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Abstract

Submarine mafic and relatively Na-poor alkaline rocks in the Outer Carpathians often contain
aegirine, a sodic pyroxene usually found in differentiated alkaline rocks. Its presence in rocks
that are too basic and Na-poor for its conventional magmatic appearance is linked to sodic
alteration of submarine alkaline rocks. Aegirine crystals grow on altered rims of diopside,
commonly with crystallographic unconformity, suggesting that their growth was related to

alteration and that aegirine does not represent a late stage of continuous clinopyroxene
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crystallization. The U-shaped REE patterns in the studied aegirine lack Eu anomaly,
characteristic for aegirine from differentiated alkaline rocks. Therefore, the involvement of
chemically more evolved magma is unlikely to have played any role in the formation of
aegirine in ijolites and essexites. Formation of aegirine in submarine alkaline rocks may thus
represent an alternative process to spilitization. However, this process is strongly limited by
the availability of Fe’" oxidized and mobilized by hydrothermal alteration, which may explain
a relative scarcity of aegirine observed in submarine alkaline rocks compared to near-
complete albitization of spilites, and its absence in high-MgO rocks (> 10 wt%). Due to the
blocking effect related to Fe*" unavailability, ijolites and essexites do not display significant

Na enrichment. We posit that Na incorporated in aegirine was mainly sourced from the

zeolitized interstitial glass.

1. Introduction

Aegirine (nominally NaFe3+Si206) is a member of the clinopyroxene group and forms green
to greenish-black zoned crystals displaying strong green to brown pleochroism. It mainly
occurs in differentiated alkaline rocks (alkaline granites/rhyolites, foid syenites, phonolites,
leucocratic foidites and related pegmatoid rocks) in the association with sodic amphibole,
alkali feldspar and nepheline or quartz (e.g., Yagi 1966; Larsen 1976; Pazdernik 1997;
Piilonen et al. 1998; Baudouin et al. 2016). Aegirine was also frequently reported in high-
pressure low-temperature metamorphic rocks such as greenschist, blueschist and epidote-
amphibolites (e.g., Banno and Yamada 2012; Flores et al. 2015; Ghose et al. 2021), as a
product of sodic metasomatism - fenitization (e.g., Sutherland 1969; Cooper et al. 2016;

Weidendorfer et al. 2016), as authigenic phase resulting from diagenesis/anchimetamorphism
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of marine sediments (e.g., Fortey and Michie 1978; McSwiggen et al. 1994), and in Na-rich
magmatic rocks including carbonatites (e.g., Woolley et al. 1995; Chakhmouradian and
Mitchell 2002; Ackerman et al. 2021). Its hydrothermal origin at temperatures around ~200°C
was experimentally proven as well (Decarreau et al. 2004). In magmatic systems, it usually
crystallizes at lower magmatic temperatures, close to the solidus of differentiated alkaline
melts at a high oxygen fugacity (e.g., Yagi 1966; Mann et al. 2006). The presence of aegirine
in (ultra)mafic alkaline rocks may imply (i) extensive differentiation during crystallization of
mafic magma (e.g., Weidendorfer et al. 2016), or (ii) a mingling/mixing process involving a
batch of a differentiated alkaline melt (e.g., Chakhmouradian and Mitchell 2002). Neither of
these modes of the formation of aegirine is likely applicable to (ultra)mafic alkaline rocks

with no other signs of differentiation or mixing with chemically evolved melts and with

relatively limited contents of Na,O.

In the Bohemian Massif and the Outer Carpathians (Central Europe), aegirine was found in
Mesozoic alkaline mafic to ultramafic rocks (e.g., Ulrych et al. 1996; Dolnicek et al. 2010)
although it normally crystallizes from differentiated alkaline melts. Aegirine occurs in the so-
called Teschenite Association Rocks (TAR; Mencik et al. 1983), submarine alkaline rocks of
the Outer Carpathians, but is much less frequent compared to diopside. Aegirine was, for the
first time in the TAR, reported by Pacak (1926) from several localities. He mentioned
continuous compositional mixing series between both aegirine — aegirine-augite and aegirine
— augite. However, such observations were solely based on the optical microscopy with no in

situ micro-analytical technique available at that time, and should be treated with precaution.

In this study, we focused on the appearance and chemistry of aegirine of TAR occurrences in
the Moravia and Silesia regions (NE Czech Republic), to unravel the origin and possible

petrogenetic significance of aegirine in submarine mafic alkaline rocks. We also attempted to

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2023-8928. http://www.minsocam.org/
interpret whether aegirine can provide further constraints on the interaction of mafic alkaline

melts with the ambient environment.

2. Geological setting

The Cretaceous mafic alkaline rocks studied here and known as the Teschenite Association
Rocks (TAR; Mencik et al. 1983), are embedded as lavas or penetrate as dykes and sills into
the Early Cretaceous sedimentary sequences of the Outer Carpathians. The Outer Flysch
Carpathians represent the most external zone of the Carpathian mountain chain, which is a
part of the Alpine—Carpathian—Dinaridic orogenic system (Schmid et al. 2008) extending over
southern and southeastern Europe. The Outer Flysch Carpathians, extending from eastern
Czech Republic to southern Poland, comprise folded and thrusted strata of the latest Jurassic
to the Lower Miocene. In their present form, the Outer Flysch Carpathians consist of two
groups of nappes (Fig. 1): the Outer Group of Nappes (divided from the lowest to highest into
the Pouzdfany, Zdanice-Subsilesian, Silesian and Foremagura nappes/units), and the Magura
Group of Nappes. The entire nappe allochthons were thrusted more than 60 km over the

Miocene sediments of the Carpathian Foredeep (Picha et al. 2006).

The Silesian Nappe consists of Late Jurrasic to Oligocene, predominantly flysch sediments
deposited in the Silesian Basin (Mencik et al. 1983; Picha et al. 2006). They represent marine
sediments of the carbonate platform, continental slope, and deep-ocean floor. Since the areal
extent of the unit is large — just in the Czech territory it forms an irregular belt ca 120 km long
and up to ca 20 km wide, three facies (or subunits) differing in the stratigraphy and structures
are recognized: Godula (ocean floor), Kel¢ (frontal slope), and Baska (shelf) facies. For the

most significant Godula Facies, nine lithostratigraphic units (formations) were defined (Elias
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94  etal. 2003), including the Hradist¢ Formation (Mencik et al. 1983), which comprises

95  numerous small volcanic bodies of TAR (Fig. 1).

96  The rocks of TAR are largely described as sills in the un-metamorphosed Alpine-type

97 refolded sediments that include the volcanic bodies. The sill thickness is highly variable,

98 ranging from tens of centimetres to approximately 30—40 m (e.g., Wtodyka 2010). Szopa et al.

99  (2014) emphasized that shallow subvolcanic intrusions prevail in the Polish part of the belt,
100  but lavas and associated volcaniclastic deposits occur in the Czech part of the region as well.
101  Volcanic activity has been dated, based on micro- and macro-paleontological evidence from
102  the contact-metamorphosed sediments, to the Valanginian—Aptian (Hradisté Formation in the
103  regional stratigraphy; Elias et al. 2003). The Ar—Ar amphibole dating yielded ages in the
104  range 122.3-120.4 Ma (Lower Aptian: Lucinska-Anczkiewicz et al. 2002), which well fits
105  into the age-span of 126.5-103.0 Ma obtained from U-Pb apatite dating (Szopa et al. 2014).

106  Both geochronological methods are also consistent with the biostratigraphy.

107  The TAR rocks are characterized by highly variable mineral proportions as well as variable
108  structural and textural features and a wide range of post-volcanic alterations. Petrographic
109  classification of the IUGS (Le Maitre et al. 2002) considers the term teschenite to be a

110  synonym for analcime gabbro (< 10% alkali feldspar), but the variability of rocks regarding
111 the composition and textures as well as smooth transitions among single TAR rock types
112 make the classification significantly more complicated (e.g., Machek and Matysek 1994).
113 Moreover, analcime as a zeolite-group phase is not a primary magmatic phase and its role in
114  the classification of magmatic rocks should be re-considered. Historically, the term teschenite
115  has been far more broadly used (including foid syenite, foid monzosyenite, foid

116  monzogabbro, or even foid gabbro). Apart from phaneritic types with gabbroic appearance,
117  the TAR also includes alkali lamprophyres (camptonite, monchiquite, fourchite, ouachitite)

118  and fine-grained porphyritic types of effusive or near-surface intrusive bodies.
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119  Analcimization, chloritization, smectitization and carbonatization are the most frequent
120  processes taking place during TAR alteration. Even the contact-metamorphosed sediments in
121 the vicinity of TAR intrusive bodies sometimes carry the apparent signs of analcimization
122 (Matysek 1992). Despite extensive alteration, the composition of TAR corresponds to the

123 alkaline suite of ocean island basalt (OIB) affinity derived from the mantle via low-degree

124  partial melting (e.g., Dostal and Owen 1998).

125  Aegirine usually is present in the form of coatings on larger phenocrysts of diopside and/or
126  amphibole, but sporadically also forms thin needle-like crystals and aggregates in the

127  groundmass. While Wtodyka (2010) reported a continuous compositional trend from calcic
128  pyroxenes towards aegirine considered as an indicator of peralkaline melt compositions,

129  Dolnicek et al. (2010) concluded that aegirine crystallized from residual NaCl-rich magmatic
130  brines following the main magmatic crystallization stage. The aegirine crystallization

131  temperatures were estimated by Dolnicek et al. (2010) at 390-510 °C. Similarly, secondary
132 nature of aegirine and aegirine-augite rims on diopside in TAR-related monchiquite in

133 Cieszyn-Boguszowice (Poland) was revealed by Szopa et al. (2014). A post-magmatic origin
134  of aegirine-augite/aegirine coatings on diopside in the leucocratic dykes and nests within the
135 Repistd teschenite (Czech Republic) was also determined by Kropéag et al. (2020). These

136  authors supposed that aegirine crystallized from NaCl-rich hypersaline aqueous solutions

137  exsolved after the main magmatic crystallization phase.
138
139 3. Materials and methods

140  In the studied area, the occurrences of aegirine and aegirine-augite have recently been
141 documented from numerous sites, mostly in the form of radial sprays of needle-shaped

142 crystals, rather homogenous in BSE images (Figs 2a—d). Less frequently, aegirine occurs as
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143 outer growth-zones and caps on the termination of older clinopyroxene crystals. At some
144  places, we also recognized euhedral crystals of aegirine and aegirine-augite, usually with
145 chemical zoning visible in BSE (Fig. 2e). At a limited number of outcrops, aegirine is also
146  present in the form of well-developed needle-like crystals in miarolic cavities, usually filled
147 by post-volcanic calcite (Fig. 2f). We have selected representative samples containing
148  aegirine and aegirine-augite in six localities from over 40 inspected outcrops distributed
149 across the aerial extent of the TAR, where samples were collected. Compact aegirine crystals
150  were preferred instead of radial aggregates because they are more suitable for detailed

151 analytical work, including laser ablation ICPMS. The location and basic mineralogical

152 composition of individual samples are given in Tab. 1.

153  Sample TGOS represents a smaller dyke intruded into sedimentary (roughly syn-volcanic)

154  claystones, capped with a volcanic sequence of Petikovicka hora. This dike has been

155  classified as a devitrified augitite (Pour et al. 2022). The Stfibrnik locality (sample TG13) is a
156  sill intruded into the flyschoid sediments of the Hradist¢ Formation, which is naturally

157  exposed in the Stiibrnik creek gorge. The rock from this locality was formerly classified as
158  fourchite (Smid 1978) or teschenite (Dolniek et al. 2010). Another TAR sill (collected as

159  sample TG15) intruding into the Hradist¢ Formation sediments crops out in a gorge of a small
160  unnamed tributary of Tichavka creek. This body was not formerly described. Another outcrop
161  of TAR intrusion into the Hradist¢ Formation sediments is exposed in the Tichavka creek

162  bottom and banks (sample TG22), close to the TG15 sampling site. This occurrence is well
163 known since early 20" Century (Pacék 1926), who noticed large titanite crystals (up to 7x3
164  mm) in this rock. Earlier, this rock was classified as a lamprophyre due to accessory biotite
165  (Smid 1978), but it was subsequently re-labelled as teschenite without further details

166  (Dolnicek et al. 2010; Kropac et al. 2017). Kropa¢ et al. (2017) described aegirinization

167  related to the walls of secondary calcite veins cross-cutting the rock. Brunarska and
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168  Anczkiewicz (2019) provided an age of 123.7 + 2.1 Ma, based on U-Pb dating of large

169 titanite crystals. A leucocratic coarse-grained phaneritic pyroxene-rich sample TG25 was
170  collected from a historical rubbled outcrop near Borosin. Pacak (1926) described nepheline
171 and hydronepheline from this locality but these phases were not confirmed in the studied
172 samples. The sample TG37 was collected at Perna, where TAR sill is exposed in the Zebrak
173 creek gorge. Likewise the other sites, the sill intrudes into the sediments of the Hradist¢

174  Formation.
175 3.1.Mineral proportions

176  The mineral composition of studied rocks was analysed by employing x-ray diffraction

177 (XRD) housed at the Department of Geological Engineering, VSB-Technical University of
178  Ostrava. The XRD analyses were carried out using a Bruker-AXS D8 Advance instrument
179  with a 6/26 measurement geometry and the position-sensitive detector LynxEye under the
180  following conditions: radiation CuKa/Ni filter, 40 kV current, 40 mA voltage, step mode with
181  astep size of 0.014° 26, a counting time of 0.25 seconds per step, and acquisition of five
182  independent measurements. The qualitative analysis of diffraction patterns was performed
183  using the EVA software (Bruker-AXS) and the database PDF-2, release 2021 (International
184  Centre for Diffraction Data). The Rietveld method using the TOPAS software, version 5
185  (Bruker) was applied to verify the analyses, quantifications and to compute the unit cell

186  parameters of mineral phases.

187 3.2.BSE imaging and mineral phase identification

188  Prior to in situ mineral chemistry analyses, the samples were inspected using a FEI Quanta
189 650 FEG scanning electron microscope (SEM) housed at the Department of Geological

190  Engineering, VSB-Technical University of Ostrava. The imaging and preliminary detection of
191  mineral phases were made on natural (unpolished) fracture surfaces without the coating under

192  the following conditions: 15 kV beam voltage, 3 nA current, 5-6 um beam diameter, and a
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vacuum of <10 Pa. The Octane Elect Plus detector and Galaxy software (both EDAX) were
used. The identification and quantification of spectral lines was performed using the
decomposition method employing holographic peak deconvolution. Microphotographs were
obtained with a backscattered electron (BSE) detector in chemical gradient mode under the
following conditions: 10 kV beam voltage, 1 nA current, 4-5 um beam diameter, vacuum 50

Pa.

3.3.In situ mineral chemistry — major elements

The polished and carbon-coated cylinders (2.5 cm/1 inch in diameter) of rock samples
selected for further analytical work were prepared at the Czech Geological Survey in Prague.
In situ micro-analyses of the studied pyroxenes composition were performed using a FEG-
SEM Tescan MIRA 3GMU, housed at the Czech Geological Survey in Prague and equipped
with two energy-dispersive spectrometers Oxford Instruments Ultim Max 100. The analyses
were conducted with an accelerating voltage of 15 kV, absorbed current of =3 nA, and a
working distance of 15 mm. Counting times were 15 s. For quantitative analyses SPI mineral
block standards were used (jadeite (Na Ka, Al Ka), forsterite (Mg Ka), quartz (Si Ka), baryte
(S Ko, Ba La), tugtupite (ClI Ka), orthoclase (K Ka), diopside (Ca Ka), rutile (Ti Ka),
rhodonite (Mn Ka) and almandine (Fe Ka)). Analyses were processed using the Aztec 6.0
software (Oxford Instruments). The method of Vieten and Hamm (1978) balancing the
deficiency of oxygen atoms corresponding to 4 cations (with all iron as Fe*") was used for the

calculation of Fe*" contents in clinopyroxenes.
3.4.In situ mineral chemistry — trace elements

The trace element contents of the studied pyroxenes from TAR were determined at the Czech
Geological Survey in Prague using an Agilent 7900 quadrupole (Q)-ICPMS (Agilent
Technologies Inc., USA) coupled with an Analyte Excite Excimer 193 nm LA system (Photon

Machines, USA), equipped with a two-volume HelEx ablation cell. In total, 33 masses were
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218 monitored (*’Al, 2*Si, **Ca, **Sc, 3'V, **Cr, 3Mn, *°Fe, **Rb, **Sr, *Zr, *Nb, *’La, '*°Ce,
219 pr, ONd, “Sm, PRy, 157Gd, 1Tb, Dy, '“Ho, 'Er, '“Tm, 2Yb, *Lu, |*Hf, 2*Pb,
220 2°°Pb, 2’Pb, *®*Pb, »**Th and **U). The laser beam diameter was 35 pm. The applied laser
221 fluence was 9.42 J-cm * with a pulse rate of 10 Hz. A typical analysis consisted of

222 background acquisition (gas blank, 20s), sample ablation (40s), and wash-out (40s). The

223 internal standardization was based on **Si and */Ca concentrations determined using SEM.
224 The NIST 610 and 612 reference glass wafers (Jochum et al. 2011) were used for external
225  calibration. These wafers were analyzed at the beginning and at the end of the analytical

226  sessions, and after every five measurements of unknown samples to monitor the instrumental

227  drift. The Iolite 4.0 software package (Paton et al. 2011) was used for data reduction to

228  calculate the trace element concentrations, analytical errors, and detection limits.
229 3.5.Bulk-rock chemistry

230  The whole-rock samples of studied rocks were crushed in a steel jaw-crusher and pulverized
231  in an agate box. Major element analyses were carried out at the Czech Geological Survey
232 laboratories. The analytical methods included atomic absorption spectrometry, photometry
233 and titration with complexon III, following the methodology described in Dempirova et al.
234 (2010). For trace element concentration analysis, aliquots of powdered samples were

235  decomposed in a mixture of 27 M HF—15M HNOs (6:1 v/v) in closed Teflon vials at 130 °C
236  for 72 h. The solutions were then evaporated to incipient dryness and treated three times with
237  small quantities of 15 M HNOs. Thereafter, dried residues were administered with 6M HCI
238  and equilibrated at 80 °C for 24 h. Trace element concentrations in solutions were obtained
239  using an Agilent 7900x ICPMS. Reference materials BHVO-2 (Hawaiian basalt, USGS) and
240  JB-2 (arc basalt, GSJ) were prepared together with unknown samples, and their trace element

241  abundances were in agreement with published values (Jochum et al. 2005).

10
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The bulk-rock as well as mineral chemistry data were processed and visualised using GCDkit

software (Janousek et al. 2006).

4. Results

4.1.Petrology

The devitrified augitite TGOS is characterized by fine-grained porphyritic (originally probably
vitrophyric) texture containing small diopside phenocrysts (1 mm) accompanied with dimmed
pleochroic (light to dark brown) amphibole rarely >0.5 mm in length, both enclosed in a
heterogeneous matrix. The matrix appears to represent devitrified glass and contains
diffusively bordered colorless analcime, which is interpreted as a devitrification product (Pour
et al. 2022). The rest of the matrix consists of radially arranged laths of albite and microcline
(Fig. 3a), resembling spherulites known from silica-rich volcanic rocks (e.g., Breitkreuz 2013
and references therein). The thicker nature of feldspar laths in the observed radial aggregates
and the absence of regular (oval) borders of these aggregates (probably due to higher
diffusion rates in mafic and low-viscosity hot-glass) makes them less lucid compared to
common spherulites. Nevertheless, these radial aggregates most likely also represent
devitrification features. Aegirine can be found as small crystals emerging from partly altered
diopside (Fig. 3a), but it is also present as sprays of acicular crystals in the zeolitized matrix

(Fig. 4a).

The compositional variability of a zoned sill exposed in the Stfibrnik creek gorge (sample
TG13) is apparent at a macroscopic outcrop scale — the darker outer parts are rich in biotite,
whereas the coarse-grained central part is dominated by clinopyroxene. The rock has an
intersertal texture with larger phenocrysts of diopside (several mm), and smaller crystals of

biotite, apatite and anatase surrounded by originally glassy groundmass (Fig. 3b). The
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devitrification of original glass in the groundmass is indicated by radial aggregates
(resembling spherulites) of microcline and albite enclosed in analcime and calcite (Fig. 4b).
Accessory altered Ti—Fe oxides and skeletal titanite can be also found. Despite the subsequent
zeolitization, the devitrification mineral assemblage suggests that the rock would originally (if
not quenched to form glass) crystallize plagioclase in association with nepheline, classifying
this rock as foid gabbro or foid monzo-gabbro (essexite). Such assumption is further
supported by the position of sample TG13 in TAS diagram (Le Maitre et al. 2002: Fig. 5a),
complemented by the discrimination diagram of Ti/Zr vs. Nb/Y (Pearce 1996: Fig. 5b) based
on the systematics of relatively immobile elements. Aegirine is present in the form of smaller
crystals growing on the pyramidal edges of pre-existing diopside phenocrysts, or partly

coating these phenocrysts (Figs 3b and 4b). It is noteworthy that aegirine is clearly separated

from the diopside stage by a zone of significant alteration.

The sample TG15 is characterized by a rather phaneritic texture comprising large crystals of
diopside (exceeding 5 mm; Fig. 3c), and somewhat smaller amphibole and biotite crystals.
Despite unusually high abundance of apatite (18 wt%) revealed by quantitative X-ray
diffraction (Table 1), the rock contains only 5.4 wt% P,Os (see Electronic Supplementary
Material — ESM1 — for bulk-rock chemistry). This discrepancy in analytical data, checked six
times on two diffractometers at two different institutions, is probably caused by anomalous
porosity of the apatite crystals. They are extremely rich in pores less than 5 pum in size,
following the crystal planes. In fact, they might be primary fluid (gaseous) inclusions. Such
porosity affects mineral phase quantification because the Rietveld method does not account
for the empty space within the crystals, while their absorption coefficients differ significantly.
Possible influence of the micro-absorption of the X-ray was minimized by the micronizations.
Large amounts of apatite (over 10 wt%) and maghemite (5 wt% - see Tab. 1), combined with

heterogeneously distributed but abundant titanite, are responsible for the low silica content
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291 (29 wt%). Possible original glass in smaller pockets enclosed among larger crystals was
292  replaced by analcime, calcite and siderite (Fig. 3¢). The silica super-undersaturation makes
293  the primary origin of the observed plagioclase rather doubtful and the high phosphorus
294  content points toward phoscoritic affinity of this rock, hereafter labelled as phoscoritic ijolite.

295  Aegirine occurs as series of needle-shaped crystals emerging from the tips of partly altered

296  diopside phenocrysts (Fig. 3d).

297  The sample TG22 from the Tichavka creek has an intersertal texture with large diopside (up
298  to 3 mm) phenocrysts associated with amphibole, biotite, apatite, titanite and magnetite

299  (ulvoéspinel - partly decomposed to anatase and hematite) enclosed in groundmass with radial
300 aggregates of secondary albite with microcline surrounded by analcime, calcite and chlorite
301 (Fig. 3e). The texture and composition of groundmass suggest its origin from devitrification
302  of original glass. Given the low silica content (Fig. 5a) and large proportion of analcime (as
303  zeolite analogue to nepheline), we classify this rock as zeolitized (analcime) ijolite. Anhedral
304  aegirine is present in the matrix as well as euhedral crystals attached to the altered surface of

305 diopside phenocrysts (Fig. 3e).

306  Leucocratic coarse-grained phaneritic to intersertal pyroxene-rich sample TG25 from Borosin
307 s distinguished by predominant zeolite, as natrolite dominates over analcime. Transition of
308 the whitish to colourless natrolite into cloudy groundmass reflects the admixture of finely

309 dispersed K-feldspar, kaolinite and chlorite. Diopside phenocrysts (several mm) are

310  associated with less abundant and smaller (<0.5 mm) biotite crystals, locally partly

311  encapsulating diopside (Fig. 3f). Based on the comparison of the mineral assemblage (Tab. 1)
312 with the chemical composition (Fig. 5a), the rock was classified as zeolitized (natrolite)

313  essexite (foid gabbro). Previously described hydronepheline (Pacék 1926) appears to

314  correspond to massive natrolite without acicular structure (e.g., Dunham 1933), possibly

315  pseudomorphing after the original nepheline. Aegirine is very frequent and forms either
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316  euhedral wedge-shaped crystals usually attached to slightly altered diopside (Fig. 3f), or radial
317  aggregates enclosed in natrolite or matrix (Fig. 3g), or even emerging into the miarolic

318  cavities (Figs 4c,d).

319  The crystal-size variability across the body (finer-grained margins and coarser-grained core)
320 s clearly visible at the outcrop of the TAR sill sample TG37 at Pernd. Coarse-grained

321  camptonite of this sill differs from the other studied rocks by the predominance of amphibole
322 over clinopyroxene (Fig. 3h). Amphibole and diopside (with thin hedenbergite rims) are

323  associated with partly to totally altered plagioclase (andesine to labradorite), with relatively
324  fresh cores mantled with prehnite, analcime and K-feldspar. Apatite is the most common

325  accessory phase. Aegirine is present in the form of lath-shaped crystals in the matrix,

326  accompanied by K-feldspar and analcime, or as coatings on amphibole and clinopyroxene
327  (Fig. 3h). In contrast to diopside from the other samples in this study, diopside from

328  camptonite TG37 is characterized by well-developed sector zoning and continuous

329  hedenbergite rims encircling the entire diopside phenocrysts (Figs 4e,f).

330  The studied rocks containing aegirine as well as the entire TAR suite (see ESM1) belong to
331  the alkaline rocks extending in the TAS diagram (Fig. 5a; Le Maitre et al. 2002) from the field
332 of foidites (foidolites), across the basanite/tephrite (foid gabbro) field to the field of phono-
333  tephrites (foid monzo-gabbro). Although the TAR suite comprises picritic rocks (picrobasalts,
334  picrites, meimechites), these highly magnesian rocks lack any detectable aegirine. Few

335  samples plotting near the zero alkali content appear to be the result of post-magmatic

336  alteration/weathering. As the rocks are significantly affected by zeolitization and their volatile
337 contents (H,O", H,O ", CO,) range 1.9—14.6 wt% (strongly carbonatized olivine nephelinite
338  TG45 with up to 20.6 wt%; see ESM1), their geochemical character was also monitored using
339  the Zr/Ti vs. Nb/Y classification diagram based on the systematics of relatively immobile

340 trace-elements (Fig. 5b; Pearce 1996). In this plot, the data form a tight cluster on the
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boundary between the fields of alkali basalts (foid gabbros) and foidites (foidolites). Although
the samples experienced significant zeolitization, the entire suite does not display sizeable Na
enrichment. Most of the samples are arranged in a simple trend with negative correlation
between Na,O and MgO (Fig. 5c). Several samples depart from the general trend to lower Na
contents and only the sample TG25 is characterized by an increased Na content deviating

from the general trend.

4.2.Pyroxene mineral chemistry

The analysed pyroxenes display a significant difference in the chemical composition (see
Electronic Supplementary Material — ESM2). The unaltered relicts of the primary
clinopyroxene phenocrysts plot in the field of quadrilateral pyroxenes in the Q—Jd—Ae
diagram (after Morimoto 1988; Fig. 6a), whereby only the outer rims of the larger
phenocrysts from camptonite TG37 cross into the aegirine-augite field. The quadrilateral
pyroxene is further classified mostly as pure diopside in the En—Wo-Fs diagram (Morimoto
1988; Fig. 6b). Some analyses plot above the Wos line as a result of Ca overestimation due to
the substitution of Ca-Tschermak’s molecules replacing diopside molecule. This effect is
common in alkaline rocks (e.g., Rapprich 2005 and references therein). The secondary
crystals grown on the tips of the primary phenocrysts as well as the radial sprays then fall
mostly in the field of aegirine or, to a lesser extent, also to the aegirine-augite field (Fig. 6a).
There is no clear difference between the crystals emerging from diopside phenocrysts and the
radial sprays, but the significant gap between both generations (diopside and aegirine) is
apparent. This compositional gap is well pronounced also in the distribution maps of selected
elements, even if the phenocryst surface consists of a hedenbergite to aegirine-augite rim (Fig.

7).

The two observed generations of pyroxene differ strikingly also in the trace element contents,

namely in REE patterns (Fig. 8a). The primary diopside crystals display smooth REE patterns
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parallel to the composition of the respective bulk-rocks with LREE relatively enriched
compared to HREE. This trend deviates only for La—Pr with the increasing depletion from Pr
to La. The aegirine crystals show a completely reverse trend with U-shaped patterns (Fig. 8a).

The depletion in MREE and the enrichment in LREE and HREE correspond neither to the

bulk-rock nor to the diopside trends. Both populations lack the Eu anomaly.

Significant differences can also be observed for other incompatible trace elements (Fig. 8b),
where bulk-rock analyses reveal a good correlation with average OIB. While the primary
diopsides are strongly depleted in highly incompatible elements (Rb to Nb) with the weakly
incompatible elements (Nd to Lu) rather following the bulk-rock trends, the secondary
aegirines display a distinctively different trend. Depletion in highly incompatible elements is
not so pronounced and its degree is similar to that observed for the weakly incompatible
elements. On the other hand, the aegirine is enriched in incompatible elements preferentially
mobile in the melt (high-field strength element: HFSE, here represented by Nb and Zr),
whereas fluid-mobile incompatible elements (large-ion lithophile elements: LILE, here
represented by Rb and Sr) are depleted. The HFSE trend is partly reflected also by Ti, but
incorporation of Ti into the crystal lattice of pyroxene is pressure-controlled (e.g., Tracy and
Robinson 1977; Haloda et al. 2010), and the evaluation of this element is thus more complex.
The described elemental pattern of aegirine is even more pronounced in the case of aegirine

radial sprays in the zeolitized groundmass (Fig. 8b).

5. Discussion

5.1.Genetic relations between diopside and aegirine

The critical question regarding the presence of aegirine in Na-poor and highly magnesian

rocks rises about its late-magmatic vs. post-magmatic origin. Some studies (e.g., Wlodyka
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2010) suggested rather continuous crystallization from diopside towards aegirine in the TAR.
According to the full solid-solution between diopside and aegirine (e.g., Yagi 1966;
Yoshikawa 1977; Redhammer et al. 2012), continuous magmatic crystallization is reflected
by rather continuous compositional trends observed in zoned clinopyroxenes of peralkaline
rocks, i.e. agpaitic syenites and tinguaites (Filina et al. 2017; Batki et al. 2018). These
occurrences are characterized as continuous rims encircling the entire clinopyroxene
phenocryst (Filina et al. 2017). Aegirine-rich aegirine-augite described from zeolitized ijolite
pegmatite at La Madera, Argentina (Galliski et al. 2004), occurs in spherical structures in
association with zeolites, separated from primary diopside or aegirine-poor aegirine-augite,
and its magmatic origin is rather doubtful. Focusing in the first step on textures, our
observations appear to confirm possible continuous crystallization of aegirine over diopside
and hedenbergite solely in the case of camptonite TG37. This sample represents a more
evolved member of the suite, where early diopside core has a hedenbergite rim coated with
aegirine (Fig. 7), very similar to the observations provided by Filina et al. (2017) from Kola
syenites. Unlike the other samples, the aegirine coating is almost continuously enveloping the
entire phenocryst (in many cases even glomerocrysts — Fig. 3h). Crystallization hiatus may
not be excluded, but the diffuse transitions on diopside/hedenbergite and
hedenbergite/aegirine boundaries (Fig. 7) imply a rather progressive change in the residual
melt composition, controlling the chemistry of crystallizing pyroxene. This assumption is also
supported by the absence of any alteration zone, developed in other samples between diopside

phenocrysts and aegirine.

All studied samples (except TG37) are characterized by a distinct aegirine appearance.
Aegirine mostly forms small euhedral prismatic crystals or aggregates of parallel fibres
growing from a partly altered diopside phenocryst. Bladed or parallel fibres of aegirine

growing from diopside phenocrysts were described by Chakhmouradian and Mitchell (2002)
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from a contact of nepheline microsyenite with alkaline pegmatite. However, in the case of the
TAR aegirine occurs in a homogeneous mafic rock, without petrographic or geochemical
evidence of a distinct magma batch. The aegirine crystals grow into the zeolitized groundmass
surrounding the diopside phenocrysts, or form radial sprays in the groundmass. The studied
aegirine crystals are usually separated from fresh diopside by an altered rim of the diopside
phenocrysts (see Figs 3b—e, 4b), or eventually crystallized on completely altered diopside
(Fig. 4a). In addition, the aegirine c-axis often is rotated from the orientation of the diopside
c-axis (e.g., Figs 3e, 4e). This appearance suggests that aegirine crystallized subsequently to
the alteration of diopside, apart from the main magmatic crystallization series. In the case of
aegirine crystallizing from residual interstitial (chemically evolved) melt and subsequent
alteration, the alteration envelope would enclose both diopside and aegirine, which is
inconsistent with the observations (Figs 3b—e, 4b). Besides the textural examinations, the
crystallization delay between diopside and aegirine can also be deduced from a significant
compositional gap (Fig. 6), which contrasts with rather continuous compositional trends
observed in rocks with clinopyroxene composition evolving from diopside/hedenbergite to
aegirine-augite/aegirine (Filina et al. 2017; Batki et al. 2018). Last but not least, post-

magmatic origin of aegirine in the studied rocks may also be deduced from its association

with other alteration and re-crystallization mineral phases, namely zeolites (Fig. 3).

Beside the smaller euhedral crystals, the sample TG25 contains radial sprays of needle-shaped
aegirine crystals (Figs 3d, 4c,d). These may, to some extent, resemble clinopyroxene
spherulites formed in super-cooled basaltic andesite submarine lava on the Pacific-Antarctic
Ridge (Monecke et al. 2004). Unlike the calcic clinopyroxene, aegirine may crystallize and
grow at lower temperatures (down to 200°C for aegirine [Decarreau et al. 2004] vs
suprasolidus temperatures for diopside), which may explain its thicker shapes compared to

fibrous aggregates described by Monecke et al. (2004). While the clinopyroxene spherulites
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440  crystallized from hot glass at the temperatures above the glass transition (~2/3 of solidus T),
441  the aegirine radial sprays are enclosed in the zeolitized groundmass and in some cases are also
442  developed into open space on cracks or in cavities (Fig. 2f). This indicates a much wider
443  range of conditions for the growth of these aegirine aggregates from early stages of

444 groundmass (possibly glassy in original stage) alteration (prior to zeolitization) to the late

445  stage crystallization from fluids into voids.

446  The history of aegirine experimental synthesis lasts for almost 100 years (see summary given
447 by Decarreau et al. 2004), suggesting that aegirine may crystallize under a wide range of

448  temperatures and pressures, requiring several hours to several days for synthesis. The

449  experimentally proven aegirine synthetization/crystallization temperature has dropped during
450 last two decades from ca 200 °C (Decarreau et al. 2004) to as low as 130 °C (Redhammer et
451 al. 2019). Low temperatures of the formation of natural aegirine were also indicated. The

452  earlier study of the fluid inclusions hosted by aegirine in the zeolitized ijolite from Ticha

453  (equals to our sample TG22) revealed crystallization temperatures of aegirine in the range
454  390-510 °C (Dolnicek et al. 2010), far below the solidus of an ijolitic melt (modelled to ca

455 840 °C for a compositionally similar ijolite given in Haloda et al. 2010).

456  Both pyroxene generations, i.e. diopside and aegirine, differ significantly in REE patterns

457  (Fig. 8a). The smooth but relatively steep pattern lacking any Eu anomaly with relative

458  depletion of LREE (La, Ce, Pr) indicates the equilibrium crystallization of diopside from an
459  fjjolitic or similar melt, resulting in the enrichment of the residual melt in these LREE (e.g.,
460  McSween et al. 1996; Eby et al. 1998; Haloda et al. 2010). The residual melt in the samples
461  from this study was represented by interstitial glass, subsequently devitrified and/or zeolitized
462 by hydrothermal alteration. The HREE enrichment combined with rather flat pattern from

463  LREE to MREE is common feature of aegirine from highly alkaline rocks (e.g., Baudouin et

464  al. 2016; Weidendorfer et al. 2016). Very commonly, the REE patterns of aegirine from
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differentiated alkaline rocks follow rather U- or even V-shaped curve, but in these cases
usually associated with a pronounced negative Eu anomaly, inherited from the melt
composition depleted in Eu by fractionation of plagioclase (e.g., Shearer and Larsen 1994;
Piilonen et al. 1998). The absence of Eu anomaly supported by the petrographic observations
and the fact, that aegirine crystallized subsequently to alteration of diopside, may thus exclude
any role of differentiated alkaline melt from model of the aegirine formation in TAR. On the
other hand, key role of Na for crystallization of aegirine implies a possibly significant role of
seawater, as a crucial reservoir of Na at the Earth’s surface. In addition, the reaction between
seawater and erupted lava or high-level intrusion emplaced into poorly consolidated

sediments on the seafloor results in formation of temporary hydrothermal system responsible

for alteration of cooling magmatic rock.

5.2.Role of seawater in formation of aegirine

Sodic metasomatism of submarine basaltic lavas on the contact with seawater is generally
referred to as spilitization and the main feature of this process is albitization of feldspar (e.g.,
Hyndman 1972; Rosenbauer et al. 1988). It has been geochemically proven that this process is
not related to long-term low-temperature submarine weathering of solidified lavas but that it
instead requires heat, usually released by a cooling lava shortly after the eruption (e.g., Vatin-
Perignon et al. 1979). The spilitization is restricted to MORB-type ocean floor tholeiitic
basalts in which Ca is mainly fixed in abundant plagioclase. The Na—Ca cation exchange
leads to the albitization of calcic plagioclase. Alkaline basaltic rocks also erupt on the ocean
floor although to a much lesser extent. A significantly lower degree of partial melting of a less
depleted mantle source results in a distinct mineral composition. Instead of plagioclase, Ca is
mainly fixed in abundant clinopyroxene in primitive alkaline rocks. Reaction with Na-rich
seawater then may not lead to albitization, if plagioclase is not present. Instead, Na-rich fluids

may attack the main Ca carrier in alkaline rocks, i.e. clinopyroxene. In this case, charge-
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balanced aegirine substitution (NaFe>'—CaMg) may take place instead of albite substitution
(NaSi—CaAl). At this point, a question may arise why the amount of aegirine in alkaline
rocks cannot be compared with the amount of albite in spilities. Whereas the albite
substitution in plagioclase-dominated rocks is (beside temperature) limited solely by Ca
saturation of seawater, defined by carbonate compensation depth (CCD; Ben-Yaakov et al.
1974), the aegirine substitution is a more complex phenomenon. Apart from Ca-
undersaturation of seawater, mobilized ferric, or oxidizable ferrous iron is a critical
requirement for building an aegirine molecule. Most Fe (both ferric and ferrous) in mafic
alkaline rocks is fixed in iron-oxides (maghemite, magnetite, ulvospinel, etc. — see Figs 3c,e),
and those phases remain rather unaffected or only weakly altered. All Fe necessary for
aegirine crystallization thus has to be mobilized from altered diopside. As the whole TAR
suite consists of rather primitive MgO-rich rocks, the limited amount of Fe available in
diopside (Fig. 6b) is therefore the main limiting factor, controlling the growth of aegirine. We
note that no aegirine was observed in rocks with MgO>10 wt% (or Mg# > 50; Mg# calculated
as a molar proportion 100¥MgO/[MgO+FeO'"]) (Fig. 5¢), although the TAR suite comprises
rocks with up to 26 wt% MgO. The greatest amount of aegirine (5 wt%, Tab. 1) was
documented in the zeolitized essexite TG25 (Mg# = 43), where it could also be detected by
whole-rock X-ray diffraction (Tab. 1). This sample is the only one plotting above the linear
differentiation trend in the MgO vs Na,O diagram (Fig. 5c). This sample also differs from the
remaining samples in its position in separate nappe of uncertain facies located to the north
from the main belt of TAR occurrences (Fig. 1). Due to the lack of outcrops the sedimentary
rocks enveloping the magmatic body could not been studied, but two options are possible. 1)
This nappe of uncertain facies may possibly represent a deeper zone of the ocean, with lower
saturation of seawater with Ca, The increasing tendency to Na—Ca cation exchange between

seawater and a cooling magma can then be expected in deeper seawater with lower Ca-
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saturation, around or below CCD. However, the present knowledge about the different facial
developments of the Silesian Unit (see Elias 1979) does not expect significant variations of
ocean depth at this stratigraphic level. 2) In particular, Godula facies of the Silesian Unit
consists of flysch originating in deep-water trough at the foot of the continental slope. Such
sedimentary environment is typical for highly variable lithologies (e.g., Johnson and Alam

1991; Li et al. 2021), and, therefore, each TAR locality might be unique considering the

surrounding sediments.

Based on the MgO vs Na,O systematics (Fig. 5¢) we may conclude that most Na incorporated
into secondary aegirine was sourced from the groundmass. From the same systematics we
anticipate that the zeolitization process of all samples was mainly associated with hydration of
the groundmass (possibly glassy) with no, or only negligible contribution of Na from
seawater. These assertions are also supported by the trace element patterns of aegirine with
significant HFSE enrichment (Fig. 8b). Strong HFSE partitioning between clinopyroxene and
melt during equilibrated crystallization has been documented by several studies (e.g.,
Weidendorfer et al. 2016; Baudouin et al. 2020) but the subsolidus groundmass re-
crystallization is not fully equivalent to equilibrium crystallization from melt. As HFSE
become enriched in the residual melt (i.e. glass) of alkaline rocks, the contribution of
recrystallizing glass to the formation of aegirine may well explain these patterns. On the other
hand, the depletion in LILE suggests a rather negligible role of seawater delivering alkalis and
other water-/fluid-mobile elements to the neoformed aegirine. The LILE (Rb, Sr) and also U
depletion in aegirine from TAR is strongly developed compared to negligible depletion or
even enrichment (namely Sr) in differentiated alkaline rocks (cf. Weidendorfer et al. 2016;

Baudouin et al. 2020).

Although the observed texture suggests that aegirine growth results from alteration of primary

diopside, significant trapping of Na (and other water-mobile elements) from seawater is

22

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2023-8928. http://www.minsocam.org/
540 effectively blocked by the lack of mobilized Fe, particularly in MgO-rich rocks. As a result,
541  the amount of secondary aegirine does not reach the volume of primary diopside, which
542  contrasts with the commonly complete albitization of spilites. The role of the (heated)
543  seawater in the aegirine formation appears to be restricted mainly to alteration of primary
544  diopside, destabilization of primary glass and oxidation of the available ferrous iron into ferric
545  iron. The entire process can then be summarized as follows: 1) the original mafic alkaline
546  rock with diopside phenocrysts enclosed in nephelinitic/glassy groundmass (Fig. 9a)
547  undergoes intense alteration due to contact with seawater (Fig. 9b). 2) secondary aegirine
548  forms from available Fe** which is sourced from altered diopside and from Na which is

549  sourced from altered glass and/or nepheline (Fig. 9¢), while the supply of seawater cations is

550  blocked by the lack of Fe*.

551  In the global perspective, the absence of spilitized submarine mafic alkaline lavas is related to
552  the mineral assemblage of these rocks lacking high amounts of plagioclase. Aegirinization of
553  clinopyroxene-dominated rocks, on the contrary, is obviously blocked by the amount of

554  available ferric iron. This effect thus seems to be the main reason why large-scale

555  aegirinization of submarine mafic alkaline rocks was reported from neither recent nor ancient

556  ocean island complexes.

557

558 6. Implications

559 - Aegirine may occur also in mafic and relatively Na,O poor alkaline rocks erupted
560 under sea-water or intruded into marine sediments. Its presence then does reflect
561 neither extreme compositional evolution of crystallizing clinopyroxene, nor mixing
562 with a batch of differentiated alkaline melt.

23

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.

DOI: https://doi.org/10.2138/am-2023-8928. http://www.minsocam.org/
A compositional gap between the investigated diopside phenocrysts and related

aegirine aggregates radiating from these phenocrysts as well as crystallographic
discordance suggest that aegirine is not a product of continuous clinopyroxene
crystallization in the late magmatic stage. This observation is also supported by the
presence of an alteration envelope separating a diopside phenocryst from post-
magmatic aegirine.

Recrystallization of diopside to aegirine in mafic alkaline rocks may represent an
alternative process to albitization (spilitization) of MORB-type tholeiitic basalts, but
... the formation of aegirine is controlled and limited by calcium-saturation of
seawater (relation to carbonate-compensation depth), and mainly by the amount of
available ferric, or oxidizable iron. In highly magnesian rocks, the aegirine will not
form on the contact with seawater due to the lack of ferric iron which is not fixed in

stable iron oxides (maghemite, magnetite, ulvospinel).

The lack of iron necessary for aegirine substitution blocked Na enrichment of the TAR

suite, except of the zeolitized essexite TG25 with a low Mg# value of 0.43. In the case

of other samples, the linear trend between MgO and Na,O suggests that sodium for
aegirine growth was rather sourced from altered groundmass, and only subordinate
amounts of Na could be taken from seawater. This presumption is also confirmed by
OIB-normalized trace-element contents.

The observations from Mesozoic submarine mafic alkaline lavas in the Outer

Carpathians explain the absence of spilitization or similar Na-metasomatic processes

in submarine mafic alkaline systems worldwide.
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Figure captions

Fig. 1. Schematic geological map of the occurrences of the teschenite association rocks
(TAR) in the Czech part of the Podbeskydi area with the positions of the studied localities
(adapted after Matysek and Jirasek 2016). Notes: 1) contacts between the Subsilesian,
Silesian, and Magura units are always tectonic (thrusts), the uncertain facies most likely
represent incomplete erosional remnants of the Godula and Kel¢ facies, 2) Pouzdfany unit and
Zdanice part of the Zdanice-Subsilesian units does not occur in depicted area. Foremagura
unit is in the given area represented by generally small tectonic slices, which were

intentionally omitted from the picture (they are off interest of this article).

Fig. 2. BSE images of aegirine and aegirine-augite forms and accompanying minerals from
the TAR localities: a — aegirine needles enclosed in natrolite (etched in diluted acetic acid),
Jasenice village (49.5301°N, 17.9616°E); b — aegirine accompanied by laths of partially
albitized K-feldspar and natrolite, Lubno (49.6025°N, 18.3634°E); ¢ — radial spray of aegirine
needles integrown with mineral of the pyrochlore group, Hradisté (49.7356°N, E 18.5250°E);
d — aegirine post-dating crystallization of fluorcarphite on apatite, all enclosed in natrolite,
Borosin (TG25 in tab. 1); e — euhedral and compositionally zoned aegirine to aegirine-augite
showing rather uncommon decrease of aegirine component towards rim, Krmelin (49.7226°N,
18.2449°E); f — miarolic cavity with euhedral aegirine crystals on K-feldspar and analcime,
Borosin (TG2S5 in Tab. 1). Mineral symbols: Aeg — aegirine, Aeg-Aug — aegirine-augite, Ap —

apatite, Fcp — fluorcaphite, FSp — feldspar group minerals, Ntr — natrolite, Pcl — Pyrochlore.
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841  Fig. 3. Microphotographs of the studied rocks containing aegirine suitable for analytical
842  work: a — aegirine at the tip of larger, partly altered diopside phenocryst in devitrified
843  porphyritic amphibole-bearing augitite from Pettkovicka hora (TGO0S5); b — aegirine growing
844  from partly altered diopside phenocryst in analcimized essexite from Stribrnik (TG13); ¢,d —
845  aegirine growing from partly altered diopside phenocryst in analcimized phoscoritic ijolite
846  from Ticha (TG15); e — aegirine growing from partly altered diopside phenocryst in
847  analcimized ijolite from Ticha (TG22), note the slight rotation of the aegirine c-axis compared
848  to diopside phenosryst; f — euhedral aegirine on diopside phenocryst and in the groundmass in
849  natrolitized essexite from Borosin (TG25); g — aegirine radial spray enclosed in natrolite in
850  natrolitized essexite from Borosin (TG25); h — aegirine coating on diopside and amphibole in
851  camptonite from Perna (TG37). Aeg — aegirine, Amp — amphibole, Anl — analcime, Ant —
852  anatase, Ap — apatite, Bt — biotite, Cal — calcite, Di — diopside, gm — groundmass, Mag —
853  magnetite, Mgh — maghemite, Ntr — natrolite, s — spherulitically devitrified glass, Sd —

854  siderite, Ttn — titanite, red arrows indicate alteration zones separating primary diopside from

855  secondary aegirine.

856  Fig. 4. Back-scattered electron (BSE) images of the studied rocks: a — radial spray and

857  euhedral grains of aegirine in zeolitized augitite TGOS, note the completely altered diopside
858  phenocryst, on which a fresh aegirine crystallized; b — aegirine in groundmass and attached to
859  diopside phenocryst in zeolitized (analcime) essexite TG13. Note the radial aggregates of

860 feldspars surrounded by analcime, a possible result of glass devitrification; ¢,d — radial sprays
861  of aegirine in zeolitized (natrolite) essexite TG25 (¢ — natural fracture surface, d — polished
862  surface); e,f — sector- and growth-zoned diopside coated with hedenbergite, and with attached
863  aegirine crystals from camptonite TG37. Aeg — aegirine, Ap — apatite, Anl — analcime, Cal —

864  calcite, Di — diopside, ex-Di — altered diopside, Fsp — feldpsars, Hd — hedenbergite, Ntr —
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natrolite, white arrows indicate alteration zones separating primary diopside from secondary

aegirine.

Fig. 5. Chemical composition of the studied rocks: a — TAS classification diagram (Le Maitre
et al. 2002), names of intrusive equivalents added, m.g. — monzo-gabbro, t.b. — trachy-basalt;
b — Z1/Ti vs. Nb/Y classification diagram of volcanic rocks (Pearce 1996), names of the
intrusive equivalents added; ¢ — Na,O vs. MgO binary diagram, note the samples dropping
below the general differentiation trend, suggesting post-magmatic loss of Na due to

weathering/alteration.

Fig. 6. The studied pyroxenes in the classification diagrams (Morimoto 1988): a — sodic vs.
quadrilateral pyroxenes (Jd-Quad-Ae ternary diagram); b — quadrilateral diagram (En-Wo-Fs
ternary diagram), the aegirine and aegirine-augite dots are plotted only in half-tones to show

the trend, but these analyses should not be classified in the quadrilateral diagram.

Fig. 7. Distribution maps of selected major elements in the sample TG37 displaying the
compositional contrasts between a diopside phenocryst, its hedenbergite to aegirine-augite rim

and the attached aegirine crystal.

Fig. 8. Spider-grams of incompatible trace elements: a — chondrite (Palme et al. 2014) -
normalized REE patterns; b — ocean-island basalt (OIB: Sun and McDonough 1989) —
normalized patterns of the extended trace element contents, the Rb content of the primary

diopsides is mostly plotted below the 0.001 line.

Fig. 9. Simplified sketch model for the origin of aegirine from reaction of (ultra)mafic
alkaline rock with seawater: a — original diopside phenocryst enclosed in nephelinic/glassy
groundmass; b — alteration of diopside and devitrification/zeolitization of groundmass; ¢ —
growth of secondary aegirine with Fe** sourced from altered diopside and Na sourced from

groundmass.
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Tables

Table 1. Overview of the sampled localities, rock types and their mineral composition based

on quantitative X-ray diffraction analyses (primary phases in bold).

Electronic Supplementary Material

ESM1. Bulk-rock composition of TAR. Major oxides in wt%, trace elements in ppm.

ESM2. Clinopyroxene mineral chemistry data: major oxides in wt%, crystal-chemical

formulae in apfu (atoms per formula unit), trace elements in ppm.
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Table 1. Overview of the sampled localities, rock types and their mineral composition
based on quantitative X-ray diffraction analyses (primary phases in bold).

rock composition in wt%  (primary

Sample Locality coordinates| rock type .
phases in bold)
Devitrified 17% microcline, 17% analcime, 16%
1605 Petrkovickd hora ]49.54262°N Jamphibole- albite, 15% Fe-diopside, 11%
near Stary Ji¢in 17.95967°E |bearing chlorite, 9% calcite, 8% amphibole,
augitite 4% apatite, 2% quartz, 1% biotite
" 30% analcime, 21% Fe-diopside, 18%
o . |Zeolitized . . . .
Sttibrnik near 49.53413°N . microcline, 13% chlorite, 6% albite,
TG13 . . [(analcime) . .
Ostravice 18.36862°E . 5% biotite, 3% apatite, 3% anatase,
essexite .
1% amphibole
18% apatite, 18% phlogopite, 18%
Ticha — gorge of . 0 'p °P .g P ’
.. |Phoscoritic amphibole, 10% chlorite, 8%
unnamed left- 49.56983°N |.. .. . .. .
TG15 . . lijolite plagioclase, 7% diopside, 5% siderite,
bank tributary to ]18.22672°E L i .
L, (analcimized) |5% maghemite, 5% analcime, 4%
Tichavka creek .
calcite, 2% anatase
33% analcime, 16% chlorite, 15%
Tichd — Tichavka 49.57095°N Zeolitized albite, 11% calcite, 6% microcline, 6%
TG22 |creek gorge, under| (analcime) Fe-diopside, 6 % quartz, 4% anatase,
18.22385°E |.. .. . .
the church jjolite 2% apatite, 1% amphibole, 1%
biotite
5 49.69207°N Zeolitiz.ed 50% natrolite, 22% .Fe.-diopside, .8 %
TG25 |Borosin 18.23897°E (natrolite) orthoclase, 5% kaolinite, 5% aegirne,
' essexite 4% annite, 4% chlorite, 2% apatite
0, 1 0, H 0,
unnamed hill 374 |49.53370°N _ |?#%analcime, 19% amphibole, 15%
TG37 ) .. [Camptonite microcline, 14% plagioclase, 14% Fe-
m a.s.l. near Perna|17.95067°E

diopside, 3% apatite, 1% chlorite
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