). The crystals are anhedral and are about 0.05mm in size. Electron 215 

microprobe analyses shows that the spinels are titaniferous magnetites, and some 216 

crystals display Cr-rich and Cr-poor zones (Table 3; Figs. 4E, G, H). Due to the degree 217 

of alteration of the spinels, it was difficult and nearly impossible to determine their 218 

chemical composition as none of the analysis was close to 100 %.  219 

Zeolite – In pyroclast 2, amygdales and microfractures are partially to completely fill by 220 

zeolites (Figs. 3D, E, H). The zeolites are small pseudorhombohedral crystals (Fig. 3E), 221 

mostly less than 20 µm, with low interference colors, and constitute about 10% in thin 222 

section observations. The zeolites filled microfractures sometimes crosscut the olivine 223 

crystals (Figs. 3G, I) and vesicles (Fig. 3I), suggesting their latter and secondary 224 

crystallization. The zeolites also crystallize in the walls of the palagonitized portions 225 

(Fig. 4F).  226 

Electron microprobe analyses of the zeolites in pyroclast 2 shows that they are 227 

predominantly heulandite-Ca and chabazite-Ca (Table 4; Figs. 4F, G). Both the 228 

heulandite-Ca and chabazite-Ca are found in the amygdales filled zeolites while those in 229 

the microstructure veins are essentially chabazite-Ca. The average calculated structural 230 

formula is (Ca3.17Na0.85K4.28)8.3(Si21.58Al10.34)O72.26H2O and Ca1.31(Al4.42Si7.6O24).13H2O 231 

for the heulandite-Ca and chabazite–Ca, respectively. The Si:Al ratios are relatively low 232 

in the heulandite-Ca (2.08) and chabazite-Ca (1.74).  233 

Geochemical of pyroclasts – The pyroclasts are undersaturated with silica (~37 %). 234 

Na2O content is higher than K2O in pyroclasts 1 and 2 but lower in pyroclast 3 (Table 235 

5). All the pyroclasts plot in the ultrabasic rocks and foidites fields on the Na2O + K2O 236 

vs SiO2 TAS classification diagram (Fig. 8; Les Bas et al., 1986). The high FeOt, MgO, 237 

TiO2 and CaO contents in all the pyroclasts (Table 5) are probably due to the presence 238 

of ferromagnesian minerals such as magnetites, olivines, ilmenites and clinopyroxene. 239 

The pyroclasts are also enriched in trace elements, such Ba, Cr, Sr, V, Zr, Zn and Ce 240 

(Table 5). The elevated trace elements contents are related to the presence of pyroxenes 241 

as shown by Panina and Stoppa (2009) who documented the enrichments of trace 242 

elements in clinopyroxenes in foidian olivine in southern Italy. Moreover, the pyroclasts 243 

display strong enrichments of light rare earth elements (LREE) over the heavy rare earth 244 

elements (HREE) (∑LREE/∑HREE = 12.38 to 13.71; La/Yb= 33.55 to 40.85, Table 5.5 245 

and Fig. 9).  246 

4. Discussions 247 
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4.1 The eruption type and the alteration process of pyroclasts  248 

According to Walker and Croasdale (1971), the eruptions during the formation of 249 

pyroclastic deposits can be regarded as Strombolian-type by producing initially coarse 250 

materials, with a restricted range of sizes. This affirmation is attested in this study by 251 

the presence of blocks and lapilli. Additionally, the high vesicularity and fluidal shape 252 

presented by the fragments, that indicate degassing and magmatic fragmentation, are 253 

characteristic of Strombolian-type eruption (Vergniolle and Brandeis, 1996; Vergniolle 254 

et al., 1996; Houghton et al., 1999). The Strombolian-type eruption is supported by 255 

studies of Pasqualon (2017) and Luz (2016) on pyroclasts deposits in the areas of this 256 

study.  257 

The main alteration products of pyroclasts are: palagonite, iddingsites, halloysite and 258 

zeolites.  259 

The palagonite is an alteration product of volcanic glass (like sideromelane) and its 260 

presence is characterized by regions with reddish and yellowish color due to the relative 261 

concentration of iron due to the loss of more mobile chemical elements such as Na, K, 262 

Mg (Stroncik and Schimincke, 2002).  Several authors consider that the palagonite is 263 

the first stable product of aquatic mafic glass alteration (Peacock, 1926; Hay and Iijima, 264 

1968; Staudigel and Hart, 1983; Furnes, 1984; Thorseth et al., 1991). Bunsen (1847) 265 

and Correns (1930) were the first to observe that the alteration of sideromelane to 266 

palagonite results in loss of some elements. An explanation for the formation of 267 

palagonite would be a hydrovolcanic eruption that occurred  when the ascending magma 268 

came into contact with sea water at high tide (Stroncik and Schimincke, 2001). The 269 

process of palagonitization by the hydrovolcanic eruption (Németh and Kósik, 2020) 270 

has been previously described in volcanic islands, such as the Azores, Hawaii 271 

(Wentworth, 1926; Stearns and Vaksvik, 1935) and Oshima (Nakamura, 1961); and in 272 

lakes or low ground with a high groundwater in Auckland (Searle, 1965), Idaho 273 

(Hamilton and Bvers, 1963) and Iceland (Einarsson, 1965). According to Bonati (1965), 274 

hydration of the lava is probably faster at higher temperatures when the lava is still in a 275 

molten state. During this phase, the hydrous lava forms directly hydrated glass 276 

(palagonite). This process seems to have occurred in the  pyroclast 2 because there is a 277 

large amount of yellowish brown palagonite with little sideromelane. 278 

Following the complete consolidation of magma and the alteration of volcanic glass as a 279 

result of seawater interaction, the pyroclasts underwent a second phase of alteration due 280 
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to exposure to meteoric water. The presence of halloysite in the palagonitized 281 

sideromelane attested by infrared and MET analyses; the crystals of olivine and 282 

amigdals cut by zeolites veins, the presence of zeolites crystallized in palagonitized 283 

regions; and the presence of iddingsitized olivines (see Mateus et al., 2018) corroborate 284 

this proposition.  285 

Alterations of sideromelane to zeolites have been described in palagonite tuffs from 286 

Oahu, Hawaii (Hay and Iijima, 1968; Iijima and Harada, 1969) and Iceland (Nayudu, 287 

1964). The probable formation of zeolites in pyroclast 2 would to be the reaction of 288 

sideromelane with meteoric fluid in temperature around of 100°C.  According to 289 

Kristmannsdóttir and Tómasson (1978), heulandite, stilbite and analcime may form at 290 

temperatures below 100°C. Barrows (1980) described heulandite, clinoptilolite, 291 

mordenite, analcime, thomsonite, erionite and chabazite in thick Miocene volcaniclastic 292 

sequences in Nevada attributed to a process involving the circulation of low temperature 293 

meteoric fluid in an open hydrologic system. Höller and Wirsching (1980) observed the 294 

formation of chabazite, phillipsite, and analcime in the reaction of nephelinite with a 295 

solution of 0.01 N NaOH at 150°C in open system. 296 

In this study, the meteoric water reacted with the vitreous matrix of the rock to form the 297 

palagonite and precipitated the Si, Al, Ca, Na, and K in the form of zeolites in the 298 

adjacencies of the palagonite, similar to the one described by Hay and Iijima (1968) and 299 

Iijima and Harada (1969) in zeolithic palagonite tuffs. The occurrence of zeolites 300 

impoverished in silica is due to the low silica contents in the pyroclasts and primary 301 

basaltic magma. 302 

In all pyroclasts occur olivines iddingsitized by meteoric water. The difference in the 303 

degree of preservation or alteration of olivine phenocrysts between VP (pyroclast 1) and 304 

MV (pyroclasts 2 and 3) is related to their position on the sampling profile (Mateus et 305 

al., 2018).  The pyroclast 1 was collected at higher altitude and in a more humid region, 306 

exposing it to greater leaching and alteration processes compared to pyroclasts 2 and 3 307 

that were collected from much lower altitude with less exposure to alterations. Mateus 308 

et al. (2018) argue that the presence of iddingsite in the high altitude and humid region 309 

indicates an advanced alteration stage of the olivine crystals during weathering. 310 

4.2  Geochemical considerations  311 
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The presence of spinels enriched with chromium and the LREE enrichment indicate that 312 

the magma has a mantelic origin (Irvine, 1965).   313 

The strongly fractionated REE patterns suggest the presence of garnet as a probable 314 

residual phase, implying that melt generation occurred at depths of about 100 km.  This 315 

interpretation is corroborated by the earlier work of Marques et al. (1999), who 316 

suggested a garnet magma source at deeper depth (~100 km) for the olivine-nephelinites 317 

in the VP Formation and proven by Bongiollo et al. (2015) through geochemical 318 

modeling. 319 

5. Conclusions 320 

The Quaternary pyroclastic rocks of the Vulcão do Paredão (Holocene) and Morro 321 

Vermelho (Pleistocene) showed the following products of alteration:  322 

1- sideromelane palagonitized through the interaction of magma with the sea water and 323 

subsequently with meteoric water; 324 

2- particularly in the pyroclast 2, the palagonite alters to form zeolite and halloysite 325 

through the passage of hydrothermal fluids and meteoric water during weathering.  326 

The main factors justifying this assertion are: 327 

1- in the palagonitized regions there is a loss of bases (Na, Ca, Mg) and an enrichment 328 

of Fe and water in relation to the sideromelane; 329 

2.1- the chemical analysis by microprobe showed the presence of zeolites alongside the 330 

palagonite; 331 

2.2- the point-source analyses of infrared allow to identify halloysite in the palagonite 332 

of pyroclast with totally altered sideromelane; 333 

2.3- TEM observations confirm the presence of halloysite in the palagonitized regions. 334 

In addition, the presence of palagonite may indicate a hydrovolcanic eruption for these 335 

deposits.  336 
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 493 

Table 1: EDX analyses of sideromelane and palagonitized regions. 494 

 495 

 

1-palagonite 2-sideromelane 2-palagonite 3-sideromelane 3-palagonite 

Figure 4A Figure 4C Figure 4D, F Figure 4B Figure 4B 

N° 1 2 3 4 1 2 3 4 5 1 2 3 4 1 2 3 4 5 6 

% 

Na2O 0.30 0.22 0.23 0.49 5.72 5.51 5.44 6.11 6.21 0.23 0.45 1.12 0.42 3.56 3.65 3.68 0.15 0.04 0.07 

SiO2 25.52 29.82 28.37 32.36 54.62 53.92 50.35 54.87 55.64 16.74 30.84 34.66 30.61 40.37 39.88 39.91 31.85 41.83 40.22 

Al2O3 14.76 17.79 14.05 15.67 25.01 23.70 23.28 24.62 24.87 16.24 15.05 20.60 21.95 13.18 13.05 13.03 23.33 8.71 7.64 

MgO 1.34 1.86 1.65 3.05 0.11 0.69 0.66 0.14 0.17 0.41 2.24 1.27 0.74 5.04 4.99 5.02 0.72 0.86 0.73 

ZnO 0.00 0.02 0.00 0.19 0.07 0.04 0.00 0.04 0.02 0.00 0.00 0.00 0.00 0.09 0.01 0.00 0.03 0.07 0.00 

FeO 7.41 8.23 8.60 9.58 0.93 1.26 1.24 0.74 0.82 0.33 4.59 3.18 1.06 11.47 11.48 11.43 4.34 14.93 14.10 

SrO 0.00 0.00 0.00 0.00 0.01 0.04 0.05 0.04 0.01 0.02 0.16 2.60 0.30 0.00 0.00 0.00 0.00 0.00 0.00 

CaO 2.21 2.18 2.94 8.20 1.63 4.18 4.44 2.11 1.07 1.74 4.26 5.27 5.58 14.72 14.51 14.49 1.53 4.37 4.43 

Cr2O3 0.00 0.00 0.00 0.30 0.00 0.09 0.14 0.00 0.06 0.11 0.00 0.00 0.08 0.00 0.04 0.05 0.03 0.00 0.04 

P2O5 0.54 0.47 0.20 2.30 0.38 0.87 0.19 0.83 0.09 0.48 0.83 1.16 1.90 0.80 0.88 0.83 0.33 1.11 1.24 

NiO 0.05 0.02 0.00 0.01 0.00 0.02 0.00 0.00 0.02 0.00 0.01 0.03 0.02 0.00 0.00 0.00 0.04 0.00 0.03 

K2O 0.12 0.15 0.18 0.09 0.23 0.13 0.24 0.15 0.16 0.34 0.57 3.60 1.06 3.80 3.91 3.85 0.48 0.58 0.65 

MnO 0.07 0.06 0.08 0.09 0.03 0.00 0.06 0.00 0.02 0.00 0.07 0.18 0.00 0.19 0.15 0.17 0.00 0.00 0.00 

SO3 0.04 0.06 0.02 0.13 0.02 0.06 0.07 0.01 0.02 0.47 0.02 0.04 0.07 0.19 0.18 0.16 0.13 0.01 0.00 

TiO2 2.51 2.66 3.97 4.79 0.36 0.42 0.53 0.39 0.49 0.17 3.48 0.29 0.28 5.84 5.82 5.80 0.28 8.17 8.15 

Total 54.86 63.53 60.28 77.24 89.11 90.91 86.68 90.06 89.68 37.28 62.56 74.00 64.06 99.24 98.55 98.41 63.25 80.68 77.29 
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 496 

Table 2: Micropobre analyses with ions calculated for clinopyroxene. 497 

 498 

 499 

 500 

 501 

 502 

 503 

504 

 
1-Diopsidie 2-Diopsidie 

Region Core Edge Interm. Edge Edge Edge 

% 

SiO2 41.33 42.79 47.36 47.41 47.30 46.41 

TiO2 6.54 5.61 2.95 3.17 3.48 3.97 

Al2O3 9.39 8.58 4.37 5.27 5.33 5.42 

FeO 7.70 7.61 7.50 6.43 6.74 7.43 

MgO 10.93 11.72 16.87 13.67 13.42 13.08 

MnO 0.06 0.05 0.14 0.12 0.12 0.13 

CaO 23.56 23.87 21.62 23.30 23.73 23.76 

Na2O 0.43 0.46 0.29 0.29 0.32 0.35 

Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 

NiO 0.00 0.00 0.00 0.00 0.00 0.00 

K2O 0.03 0.02 0.02 0.05 0.03 0.02 

Total 100.01 100.71 101.12 99.69 100.47 100.58 

Calculation based on 6 oxygens 

Si 1.57 1.61 1.76 1.78 1.77 1.74 

Ti 0.19 0.16 0.08 0.09 0.10 0.11 

Al 0.42 0.38 0.19 0.23 0.23 0.24 

Fe 0.25 0.24 0.23 0.20 0.21 0.23 

Mg 0.62 0.66 0.93 0,76 0.75 0.73 

Mn 0.00 0.00 0.00 0.00 0.00 0.00 

Ca 0.96 0.96 0.86 0.94 0.95 0.95 

Na 0.03 0.03 0.02 0.02 0.02 0.03 

Cr 0.00 0.00 0.00 0.00 0.00 0.00 

Ni 0.00 0.00 0.00 0.00 0.00 0.00 

K 0.00 0.00 0.00 0.00 0.00 0.00 

       Ens 0.34 0.35 0.46 0.4 0.39 0.38 

Fs 0.13 0.13 0.12 0.11 0.11 0.12 

Wo 0.53 0.52 0.42 0.49 0.50 0.50 
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Table 3: Chemical analysis by microprobe of the spinels of the pyroclasts 1, 2 and 3. 505 

 1 2 3 

 Fig. 4E Fig.4G Fig. 4H 

Region Edge Core Edge Core Edge Edge Core Core Edge Core Edge 

   No.  1 2 3 4 1 2 3 4 1 2 3 

%  

SiO2 0.04 0.07 0.00 0.06 0.14 0.04 0.03 0.09 0.05 0.00 0.03 

Al2O3 4.96 6.12 5.44 5.74 2.14 8.29 18.07 7.25 5.18 21.755 5.29 

MgO 5.63 9.52 8.09 7.26 1,267 3.83 11.67 4.40 8.01 10.789 8.15 

FeO 56.60 50.10 53.13 54.64 71.99 61.453 33.44 62.03 60.61 37.396 59.67 

Cr2O3 0.88 6.88 6.28 2.48 3.19 5.47 2.96 8.69 1.97 20.434 3.10 

MnO 0.36 0.42 0.47 0.77 0.18 0.29 4.07 0.44 0.39 0.13 0.45 

TiO2 21.77 16.70 17.74 20.18 10.392 9.12 2.30 5.34 18.94 4.65 17.93 

Total 90.30 89.80 91.15 91.13 89.307 88.501 93.55 88.24 95.75 9549 95.05 

Calculation based on 4 oxygens 

Si 0.001 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 

Ti 0.622 0.561 0.561 0.561 0.561 0.561 0.561 0.561 0.561 0.561 0.561 

Al 0.222 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 

Cr 0.027 0.073 0.073 0.073 0.073 0.073 0.073 0.073 0.073 0.073 0.073 

Fe
+2

 0.506 0.550 0.550 0.550 0.550 0.550 0.550 0.550 0.550 0.550 0.550 

Fe
+3

 1.293 1.139 1.139 1.139 1.139 1.139 1.139 1.139 1.139 1.139 1.139 

Mn 0.012 0.024 0.024 0.024 0.024 0.024 0.024 0.024 0.024 0.024 0.024 

Mg 0.319 0.400 0.400 0.400 0.400 0.400 0.400 0.400 0.400 0.400 0.400 

 506 

 507 

 508 

 509 

 510 

 511 

 512 

 513 

 514 

 515 

 516 

 517 

 518 

 519 

 520 

 521 

 522 

 523 

 524 
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Table 4: Chemical analysis by microprobe of the zeolites of the pyroclast 2. 525 

Mineral Heulandite-Ca Chabazite-Ca Chabazite-Ca Chabazite-Ca 

Region 
Amygdale filled 

Fig.  4G 

Fracture 

Fig. 4G 

Fracture 

Fig. 4F 

Amygdale 

partially filled 

Fig.  4G 

N° 5 6 5 7 

% 

SiO2 48.21 47.09 45.87 49.18 

TiO2 0.09 0.05 0.00 0.00 

Al2O3 19.60 23.25 24.02 23.92 

FeO 1.06 0.18 0.24 0.32 

MgO 0.13 0.20 0.05 0.30 

MnO 0.05 0.00 0.00 0.00 

CaO 6.60 7.57 8.74 7.52 

Na2O 0.49 0.13 0.36 0.31 

K2O 4.24 0.69 4.98 0.91 

Cr2O3 0.03 0.04 0.00 0.00 

H2O 19.50 20.80 14.23 17.54 

Total 100.00 100.00 100.00 100.00 

 

Calculation 

based on 98 

oxygens 

Calculation based on 36 oxygens 

 

Si 21.58 7.60 8.08 8.16 

Ti 0.00 0.00 0.00 0.00 

Al 10.34 4.42 4.99 4.68 

Fe 0.40 0.02 0.04 0.04 

Mg 0.09 0.05 0.01 0.08 

Mn 0.02 0.00 0.00 0.00 

Ca 3.17 1.31 1.65 1.34 

Na 0.85 0.08 0.25 0.20 

K 4.84 0.28 2.24 0.38 

Cr 0.00 0.00 0.00 0.00 

H 65.50 25.18 18.82 21.84 

 526 

 527 

 528 

 529 

 530 

 531 

 532 

 533 

 534 

 535 

 536 

 537 

 538 

 539 
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Table 5: Chemical analyses of the major elements, trace and REE in representative 540 

samples of pyroclasts of the Vulcão do Paredão (1) and Morro Vermelho (2 and 3). LQ 541 

= Quantification Limit. 542 

Pyroclasts 

  %   

 
 SiO2 Al2O3 FeOt TiO2 CaO Na2O K2O MgO MnO P2O5 LOI K2O/ Na2O Total 

 

1 37.47 14.68 19.58 6.95 5.43 0.53 0.15 4.50 0.30 1.36 9.05 0.28 100.00 
 

2 37.50 11.95 16.09 5.36 11.15 0.57 0.27 7.37 0.27 1.48 7.99 0.47 100.00 
 

3 37.81 13.38 18.46 7.31 3.50 0.29 0.48 3.67 0.30 0.86 13.95 1.65 100.00   

  Ppm   

 
As  Ba  Co  Cr  Cu  Li  Mo  Ni  Sr  Th  V  Zn  Be  Sb  

1 <LQ 1377.45 127.12 252.82 44.73 14.35 <LQ 115.04 1240.76 33.40 248.97 145.55 1.08 <LQ 

2 <LQ 1608.22 92.73 363.23 75.9 10.94 <LQ 127.93 1592.12 39.5 302.20 128.11 1.00 <LQ 

3 <LQ 1887.55 116.35 472.19 87.47 9.69 <LQ 115.02 566.09 32.02 275.81 172.75 1.13 <LQ 

 
Zr  Pb  S  Sc    Ga  Y    Cd   In   Cs     La    Ce   Pr    Nd   Sm  

1 314.24 <LQ 220.20 34.83 33.44 42.62 1.86 0.15 1.04 101.82 267.19 27.42 109.93 20.58 

2 279.70 <LQ 110.88 29.49 28.96 48.56 0.88 0.12 0.75 124.19 299.11 32.55 131.87 24.14 

3 308.19 <LQ 65.44 37.16 33.80 41.28 0.50 0.16 0.62 89.93 229.24 23.99 97.44 18.72 

 
  Eu  Gd    Tb     Dy    Ho    Er     Tm     Yb     Lu     Tl    Pb    Bi    Th      U   

1 6.34 18.01 2.00 10.1 1.67 4.03 0.46 2.56 0.35 <LQ 4.19 <LQ 8.86 2.51 

2 7.28 20.60 2.25 11.26 1.87 4.66 0.53 3.04 0.41 <LQ 10.64 <LQ 11.09 2.68 

3 5.85 16.37 1.87 9.67 1.64 4.04 0.48 2.68 0.36 <LQ 12.23 0,043 8.81 2.01 

 543 

 544 

 545 

 546 

 547 

 548 

 549 

 550 

 551 

 552 

 553 

 554 

 555 

 556 

 557 

 558 

 559 

 560 

 561 

  562 

 563 

 564 

 565 

 566 
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 567 
Figure 1: Geological map of Trindade Island and the regions of collection of pyroclasts 568 

1, 2 and 3. Modified of Patrício (2012).    569 

 570 
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 571 
Figure 2: (a) Pyroclast 1 of Vulcão do Paredão formation showing reddish-colored 572 

alteration features. On the right, sample where the blade was made for the 573 

micromorphological description.  (b) Image showing lapilli of different sizes in 574 

pyroclast 1. (c) Pyroclast 2 of the Morro Vermelho formation, with the altered edges of 575 
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reddish coloration.  On the right, image of the sample where the blade was made for the 576 

micromorphological description. (d) Pyroclast 3 of the Morro Vermelho formation. On 577 

the right is the sample where the blade was made for micromorphological description. It 578 

is possible to observe reddish-colored alteration features. (e) Image showing smaller 579 

lapilli grains of 2mm with alteration features. 580 

 581 

 582 

Figure 3: Pyroclast 1: (a) PPL photomicrograph from the euhedral olivine phenocrystals 583 

with altered borders for iddingsite wrapped by reddish brown matrix. (b) PPL 584 

photomicrograph from the prismatic pyroxene near vesicles wrapped in palagonite. (c) 585 

Reflected light photomicrograph showing the crystals of spinel in the matrix.  586 
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Pyroclast 2: (d) XPL photomicrograph showing hypocrystalline structure, veins and 587 

vesicles partially and totally filled by zeolites. (e) PPL photomicrograph from the 588 

rhombohedral zeolites with low relief and glass volcanic grayish. (f) XPL 589 

photomicrograph from the pyroxenes intercrossed. (g) PPL photomicrograph showing 590 

vein of zeolite cutting olivine crystal. (h) PPL photomicrograph showing 591 

hypocrystalline structure and partial vesicles and fully filled by zeolites. (i) XPL 592 

photomicrograph from vein of zeolite cutting vesicles filled by zeolite. 593 

Pyroclast 3: (j) XPL photomicrograph from the fragments of 2mm pyroclasts with 594 

vesicles structure. (k) PPL photomicrograph showing fully palagonitized glass and 595 

region with white palagonite.  (l) XPL photomicrograph from the hypocrystalline matrix 596 

with vesicles and small crystals of pyroxenes around phenocrystals of fractured 597 

olivines. Some olivine crystals are euhedral. XPL = cross polarized light; PPL = plane 598 

polarized light; Ol = olivine; Px = pyroxene; Sp = spinel, Zeo = zeolite. 599 

 600 
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 601 

Figure 4: SEM photomicrograph and point of microchemical analyses by micropobre of 602 

pyroclasts. Pyroclast 1: (a) Punctual analysis of the palagonite in the wall and around a 603 

vesicle, (e) Punctual analysis of two spinel crystals. 604 
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Pyroclast 2: (c) Punctual analyses in sideromelane in the microlytic matrix, (d) and (f) 605 

Punctual analyses in a fracture filled by zeolites and palagonite. (g) Analysis of 606 

amygdales filled by zeolites and analysis of spinels crystals. 607 

Pyroclast 3: (b) Analysis of sideromelane and its alteration to palagonite., (h) Analyses 608 

of zoned spinel crystals. 609 

 610 

Figure 5: (a) NIR analysis of clay and palagonitized portions of pyroclast 1 and 2 611 

showing the presence of halloysite. The clay analysis was used to compare the positions 612 

of the signals between 7000 and 7230cm
-1

, since the signal in the palagonitized region is 613 

weak due to thickness and resin of the slender section. The spectrum of resine and glass 614 

was obtained to show the regions when occurs signal of resine and glass in spectrum of 615 

thin section.  b, c and d) XPL photomicrograph in regions palagonitized and points of 616 

the analysis of the pyr. 1 (b and c) and pyr. 2 (d). Pyr=pyroclasts. 617 

 618 
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 619 

Figure 6: TEM images of halloysites in clay fraction of altered regions of the pyroclast 620 

1 (a), 2 (c), and 3 (e) and halloysites in regions with palagonitization (pyroclast 1-b, 2-d 621 

and 3-f). In all figures the arrows indicate the tubular halloysite crystals. The figure b 622 
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shows the fragment of volcanic glass on halloysite crystals. In the lower left corner of 623 

figure d occurs a fragment of pyroxene.  624 

 625 

 626 

Figure 7: Morimoto diagram (1988) modified showing the composition of the 627 

clinopyroxene. The square indicates the pyroclasts 1 and 2. 628 

 629 

 630 

 631 
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 632 
Figure 8: TAS diagram (Les Bas et al. 1986) for the pyroclasts 1 (circle) of the Vulcão 633 

do Paredão and, 2 (cross) and 3 (square), both of Morro Vermelho formation.  634 

 635 

 636 
Figure 9: Typical chondrite-normalized (McDonough and Sun,1995) rare-earth-element 637 

(REE) plots of pyroclasts.  638 

 639 


