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Summary

The Hatrurim Complex is located in Jordan, Israel and the Palestinian Authority.
It consists of separate outcrops spread over the Dead Sea rift valley, located between
10 and 100 km from the Dead Sea Transform Fault. The rocks of the complex were formed as
a result of pyrometamorphism (so-called combustion metamorphism), which corresponds
to high-temperature and low-pressure  conditions of rock transformations.
The largest outcrop of pyrometamorphic rocks in Israel is the Hatrurim Basin, a stratotype
of the complex. It is characterized by a great variety of high-temperature metamorphic rocks.
Intensive studies over the last decade have enabled a better understanding of the mineralogy
of the Hatrurim Complex, leading to the discovery of many new natural phases.
These investigations have focused mainly on high-temperature rock-forming minerals, whereas
the low-temperature mineralization has remained essentially unexplored.

The objective of the present doctoral dissertation has been to characterize the zeolite
mineralization of the pyrometamorphic rocks of the Hatrurim Basin. Samples originating from
the collection of Prof. Galuskin’s research group were used for the study. In addition, samples
collected during fieldwork in 2022 were analyzed. In order to achieve the desired objective,
the following methods of instrumental analysis were applied: scanning electron microscopy,
electron microprobe analysis, Raman spectroscopy, and single-crystal X-ray diffraction.
In total, nearly 120 thin sections and dozens of rock samples were examined.

The most abundant zeolite in the pyrometamorphic rocks of the Hatrurim Basin
is florkeite, KsCa>Na[AlgSigO32]-12H20. It is a rare zeolite with PHI-type structure.
To date, florkeite has been known only from the type locality — the Bellerberg volcano in
Germany. In Israel, flérkeite has been found in several types of rocks in association with the
following minerals: thomsonite-Ca, minerals of the gismondine series, minerals of the
tobermorite supergroup, and vertumnite. It is important to note that florkeite crystallises
at the end of the low-temperature mineralization sequence, overgrowing previously formed
minerals or filling the remaining space in the cavities. The structural investigation confirmed
the triclinic symmetry and a fully ordered structure. In addition, the comparison
of the Raman spectra of florkeite and minerals of the phillipsite series revealed that the main
band at 470 cm™, characteristic for the PHI-type structures, is independent of the Si/Al ratio
and the arrangement of cations in the framework.

During the work on the project, a new mineral — gismondine-Sr, Sra[AlgSigO32]-9H20,

was discovered. It is the strontium analog of gismondine-Ca with a GIS-type structure.



Gismondine-Sr was found in partially melted hornfels, which is mainly composed
of wollastonite, gehlenite and minerals of the grossular-andradite garnet series. A number of
zeolites characterized by low Si/Al ratios were identified in the low-temperature mineralization,
similar to the florkeite association. Interestingly, only the new mineral was rich in Sr,
whereas the surrounding zeolites were not enriched. Chemical composition analyses revealed
that gismondine-Sr differs from gismondine-Ca not only by the dominant cation,
but also by the significant substitution of monovalent cations (mainly potassium),
which was not observed in the calcium counterpart. The structural investigation enabled
the solution and refinement of the new zeolite structure in the B22:2 space group with
the following unit cell parameters a = 14.0256(2) A, b = 10.45900(10) A, ¢ = 13.79360(10) A,
V=2023.44(4)A3. Contrary to the monoclinic gismondine-Ca, gismondine-Sr crystallizes in the
orthorhombic crystal system. Both minerals have an ordered aluminosilicate framework.
The extraframework cations of gismondine-Sr are disordered, a feature which contrasts with
the ordered cation arrangement of gismondine-Ca. In addition, a comparison of both
frameworks showed significant deformations of the eight-membered rings in the structure
of the strontium analog. The spectroscopic study of minerals with GIS-type structure showed
that the main band is located about 460 cm™ regardless of the elliptical deformation
of the eight-membered rings.

Insightful analyses of obtained results and literature data on minerals with GIS-type
structure enabled to distinguish two mineral series varying in Si/Al ratio.
The series with a ratio equal to 1, including gismondine-Sr, gismondine-Ca, and amicite,
can be represented by the following general formula (MyDosg.y))[AlsSigOs2]-nH20,
wherein y < 8 and represents the stoichiometric coefficient of the monovalent cations.
Additionally, a Ba-rich mineral of this series has been found in pyrometamorphic rocks,
and can be considered as a potentially new mineral. The second series includes minerals
with a Si/Al ratio greater than 1.66. The general formula of this series can be written
as (MyDosx-y))[AlxSi@e-xO032]-NH20, where x < 8 and y < 8 denote coefficients of trivalent
Al cation and monovalent cations, respectively. Accordingly, garronite-Ca, gobbinsite,
and garronite-Na belong to this series. However, the distinction between gobbinsite and
garronite-Na is disputable, as they have been distinguished based on slightly different hydration
levels and differences in Si/Al ratios, resulting in various Na contents.

In summary, the occurrence of florkeite in various types of pyrometamorphic rocks
indicates the regional character of relatively uniform conditions for zeolite formation

in the Hatrurim Basin. The formation of this mineralization can be divided into two stages.
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Ca played a major role in the first stage, and rarely Na-enriched minerals may be found.
However, monovalent cations (Na and K) were dominant in the second stage, resulting
in the formation of florkeite at the end of the crystallization sequence. Generally, zeolites from
the pyrometamorphic rocks of the Hatrurim Complex are characterized by a low Si/Al ratio
implied by a high Al content in the crystallization environment and
consequently, high alkalinity. Such conditions resulted from the interaction of meteoric water
and clinker-like minerals, which induced Al release into the system. Also, local enrichment
in Srand Ba is a result of their release from minerals such as barium feldspar or minerals of the
fluorapatite-fluorellestadite series.

The abovementioned results were published as three contributions to mineralogical

journals.



Streszczenie

Wychodnie skal Kompleksu Hatrurim znajduja si¢ na terenie Jordanii, lzraela
oraz Autonomii Palestynskiej. Skaly wystepuja na obszarze Pustyni Judzkiej (Autonomia
Palestynska) oraz Negew (lzrael) w odlegtosci od 10 do 100 km od uskoku transformacyjnego
Morza Martwego. Kompleks zbudowany jest ze skat pirometamorficznych, ktore tworza
sic¢ w wyniku tzw. metamorfizmu spalania, czyli w warunkach wysokiej temperatury
1 niskiego ci$nienia. Te nietypowe warunki przeobrazania oraz unikatowy sktad chemiczny
protolitu przyczynity si¢ do powstania wielu rzadkich oraz nowych mineratow.
Najwickszym obszarem wystepowania tych skal na terenie Izraela jest Basen Hatrurim, ktéry
odznacza si¢ duzg rdéznorodno$cig wysokotemperaturowych skat pirometamorficznych.
Od ponad 10 lat kompleks ten jest intensywnie badany przez naukowcow. Jednak jak dotad
badania te skupialy si¢ gléwnie na mineratach wysokotemperaturowych, podczas gdy,
mineralizacja niskotemperaturowa byla opisywana jedynie pobieznie i wyrywkowo.
Na szczegblng uwage zasluguje mineralizacja zeolitowa, ktorej wystepowanie bylo
powszechnie znane, jednak nie byta ona przedmiotem doktadnych badan.

Celem niniejszej rozprawy doktorskiej bylo szczegdélowe scharakteryzowanie
mineralizacji  zeolitowe] wystepujacej w  pustkach  wysokotemperaturowych  skat
pirometamorficznych z Basenu Hatrurim w lzraelu. W trakcie projektu przeanalizowane
zostaly probki skalne pochodzace z kolekcji naukowej zespotu badawczego ,,Nowe mineraty
skat pirometamorficznych” Profesora dr hab. Evgenyego Galuskina. Ponadto przebadano
probki pozyskane podczas prac terenowych prowadzonych na obszarze Basenu Hatrurim
w 2022 roku. Celem doktadnej identyfikacji zeolitow wystepujacych w probkach,
przeprowadzono szereg analiz stosujac nastgpujace metody instrumentalne: skaningowa
mikroskopia  elektronowa, mikrosonda  elektronowa,  spektroskopia =~ Ramana
oraz eksperymenty dyfrakcji rentgenowskiej na monokrysztale. Podsumowujac, przebadano
prawie 120 ptytek cienkich oraz kilkadziesiat probek skalnych.

Najczegscie] wystepujacym zeolitem w pustkach skal pirometamorficznych Basenu
Hatrurim jest florkeit, KsCa:Na[AlgSisOs2]-12H20. Jest to rzadki minerat nalezacy
do zeolitow z topologia struktury PHI. Do tej pory byt znany jedynie z wulkanu Bellerberg
w Niemczech, gdzie zostatl opisany po raz pierwszy. W probkach izraelskich florkeit zostat
znaleziony w kilku typach skat w asocjacji z thomsonitem-Ca, mineratami serii gismondinu,
mineralami  z  supergrupy tobermorytu oraz rzadkim mineralem = vertumnitem.

Co istotne, florkeit zawsze wystepowat na koncu sekwencji krystalizacji asocjacji



niskotemperaturowej narastajagc na wczesniej powstate krysztaty lub wypekniajgc pozostata
przestrzen w pustkach skalnych. Badania strukturalne tego rzadkiego mineratu potwierdzity
jego trojskosng symetri¢ i w pelni uporzadkowang strukture. Dodatkowo przeprowadzono
badania spektroskopowe mineratéw ze struktura typu PHI. Poréwnanie widm Ramana florkeitu
oraz minerahu z serii phillipsytu pokazato, ze gléwne pasmo znajdujace si¢ na okoto 470 cm™
jest niezalezne od stosunku Si/Al oraz uporzadkowania kationow w szkielecie.

Podczas prac nad projektem odkryto nowy mineral — gismondin-Sr,
Sra[AlgSigO32]-9H20. Jest to strontowy analog znanego gismondinu-Ca z topologia struktury
GIS. Gismondin-Sr zostal znaleziony w pustkach cze$ciowo przetopionego hornfelsu
zbudowanego z wollastonitu, gehlenitu oraz granatéw z serii grossular-andradyt-schorlomit.
W asocjacji niskotemperaturowej zidentyfikowano szereg zeolitow charakteryzujacych
si¢ niskim stosunkiem Si/Al, podobnie jak w przypadku florkeitu. Co ciekawe, jedynie nowy
mineral odznaczal si¢ duza zawartoscig Sr, podczas gdy zeolity z asocjacji byly ubogie
w ten pierwiastek. Badania sktadu chemicznego wujawnity, ze gismondin-Sr r6zni
si¢ od gismondinu-Ca nie tylko kationem dominujacym, ale takze znacznymi domieszkami
kationéw jednowarto$ciowych (gltéwnie potasu), ktore do tej pory nie bylty opisywane
w odmianie wapniowej. Badania strukturalne nowego mineratu pozwolity na rozwigzanie
i udoktadnienie jego struktury krystalicznej (B2212, a = 14.0256(2) A, b = 10.45900(10) A,
c = 13.79360(10) A, V= 2023.44(4)A3). Gismondin-Sr krystalizuje w ukladzie rombowym
W przeciwienstwie do jednoskosnego gismondinu-Ca. Oba mineraty posiadaja uporzadkowany
szkielet glinokrzemianowy, jednak gismondin-Sr charakteryzuje si¢ nieuporzadkowanymi
kationami poza szkieletowymi w odrdéznieniu do gismondinu-Ca. Dodatkowo poréwnanie
szkieletow obu odmian pokazato znaczne deformacje pierscieni
8-cztonowych w strukturze strontowego analogu. Natomiast, badania spektroskopowe
mineratéw z serii gismondinu ujawnity, ze gldowne pasmo na widmie Ramana, znajdujace
si¢ na okoto 460 cm™, jest niezalezne od eliptycznych deformacji w szkieletach zeolitow
z topologia GIS.

Whnikliwa analiza pozyskanych danych oraz danych literaturowych dotyczaca
mineralow z topologia struktury GIS pozwolita na wyrdznienie dwoch serii mineralnych
zr6znym stosunkiem Si/Al. Do serii ze stosunkiem rownym 1, 0 nast¢pujacym wzorze ogdlnym
(MyDo.5(8-y))[AlsSisOz2]-nH20, gdzie y < 8 oznacza zawarto$¢ kationdw jednowartosciowych,
nalezg gismondin-Sr, gismondin-Ca oraz amicyt. Dodatkowo, w skatach pirometamorficznych
znaleziono minerat z serii gismondinu bogaty w Ba, ktory moze by¢ w przysztosci kolejnym

czlonem tej serii. Druga seria charakteryzuje si¢ stosunkiem Si/Al powyzej 1.66 i jest opisana
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wzorem og6élnym (MyDosx-y)[AlxSi60032]'nH20, gdzie x < 8 oznacza zawarto$¢ Al.,
a y — kationow jednowartosciowych. Do tej serii nalezg garronit-Ca, garronit-Na oraz
gobbinsyt. Jednakze dokladne poréwnanie dwodch ostatnich gatunkéw mineralnych poddato
w watpliwos¢ podstawy ich wyroznienia, poniewaz rdznig si¢ one jedynie stopniem uwodnienia
oraz stosunkiem Si/Al, skutkujagcym r6zng zawarto$cig Na.

Podsumowujac, znalezienie florkeitu w réznych typach skat pirometamorficznych
wskazuje na regionalny charakter stosunkowo jednolitych warunkow powstawania zeolitow
w Basenie Hatrurim. Formowanie si¢ mineralizacji zeolitowej w skatach kompleksu mozna
podzieli¢ na dwa etapy. W pierwszym etapie dominujacg rol¢ odgrywaly mineraty bogate
w Ca, sporadycznie wzbogacone w Na. Drugi etap charakteryzowal si¢ powstawaniem
mineratdw dominujagcych w Na oraz K. Generalnie mineraly zeolitowe ze skat
wysokotemperaturowych Basenu Hatrurim charakteryzuja si¢ niskim stosunkiem Si/Al,
wynikajacym z wysokiej zawartosci Al w srodowisku krystalizacji, a w konsekwencji jego
wysoka alkaliczno$cig. Takie warunki byty skutkiem interakcji wody opadowej z mineratami
skatotworczymi, ktorych przemiany powodowaly uwalnianie si¢ Al do srodowiska.
Rowniez, lokalne wzbogacenie w Sr oraz Ba jest skutkiem ich uwalniania z mineratow
akcesorycznych takich jak skalen barowy czy mineraty z serii fluorapatytu-fluorellestadytu.

Wymiernym rezultatem przeprowadzonych badan jest opublikowanie trzech prac

w renomowanych czasopismach naukowych.
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Alphabetical list of abbreviations

The abbreviations of minerals are given in agreement with approved mineral symbols
by the International Mineralogical Association Commission on New Minerals, Nomenclature,
and Classification (Warr 2021).

Adr — andradite

Ami — amicite

BSE — backscattered electrons spectrometer

Chr — chromite

Cls — celsian

D — divalent cations

dcc — double crankshaft chain

EDX — energy dispersive X-ray spectrometer

EMPA — electron microprobe analysis

Ess — esseneite

Fap — fluorapatite

FAU — framework of structure with faujasite-type topology
F16 — florkeite

Gh — gehlenite

GIS — framework of structure with gismondine-type topology
gis — gis-type minerals

Gis-Sr — gismondine-Sr

Grs — grossular

kfe — channel along [001] in framework of structure with phillipsite-type topology
Kls — kalsilite

Lat — latiumite

M — monovalent cations

MER - framework of structure with merlinoite-type topology
oto — composite building unit in framework of structure with phillipsite-type topology

PBU — primary building unit
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pfu — per formula unit

PHI — framework of structure with phillipsite-type topology

phi — composite building unit in framework of structure with phillipsite-type topology
Phi-K — phillipsite-K

SBU - secondary building unit

SEM - scanning electron microscope

Spl — spinel
T — tetrahedral site

Ts010 — chain building the fibrous zeolites

t-gsm — composite building unit in framework of structure with gismondine-type topology
Thm-Ca — thomsonite-Ca

Wo — wollastonite

Vtn — vertumnite

IMA-CNMNC- International Mineralogical Association Commission on New Minerals,
Nomenclature, and Classification
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Alphabetical list of mineral names and end-member formulas

The mineral names and end-members formulas are given in agreement with
the most recent IMA-CNMNC List of Minerals, as of May 2024. Otherwise, an appropriate
references are provided.

Amicite — KaNaz(AlsSis016)-5H20

Andradite — CasFe®*5(SiO4)s
Analcime — Na[AlSi»0¢] H20
Celsian — Ba[Al2Si»0s]
Chromite — Fe?*Cr,04
Esseneite — CaFe®**AlSiOg

Florkeite — KaCazNa[AlgSigOz2]- 12H20
Fluorapatite — Cas(POa)sF
Fluorellestadite — Cas(SiO4)15(SOa4)1.5F

Garronite-Ca — Cas[AleSi10032]-14H20

Garronite-Na — Nas[AleSi10032]-14.3H20
Gehlenite — Ca,Al(SiAl)O7

Gismondine-Ca - Cas[AlgSigO32]-16H20
Gismondine-Sr — Sr4[AlgSig032]-9H.0
Gobbinsite — Nas[AlsSi11032]-11H20
Gonnardite — (Na,Ca)2[(Si,Al)s010]-3H20
Grossular — CasAl2(SiO4)3

Kalsillite — KAISiO4

Latiumite — (Ca,K)[Si,Al]5011(S04,CO3)
Merlinoite — KsCaz[AlgSi23]Oss24H20
Phillipsite-Ca — Cas[AlsSi10]O32-12H20
Phillipsite-K — Kg[AlsSi10] 032 12H20
Phillipsite-Na — Nas[AlsSi10] Os2- 12H20
Rankinite — CasSi>O7

Spinel — MgAI204

Strétlingite — Ca2Al(Al,Si)202(0H)10-2.25H,0
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Tobermorite supergroup — Cas+x(AlySie-y)O15+2x-y-5H20 (Biagioni et al. 2015)
Thomsonite-Ca — NaCaz[AlsSis]O20: 6H20

Willhendersonite — KCa[SizAl3012]-5H20

Wollastonite — CaSiOs

Vertumnite — CasAlsSisOs(OH)24-3H20
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Introduction

Hatrurim Complex

The Hatrurim Complex, also known as the Mottled Zone, is located in Israel
in the Negev Desert, in the Palestinian Authority in the Judean Desert, and in Jordan
in the Transjordan Plateau (Fig. 1la) (Bentor 1963; Gross 1977). It consists of separate,
individual outcrops spread over the rift valley of the Dead Sea, located between
10 and 100 km from the Dead Sea Transform Fault (Vapnik et al. 2015).
The Hatrurim Complex is a well-known example of the occurrence of pyrometamorphic rocks.
The metamorphic transformations, called combustion metamorphism, of the rocks
in this Complex correspond to the conditions of the sanidine facies, characterized
by low pressure and exceptionally high temperatures (Gross 1977; Grapes 2010). The largest
outcrop of the Hatrurim Complex in Israel is the Hatrurim Basin — a stratotype
of the Hatrurim Complex (Fig. 1b) (Burg et al. 1991; Sokol et al. 2019). It covers an area
of nearly 48 km?, which is characterized by a wide variety of high-temperature metamorphic
rocks (Gross 1977; Vapnik et al. 2007; Sokol et al. 2019). The area hosts various types
of pyrometamorphic rocks, including calcite-zeolite-hydrogarnet rocks, spurrite marbles,
larnite pseudoconglomerates, and gehlenite hornfels, each representing a different metamorphic
grade (Gross 1977; Burg et al. 1991; Vapnik et al. 2007; Novikov et al. 2013).
Nevertheless, the gehlenite-(pseudo)wollastonite-andradite and rankinite-gehlenite paralavas
within hornfelses have attracted the greatest attention, mainly due to the high-temperature
rock-forming minerals and Ba, VV-bearing enclaves (Galuskina et al. 2017b, 2017a; Krzatala et
al. 2020, 2023). More recently, the study of the breccia of hydrogrossular-bearing rocks
cemented by gehlenite paralava has begun due to their unusual reductive mineral association
(Britvin et al. 2015, 2019; Galuskin et al. 2022, 2023b, 2023a). Despite numerous mineralogical
studies, the origin of the Hatrurim Complex remains controversial. The presumed protoliths
of the metamorphic rocks are sedimentary rocks of the Maastrichtian Ghareb and Paleocene
Tagiye Formations, which include clays, marls, and chalks enriched in bituminous matter
and oil shale (Gross 1977; Gur et al. 1995; Geller et al. 2012). Furthermore, the thermal energy
source that drove the metamorphism is unknown. According to Gur and co-authors, the major
combustion metamorphic events occurred around 3 Ma, whereas the initial events occurred
at 16 Ma based on K-Ar and *°Ar/*Ar techniques (Gur et al. 1995). One of the hypotheses
considers the combustion of organic matter in the Ghareb and Tagiye Formations (Gross 1977,

Matthews and Gross 1980; Geller et al. 2012), whereas the second one associates
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the pyrometamorphism with tectonically induced mud volcanism and combustion
of hydrocarbon gases (Sokol et al. 2007, 2008; Sharygin et al. 2008; Novikov et al. 2013).
The rocks of the Hatrurim Complex can be divided into two main mineral assemblages
corresponding to two stages of metamorphism (Fig. 2). The first type of rock forms conical hills
in the Negev desert and is resistant to the intense weathering of the arid climate.
These rocks are products of high-temperature metamorphism — hornfels and paralavas
with amygdaloidal cavities (Fig. 2a). Their formation is related to the prograde stage
of metamorphism, during which the temperature could locally reach > 1500 °C (Galuskin et al.
2023b). The mineral assemblage of these rocks is considered to be a natural analog of clinker
phases (Gross 1977). Nevertheless, the high-temperature rocks have been affected
by retrograde metamorphism and weathering processes, as they are strongly veined
by a low-temperature mineralization, which also fills amygdaloidal cavities (Vapnik et al. 2007;
Kolodny et al. 2014; Juroszek et al. 2020a). The second type of rock occurring in the Hatrurim
Complex, the so-called “low-grade Hatrurim”, mainly consists of calcium hydrosilicates and
zeolites (Fig. 2b, Gross 1977; Vapnik et al. 2007; Kruszewski et al. 2021). These rocks were
formed as a result of post-depositional alteration of various sedimentary rocks
and as by-products of the hydrothermal alteration of high-temperature metamorphosed rocks
(\Vapnik et al. 2007; Sokol et al. 2019). Their mineral assemblages correspond to phases found
in industrial concrete (Gross 1977; Matthews and Gross 1980; Kolodny et al. 2014; Sokol et al.
2014).
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Figure 1 (a) Simplified map of the outcrops of the Hatrurim Complex,

the area outlined by the frame is magnified in (b); (b) Generalized map of the Hatrurim Basin outcrop

considering the olive unit outcrops and exemplary sampling localities
(modified from Geological Map of Israel 1: 50 000, Arad sheet (Hirsch et al. 2008)

Figure 2 Two main mineral assemblages occurring in the Hatrurim Complex: (a) High-temperature rocks,

(b) Low-temperature calcium-hydrosilicate rocks representing the retrograde stage of metamorphism
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Zeolite minerals

According to the International Mineralogy Association, a zeolite is a mineral
with a structure consisting of a three-dimensional framework of linked tetrahedra composed of
four oxygens and a central cation (T) — a primary building unit (PBU, Fig. 3a).
The structure contains open cavities filled with water molecules and exchangeable
extraframework cations. In these minerals, dehydration takes place at low temperatures
(<400 °C), and is usually reversible (Coombs et al. 1997). In the case of OH or F anions being
present in the coordination sphere of the tetrahedral cation, the given apex is not shared
with the adjacent tetrahedra, implying an interruption of the framework.
The central tetrahedral site (Fig. 3a) can be occupied by various cations such as AP, Si**, Zn?*,
P°* and Be?* (Coombs et al. 1997; Passaglia and Sheppard 2001; Yang et al. 2023; Kampf et
al. 2024). However, aluminosilicate frameworks are the most typical in nature. Therefore, only
this type of zeolites will be discussed here. The general formula
for aluminosilicate zeolites can be written as  MxDy[Alx+2ySin-(x+2y)O2n]-mMH20,
where M and D correspond to monovalent and divalent cations, respectively. The square
brackets refer to the negatively charged framework resulting from Si** — AI®* substitution
(Passaglia and Sheppard 2001). The chemical compositions of zeolites are characterized
by a great variety due to the considerable flexibility of their structures.
Therefore, only a classification based on the topologies of the structures is reliable.
Nevertheless, the diversity of the zeolite framework type structures is relevant.
The Structure Commission of the International Zeolite Association has established
a three-letter code for each framework type of zeolite, that shall be given as three capital letters
in boldface type, e.g., FAU (Passaglia and Sheppard 2001; Baerlocher et al. 2007). Within each
framework type, different secondary building units (SBUs) can be distinguished, such as single
four-membered rings, single six-membered rings, double four-membered rings
and TsO10. They are formed as a consequence of the geometrical arrangements
of the PBU (Fig. 3b) (Gottardi and Galli 1985; Armbruster and Gunter 2001).
Subsequently, the Ilinked SBUs form chains (Baerlocher et al. 2007, p. 6).
For instance, linked four-membered rings form a double crankshaft chain (hereafter abbreviated
as dcc, Fig. 3c), which is the main building block of the following framework types gismondine
(GIS), phillipsite (PHI) and merlinoite (MER). The dcc comprises rings with tetrahedral apices
alternately pointing up and down, defining the T-O-T angle between them (Fig. 3c, d).

This arrangement resembles a corrugated ribbon — crankshaft with a periodicity of ~10A
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(Gottardi and Galli 1985; Armbruster and Gunter 2001). The connected dccs form
a three-dimensional framework with cages and channels hosting extraframework cations,
which balance the negative charge of the framework (Fig. 3d). The great flexibility of zeolite
structures and their variety of chemical compositions imply a considerable diversity
in terms of symmetry within a given topology. The highest symmetry in zeolite structures
(archetype structure) is the topological symmetry, in which all tetrahedral sites are considered
to be equivalent (Gottardi 1979; Smith 1988). In the case of an ordered framework
(with non-equivalent tetrahedral sites) the symmetry is reduced to the topochemical symmetry.
The real symmetry takes into account the order of the extraframework cations as well

as the distortion of the framework caused by unadjusted extraframework sites (Gottardi 1979).

Figure 3 (a) Tetrahedron — primary building unit (PBU) of aluminosilicate framework of zeolite;

(b) Four-membered ring of tetrahedra — secondary building unit (SBU); (c) Double crankshaft chain (dcc) with
marked T-O-T angle; (d) GIS framework type with indicated T-O-T angle and dcc marked in red.
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Research motivation and objectives

The Hatrurim Complex is a world-famous locality for pyrometamorphic rocks where
many rare minerals occur. It has been intensively studied by mineralogists over the last decade,
resulting in the discovery of many new natural phases (Sharygin et al. 2013; Galuskina et al.
2017a; Britvin et al. 2019, 2020; Galuskin et al. 2019; Krzatata et al. 2022). To date, studies
have mainly focused on high-temperature rock-forming minerals, whereas investigations of the
low-temperature mineralization have been extremely limited (Kolodny et al. 2014; Seryotkin
et al. 2019; Juroszek et al. 2020b). Generally, the low-temperature mineralization
and weathering products of pyrometamorphic rocks have found little interest and were only
occasionally the topic of mineralogical research (Lengauer et al. 2009; Juroszek et al. 2018).

Therefore, this project aimed at an insightful characterization of the mineralization
occurring in veins and cavities in high-temperature pyrometamorphic rocks, particularly

zeolites. The Hatrurim Complex is known for its abundant zeolite mineralisation.

Surprisingly, detailed mineralogical identification has been provided to date (Gross 1977).
. Y Y N T a ”

Figure 4 High-temperature rocks with cavities filled with low-temperature mineralization
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Methodology

Initially, the project foresaw both extensive fieldwork and complementary analytical
laboratory work. Fieldwork was hampered as consequence of the travel restrictions imposed by
the COVID 19 pandemic (2020 — 2022) and the geopolitical situation at the Gaza Strip (2023).
Hence, only one week of fieldwork was carried out in 2022 at the Hatrurim Basin in Israel
in November of 2022. On this occasion, a number of rock samples were collected. In addition,
samples from the collection of Prof. Galuskin’s research group were used for the present work.
The workflow employed for the mineralogical sample characterization, together
with the analytical methods used in the present project, is displayed in Figure 5. The preliminary
examination of the rock samples was carried out using an OLYMPUS BX-51 stereoscopic
microscope. Qualitative and semi-quantitative chemical composition, mineral association
and crystal morphology were determined using a Phenom XL scanning electron microscope
equipped with an energy dispersive X-ray (EDX) spectrometer and backscattered electrons
(BSE) detectors at the Institute of Earth Sciences, Faculty of Natural Sciences,
University of Silesia in Katowice, Poland. Raman spectroscopy investigations were conducted
at the same institute using a WITec alpha 300R confocal Raman microscope. Quantitative
chemical analyses were performed using Cameca SX100 electron microprobe analyzers
(EMPA) with instruments located at the Faculty of Geology, University of Warsaw and Polish
Geological Institute, National Research Institute, Poland. Crystals for structural investigation
were selected from the polished rock samples under the stereoscopic microscope and mounted
on MiTeGen loops. Single-crystal X-ray diffraction experiments were conducted using
a Rigaku Synergy-S diffractometer equipped with a dual micro-focused source
and a Hypix detector in collaboration with Dr. habil. Georgia Cametti from the University of
Bern, Switzerland. Subsequently, the optical properties of crystals were determined
using a petrographic microscope. Micro-indentation testing was carried out using a Nexus 400A

micro Vickers hardness tester.
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Figure 5 Diagram (work-flow) showing the laboratory methods used in the project
Results — summary of the articles included in the doctoral dissertation

The study of nearly 120 thin sections and dozens of rock samples from various
pyrometamorphic rocks has shown that zeolites are predominantly found in amygdaloidal
cavities of pyrometamorphic rocks from the Hatrurim Basin, with occurrences in veins being
less common. In contrast, carbonate and sulfate mineralizations are found in veins cutting
high-temperature rocks (Kolodny et al. 2014). The most abundant zeolite in high-temperature
pyrometamorphic rocks of the Hatrurim Basin is a rare zeolite florkeite,
KzCa2Na[AlgSigO32]-12H.0. Furthermore, a new zeolite, gismondine-Sr, Sr4[AlgSisOz2]-9H20,
was  discovered and  fully characterised during the  present  project.
Moreover, a number of mineral species, such as amicite, gonnardite, willhendersonite
and  strdtlingite, previously unknown from this locality, were described.
Moreover, the occurrences of other minerals previously identified, such as vertumnite,
thomsonite-Ca, gismondine-Ca, were confirmed (Gross 1977; Matthews and Gross 1980; Burg
et al. 1991).

Florkeite

Occurrence and mineral association

The Hatrurim Basin in Israel is the second worldwide occurrence of florkeite.
To date, this mineral had only been described from one locality — Bellerberg volcano, East Eifel
volcanic region, Germany (Lengauer et al. 2009). In order to characterize florkeite
and its mineral associations, three types of pyrometamorphic rocks were selected as the most
representative samples for a detailed description. These included gehlenite-wollastonite-
kalsilite paralava with amygdaloidal texture (Fig. 6a, a’), esseneite-latiumite hornfels

(Fig. 6b, b’), and gehlenite-wollastonite-garnet hornfels and paralavas (Fig. 6c, c’).
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In amygdaloidal paralavas (Fig. 6a, a’), vertumnite, CasAlsSisOs(OH)24-3H20,
thomsonite-Ca, NaCaz[AlsSisO2]-6H2O, and minerals of the tobermorite supergroup,
Cas+x(AlySi6.y)O15+2xy'5H20  (Biagioni et al. 2015) occur in addition to florkeite.
In the esseneite-latiumite hornfels (Fig. 6b, b’), flérkeite occurs in association with minerals
of the phillipsite series. Zeolites of the gismondine series may also be present.
Gehlenite-wollastonite-garnet hornfels (Fig. 6¢, ¢’) shows the most variable low-temperature
mineralization with  minerals such as gismondine-Ca, Cas[AlgSigOz2]-18H.0
(Wadoski-Romeijn and Armbruster 2013), newly discovered gismondine-Sr, Ba-rich minerals
of the gismondine series, thomsonite-Ca, gonnardite, (Na,Ca)2[(Si,Al)s010]-3H:0,
willhendersonite, KCa[SizAl3012]-5H20, and Ba-enriched vertumnite. It is noteworthy that
florkeite always occurs at the end of the crystallization sequence, overgrowing other minerals

or filling the remaining space in the cavities.

a b

Figure 6 General view of rock samples and BSE images of forming minerals in (a, a’) Gehlenite-wollastonite-
kalsilite paralava with amygdaloidal texture, (b, 5°) Esseneite-latiumite hornfels, (c, ¢’) Gehlenite-wollastonite-
garnet hornfels with paralava part. Adr — andradite, Chr — chromite, Cls — celsian, Ess — esseneite,

Fap — fluorapatite, Gh — gehlenite, Grs — grossular, Kls — kalsilite, Lat — latiumite, Wo — wollastonite.
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Electron microprobe analyses

Electron microprobe analyses were carried out on florkeite crystals from all three types
of rocks, resulting in the empirical crystal-chemical formulas presented in Table 1.

Table 1 Empirical crystal-chemical formulas of florkeite from different pyrometamorphic rocks of the Hatrurim
Basin calculated based on 16 T-sites

Pyrometamorphic rocks Empirical crystal-chemical formulas
gehlenite-wollastonite-kalsilite
paralava with amygdaloidal voids K2.87Ca1.96Nao.os[ Al7.98Sis.02032]-6.98H.0

(Fig. 6a, a’)
esseneite-latiumite hornfels
(Fig. 6b, b’)
gehlenite-wollastonie-garnet
hornfels and paralavas K2.91Ba0.13Ca1.97Sr0.0sNa1.0a[ Al7.93Si5.07032]-8.31H20

(Fig. 6¢, ¢’)

K2.91Ca2.00Nao.o1[Al7.96Si8.04032] - 7.52H.0

The empirical crystal-chemical formulas are close to the end-member formula
KzCa2Na[AlsSigO32]-12H.0. Based on EMPA data, the water contents (as calculated by the
mass difference to 100%) are always underestimated. By contrast, the SC-XRD data indicate
the presence of twelve water molecules per formula unit (pfu). A similar divergence was
observed in the first description of flérkeite (Lengauer et al. 2009).

Moreover, the comparison of the chemical compositions of minerals from phillipsite
series and florkeite from the Hatrurim Complex with literature data revealed that minerals from

Israel stand out by the highest Al content found among natural phillipsite specimens (Fig. 7).
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Figure 7 R?* - R* - Si ternary diagram presenting the difference in the chemical composition of phillipsite series
minerals depending on geological environments; comparing literature and Hatrurim Complex data
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Raman spectroscopy

The Raman spectroscopy investigation of florkeite and phillipsite-K
did not show any significant differences between these two minerals.
This observation clearly shows that the principal band at about 470 cm™, assigned tentatively
to modes of four-membered rings, is typical for PHI-type structures and is independent of both

the order of structure and the Si/Al ratio within the framework (Fig. 8).
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Figure 8 Florkeite (FI6) and phillipsite-K (Phi-K) in esseneite-latiumite hornfels: (a) BSE image;
(b) EDX spectra; (c) Raman spectra

Single crystal X-ray diffraction

The SC-XRD experiment yielded the triclinic P-1 space group and the following
unit cell parameters a = 19.9366(2) A, b = 14.25170(1) A, ¢ = 8.69350(1) A, o = 88.2480(1)°,
B =125.0960(1) °, y = 89.6350(1) °, V = 2019.19(4)A%. The structure refinement converged
to a value of Ry = 0.0341%, revealing a PHI-type structure with ordered framework cations
as well as an ordered extraframework cations and water molecules, which are distributed
over the phi and oto units (Fig. 9). The PHI topology is a type of framework occurring
in common minerals of the phillipsite series. The structure is built up by double crankshaft
chains with the topological symmetry Cmcm. However, in the phillipsite series minerals,
it is reduced to a monoclinic symmetry as consequence of the distortion caused by the presence
of large cations such as K and Ba (Gottardi 1979; Passaglia and Sheppard 2001).
Conversely, in florkeite, the symmetry is first reduced to B2/b owing to the ordered arrangement
of Al and Si within the framework (Gottardi 1979; Lengauer et al. 2009).

26

26:3203630576



Subsequently, the ordered distribution of extraframework cations and water molecules
in the channels leads to the doubling of the unit cell parameter a, resulting in triclinic symmetry
(Lengauer et al. 2009). The results obtained for florkeite from pyrometamorphic rocks of the
Hatrurim Complex are in excellent agreement with those obtained on a sample from the type
locality in Germany (Lengauer et al. 2009). In conclusion, the main difference between florkeite

and minerals of the phillipsite series is the order of the structure.
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Figure 98 Top: The kfe channel in the structure of florkeite with orderly distributed extraframework cations and
water molecules. Bottom: The double crankshaft chain building the PHI-type structure. The purple and green

sticks indicate phi and oto units, respectively.
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Minerals with the GIS-type structure

Occurrence and mineral association

During the present project, a new mineral — gismondine-Sr (IMA 2021-043),
Sr4[AlgSigO32]-9H20, was discovered and approved by the Commission on New Minerals,
Nomenclature and Classification of the International Mineralogical Association
(IMA-CNMNC). It is the orthorhombic Sr-analog of gismondine-Ca and the first Sr-dominant
zeolite with a GIS-type structure. The new zeolite was found in cavities
of the gehlenite-wollastonite-garnet hornfels. The low-temperature mineralization was
represented by gismondine-Ca, thomsonite-Ca, analcime, and two generations of florkeite
(Fig. 10). Minerals of the tobermorite supergroup were also  present.
Interestingly, Ba-rich vertumnite occurred as well in this type of rock. Moreover, Ba-rich
gismondine and amicite, representing GIS-type structure minerals, were found
in latiumite-esseneite hornfels and gehlenite-wollastonite-kalsilite paralava, respectively
(Fig. 11). In addition, the second worldwide occurrence of gismondine-Sr was reported.
The mineral was found in xenolith samples from the Bellerberg volcano in Germany, implying
pyrometamorphic conditions similar to those of the formation of rocks from the Hatrurim Basin
(Juroszek and Ternes 2022).
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Figure 10 BSE image of gismondine-Sr between two florkeite generations. Adr — andradite, Fap — fluorapatite,
Flo — florkeite, Gh — gehlenite, Grs — grossular, Spl — spinel, Vtn — vertumnite, Wo — wollastonite.

Gis-Sr — gismondine-Sr, Thm-Ca — thomsonite-Ca.

Wo

Ba-rich gis

/

Figure 91 BSE images of (a) Ba-rich gismondine; (b) Amicite in high-temperature pyrometamorphic rocks from
the Hatrurim Complex, Israel. Adr — andradite, Ami — amicite, Cls — celsian, Fap — fluorapatite, Gh — gehlenite,

Wo — wollastonite, gis — gis-type minerals.
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Electron microprobe analyses

Electron microprobe analyses were performed on both, gismondine-Sr from two Israel
and Germany, as well as on Ba-rich gismondine and amicite from the Hatrurim Basin.
The empirical crystal-chemical formulas presented in Table 2 were calculated on the basis of
16 T-sites.

Table 2 Empirical crystal-chemical formulas of minerals with GIS-type structure
from Hatrurim Basin and Bellerberg volcano

Mineral name Locality Empirical crystal-chemical formulas

Hatrurim Basin

Gismondine-Sr (type locality)

(Sr2.02Ca1.00Ba0.02K.0.72Na0.62) 74.47[Al7.91Si8.00031.85]-9.00H20

Gismondine-Sr Bellerberg (Sr1.74Ca1.0sBao.0sK1.56Nao 49) [Al7.98Sis.06032]-9.62H,0
volcano
Ba-rich Hatrurim Basin ~ (Bay.27Sr1.26K1.25Ca0.73Na0.36)v4.57[ Al7.78F €0.05Sis.00032]-8.40H20
gismondine 1275r1.26K1.25Ca0.73Na0.36) 5:4.87[ Al7.78F€0.05Si5.00032] -8.40H2
Amicite Hatrurim Basin (K3.73Naz.20Cao.31)y7.33[ Als.03F€0.02S18.06032]-4.80H.0

Based on the empirical crystal-chemical formulas, the end-member of gismondine-Sr
was determined as Srs[AlgSigO32]-18H,0O according to the recommended nomenclature
for zeolites (Coombs et al. 1997). Noteworthy is a significant K substitution

in gismondine-Sr, especially from Germany.

Single crystal X-ray diffraction and structure description

Data acquisition of SC-XRD were carried out on gismondine-Sr crystals from
the Hatrurim Complex, Israel and the Bellerberg volcano, Germany. The comparison of unit
cell parameters resulting from the measurements is shown in Table 3. Attempts to determine
the crystal structures of Ba-rich gismondine and amicite were unsuccessful due to the brittleness
and small size of the grains.

Table 3 Comparison of unit cell parameters of gismondine-Sr from the Hatrurim Basin, Israel (type locality)
and Bellerberg volcano, Germany

Hatrurim Complex, Bellerberg volcano,
Israel Germany
Crystal system orthorhombic orthorhombic
Space group B22,2 B22,2
. 14.0256(2) 13.9859(2)
p:rr;';zz'rs 10.45900(10) 10.46830(10)
(A, A9) C 13.79360(10) 13.7542(2)
’ \% 2023.44(4) 2013.73(5)
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The structure of gismondine-Sr belongs to the GIS framework type structures,
in which Al and Si are distributed in an orderly manner over the tetrahedral framework sites,
in accordance with the Lowenstein rule (Lowenstein 1954). The structure is composed
of four-membered rings forming double crankshaft chains. Two systems of chains
can be distinguished in the structure, running parallel to [101] and [10-1], respectively.
This arrangements leads to the formation of two systems of channels with eight-membered
apertures in corresponding directions related by a 2; axis (Fig. 12). At the intersection of the
channels, the t-gsm cage is formed. The cage consists of six four-membered rings
and four eight-membered rings, denoted as 4°8* (Alberti and Vezzalini 1979).
In the gismondine-Sr structure, there are two non-equivalent cages, that contain disorderly
distributed extraframework cations and water molecules at partially occupied sites (Fig. 13).
In agreement with chemical analyses, Sr is a dominant extraframework cation, besides, Ca, K,

Na cations and water molecules were located.

s

X oz

Figure 12 Framework of gismondine-Sr, projection on (101). Silica tetrahedra are dark blue; alumina
tetrahedra are light blue; the dashed line indicates the unit cell.

Figure 13 Extraframework cations and water molecules in the two non-equivalent cages in gismondine-Sr
structure from the Hatrurim Complex: (a) Cage containing Ca, Na, and K at C1A, C1B, and C1C, respectively;
(b) Cage containing Ca and K at C2A and C2B sites. All extraframework sites are partially occupied. Strontium,

calcium, potassium, and sodium are represented as green, blue, purple, and yellow spheres, respectively.

Gray spheres represent H,O sites.
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Gismondine-Sr crystallises in the orthorhombic space group B22:2, which contrasts the
monoclinic symmetry (space group P2i/c) of the calcium analog gismondine-Ca.
However, framework cations are ordered in both minerals, reducing the topological symmetry
(space group l41/amd, Fig. 14). In the structure of gismondine-Sr, the extraframework cations
are disordered, unlike as found in gismondine-Ca. In the latter, the symmetry is reduced
to monoclinic due to the ordered arrangement of the extraframework cations.
Thus, the orthorhombic symmetry of investigated gismondine-Sr is a consequence
of both ordered framework and disordered extraframework cations (Fig. 13, 14).
Additionally, a comparison of gismondine-Sr and gismondine-Ca structures has shown that the
unit cell parameters of gismondine-Sr are related to the monoclinic setting by the following
matrix transformation 101/010/10-1. This corresponds to a rotation of 45° around the y-axis,
which leads to an increase in the a and ¢ parameters. As a result, the unit cell volume
of gismondine-Sr is almost double that of the monoclinic gismondine-Ca (Vezzalini et al.
1993).

Ordering arrangement

of Siand Al
at tetrahedral sites

tetragonal
symmetry

Ordered distribution
of channel’s cations

orthorhombic and H,0

symmetry

monoclinic
symmetry

Figure 14 Scheme of symmetry reduction in GIS framework-type structure (Gottardi 1979).

Interestingly, comprehensive comparison of gismondine minerals revealed
that the average T-O-T angle is smaller in the Sr counterpart. Furthermore, the ellipticity ratio
of the eight-membered aperture is modified. This modification results from the tilting
of the dcc around the oxygen — bridging atom which link two four-membered rings in the
perpendicular chain (Fig. 3d). It emerges as the tilting of the four-membered rings on oxygen,
which plays a role of hinge (Fig. 15). Despite the tilting, no significant changes were observed
in the four-membered rings suggesting their quasi-rigid behavior in the structure.
Even more interesting is the fact, that a similar ellipticity deformation was observed

in partially dehydrated gismondine-Ca. As a result of water loss, a phase transition from the
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monoclinic space group P21/c to the orthorhombic space group P2:2:2; took place (Fig. 15c).
A comparable deformation of the structure was also observed in the pressure-induced structure
of gismondine-Ca (Betti et al. 2007; Ori et al. 2008).

:‘

Figure 15 Part of the framework with 8-membered and four-membered rings: (a) monoclinic gismondine-Ca
along [001] (Wadoski-Romeijn and Armbruster 2013); (b) gismondine-Sr, projection along [101]; (c) partially
dehydrated gismondine-Ca at 75°C along [101] (Wadoski-Romeijn and Armbruster 2013); (d) scheme of
overlapping four-membered rings of gismondine-Ca (gray line) and gismondine-Sr (dashed line)

Raman spectroscopy

Raman spectroscopy investigations were conducted on the minerals with GIS-type
structure found in the pyrometamorphic rocks of the Hatrurim Basin, Israel, and Bellerberg
volcano, Germany (Fig. 16). Generally, the Raman spectra of zeolites consist of two
overlapping types of bands which can be assigned to the vibrations of the PBUs as well as to
modes of the structural framework arising from the links between PBUs. Therefore, the accurate
assignment of individual bands to the vibrations is not straightforward. The vibrations of PBUs
are independent of the type of three-dimensional framework, whereas the modes arising from
the PBUs links are conditional on the type of structure (Auerbach et al. 2003; Cejka 2007;
Chester and Derouane 2009). Three regions of framework vibrations 300 - 500 cm™,
650 - 730 cm™ and 950 - 1100 cm™ can be distinguished in all three spectra. In addition, the
presence of water molecules gives rise to additional bands. The bands at ~1650 cm™ correspond
to the O-H bending modes, while the bands in the range 3363 - 3585 cm™ represent O-H
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stretching vibrations of the water molecules. The framework vibrations part of the spectra show
the most prominent band at ~460 cm™. This peculiar band of GIS-type structures has been
assigned to the breathing modes of four-membered rings originating from symmetric bending
vibrations of T-O-T (Mozgawa 2001; Auerbach et al. 2003; Mozgawa et al. 2005; Cejka 2007;
Borodina et al. 2022). On the other hand, bands below 407 cm™ can be attributed to vibrations
of eight-membered rings (Mozgawa 2001; Borodina et al. 2022). In the 650 - 724 cm™ region,
bands correspond to the symmetric stretching vibrations of T-O-T, whereas 958 - 1079 cm™ are
associated with asymmetric stretching modes. However, intra-tetrahedral vibrations can also
occur in this region (Auerbach et al. 2003; Gujar et al. 2005; Cejka 2007). The asymmetric
bending vibrations of the tetrahedra can be observed at about 700 cm™. Moreover, asymmetric
and symmetric stretching vibrations of T-O can appear between 958-1079 cm™ (Dutta and Del
Barco 1988; Dutta et al. 1991; Knops-Gerrits et al. 1997; Yu et al. 2001; Gujar et al. 2005).
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Figure 16 Raman spectra of zeolites with GIS-type structure: (a) gismondine-Sr from Germany; (b) amicite from
Israel; (c) Ba-rich gismondine from Israel

A comparison of Raman spectra of minerals with GIS-type structure did not reveal
any significant changes in the frequencies of the main bands. It is worth highlighting that the
Raman spectra of gismondine-Sr, and gismondine-Ca are almost indistinguishable despite
the deformation of the eight-membered rings in the framework of gismondine-Sr.
Consequently, the bands at ~460 cm™ are independent of the abovementioned deformation.
It confirms the assignment of these bands to the vibrations of the four-membered rings, as these
are the only rigid units in the framework that have not changed.

Two series of GIS-type minerals — nomenclature implications

As shown above, gismondine-Sr differs significantly from gismondine-Ca.
The main differences are symmetry and hydration level. Moreover, the content
of monovalent extraframework cations was found to be negligible in gismondine-Ca,
whereas gismondine-Sr shows a significant substitution with K (Vezzalini and Oberti 1984).

Despite the number of significant differences, the Sr-dominant zeolite with
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GIS-type structure was classified as a new end-member of gismondine-Sr
Sr4[AlgSigO32]-9H-0, in accordance with the IMA-CNMNC criteria (Coombs et al. 1997).
Interestingly, experiments on a synthetic pure Sr-dominant zeolite with GIS-type structure,
without other extraframework cations, indicate monoclinic symmetry (Allen et al. 2002).
As a result of the discovery of gismondine-Sr, IMA-CNMNC established “gismondine”
as the name of the series. Consequently, the mineral known previously as gismondine was
renamed gismondine-Ca. Moreover, the data presented on Ba-rich gismondine indicates the
existence of another potentially new end-member of this series.

The need to review the classification of minerals with GIS-type structure is a direct
consequence of the approval of gismondine-Sr and garronite-Na (Grice et al. 2016) as a new
mineral species. Among the minerals with GIS-type structure, only gismondine-Sr,
gismondine-Ca, and amicite exhibit a Si/Al ratio equal to one. The data presented in this work
indicate a possible solid solution between minerals of the gismondine series and amicite (Fig.
17). Both gismonndine-Sr and gismondine-Ca are divalent cation dominant zeolites.
In contrast, amicite is a Na, K dominant mineral. Thus, the scheme of isomorphic substitution
from gismondine-Ca to gismondine-Sr can be presented as follows: Ca** — Sr?*, while the
possible  heterovalent  substitution mechanisms from divalent minerals (D%
of the gismondine series to monovalent dominant (M*) amicite are more complex. Considering
the Si/Al ratio equal to one implies a probable substitution scheme
as D?* — 2M". However, the reduced hydration level must be taken into account.
As reported in the literature, K-exchanged gismondine features a lower water content as K ions
occupy water sites in the extraframework space due to similar interatomic distances
to the oxygens of the framework (Bauer and Baur 1998). It leads to the following substitution
mechanism H,O + D?* — 2K* elucidating lower hydration level and enrichment
in K in gismondine-Sr. In view of the above consideration and criteria specified
in the IMA-CNMNC recommendation, amicite should be regarded as an alkali end-member of

the gismondine series (Coombs et al. 1997).
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Figure 17 Ternary diagram comparing atomic proportions of extraframework cations in gismondine-Sr (Gis-Sr)
from Germany and Israel, as well as Ba-rich gismondine and amicite from Israel.

Following this line of reasoning, the minerals with different Si/Al ratios in terms of the
GIS-type framework should be reconsidered thoroughly. There are only three known mineral
species — garronite-Na, Nas[AleSi10032]-14.3H20, garronite-Ca, Cas[AleSi10032]-14H20, and
gobbinsite, Nas[AlsSi11032]-11H20. They are all characterized by higher Si/Al ratios, implying
a disordered or only partially ordered framework. However, the distinction between gobbinsite
and garronite-Na is disputable. In addition, the discovery of Si-rich garronite (Hirahata et al.
2022), provided additional doubts. These two Na-dominant zeolites were distinguished based
on slightly different hydration levels and differences in Si/Al ratios, resulting in various
Na content. This leads to the following substitution mechanism: 2M* + APP* — M* + Si**.
The insightful analysis of literature data allows to postulate the possible existence of a solid
solution series between garronite-Ca and gobbinsite (Fig. 18). Furthermore, in view of the
current rules for the nomenclature of natural zeolites (Coombs et al. 1997), it appears highly

questionable to consider gobbinsite and garronite-Na as distinct mineral species.
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Figure 18 Diagram depicting compositional variations of garronite series and gobbinsite (Walker 1962; Nawaz
and Malone 1982, Artioli 1992, Artioli and Foy 1994, Gatta et al. 2010; Konya and Szakall 2011, Paulis et al.
2015; Grice et al. 2016; Popova et al. 2020; Hirahata et al. 2022)

In conclusion, two mineral series can be distinguished within a GIS framework type
structure. The first series is characterized by a Si/Al ratio equal to one and includes
gismondine-Ca, gismondine-Sr, and amicite. These zeolites can be described by the general
formula (MyDo.s@s-y))[AlsSigO32]-nH20, where y < 8 is the content of monovalent cations.
The second series includes minerals with a Si/Al ratio greater than 1.66.
Accordingly, garronite-Ca, gobbinsite and garronite-Na belong to this series.
The general formula of this series can be written as (MyDoswx-y))[AlxSi6-x032]-nH20,
where x < 8 and refers to the content of Al, while y represents the content of monovalent cations.
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Conclusions

The most important results of the present project have been published in three articles
in scientific journals (Skrzynska et al. 2022, 2023a, 2023b). Moreover, during this work,
the following minerals, previously unknown in the Hatrurim Complex, were identified: amicite,
florkeite,  gonnardite,  gismondine-Sr, Ba-dominant  gismondine, stritlingite,
and willhendersonite enriched in Na. In addition, the occurrences of the following minerals
were confirmed: vertumnite, thomsonite-Ca, gismondine-Ca, and phillipsite-K and -Ca.
Moreover, Sr-enriched thomsonite-Ca was also found.

The present doctoral dissertation (Skrzynska et al. 2023a, 2023b) showed
clearly that in addition to high pressure and dehydration, extraframework cations and water
molecules of t-gsm in GIS-type structures may cause the elliptical deformation of eight-
membered rings. Moreover, the rigid behavior of four-membered rings was demonstrated and
their relation to the most prominent band at 460 cm™ in the Raman spectra of GIS-type crystals.

The occurrence of florkeite in different types of pyrometamorphic rocks suggests
a regional character of relatively uniform conditions of zeolite formation in the Hatrurim Basin
(Skrzynska et al. 2022). The examination of amygdaloidal cavities in pyrometamorphic rocks
with stereoscopic and scanning electron microscopes, allowed to identify two distinct stages
of zeolite formation. In the first stage, Ca played a major role resulting in the formation
of Ca-rich minerals such as vertumnite and thomsonite-Ca. Gonnardite, containing both
Na and Ca cations, is rarely found in the Na-enriched corresponding mineralization.
Nevertheless, the second stage was dominated by monovalent alkaline metal cations
(Na and K). Consequently, florkeite was formed at the end of the crystallization sequence,
as observed in all samples. In general, the zeolites from the high-temperature rocks
of the Hatrurim Basin have a low Si/Al ratio as a consequence of their unusually high
Al content. In contrast, the zeolites from olive unit rocks, belonging to the “low-grade
Hatrurim” (Fig. 1b, Fig. 7), are characterized by a significantly higher Si/Al ratio (Kruszewski
etal. 2021). This may be indicative of protolith diversity (Langella et al. 2001; Trian et al. 2012;
Novembre et al. 2021). As a general rule, the higher the Al content is in zeolites,
the more alkaline their formation environment must have been (Mariner and Surdam 1970;
Passaglia et al. 1990; Chipera and Apps 2001; Hay and Sheppard 2001; Langella et al. 2001,
Novembre et al. 2021). In the case of high-temperature pyrometamorphic rocks from the
Hatrurim Basin, the considerable alkalinity of the zeolite crystallization environment results

most likely from the interaction between meteoritic water and clinker-like rocks (Khoury et al.
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1992; Milodowski et al. 2011; Vapnik et al. 2019). The presence of such natural cement phases
and their reaction with water provokes an increase of the pH value which result in turn
in the alteration of rock-forming minerals, such as gehlenite or kalsilite, and the subsequent
release of Al. The sharp boundaries between Ba, Sr-rich and Ba, Sr-poor minerals indicate
a pronounced variation of the availability of these cations in the crystallization environment
(Fig. 9), which presumably origin from rock-forming minerals such as celsian (Fig. 10)
or minerals of the fluorapatite-fluorellestadite series (Sokol et al. 2019). Thus, the release
of strontium and barium cations could result in local enrichment in these ions and induce the

observed diversification of the zeolite mineralization.
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Florkeite, a rare zeolite with PHI (phillipsite) framework type, was found in numerous amygdaloidal voids in pyrometamorphic
rocks of the Hatrurim Basin, Hatrurim Complex, Israel. This is the second reported occurrence of florkeite previously found in a
Ca-rich xenolith from a quarry at the Bellerberg volcano near Ettringen, East Eifel volcanic area, Germany. The mineral with
the empirical crystal chemical formula (K, 4,Ca, 4oNag o;)[Al 06Sig 04031 04]-12H,0 (P-1, no. 2, a=19.9366 (2), b=14.2517 (1),
c=8.89350 (10) A, a=88.2480 (1), B=125.0960 (10), y==89.6350(10), V =2019.19(4)A’, and R=3.41%) did not show
significant differences with respect to that of the type locality. The Raman spectrum of florkeite is here reported for the first
time. No significant differences are noticed compared to phillipsite-K. The main band ~470 cm™, characteristic of the PHI-type
structures, is independent on framework order and Si/Al ratio. The zeolite mineralization of amygdules in pyrometamorphic rocks
results from meteoric water circulations in Al-rich rocks during their cooling. The crystallization sequence of zeolite corresponds to
the Ca/(K+Na) ratio decrease. Florkeite formed at the end of a low-temperature crystallization sequence, indicating the
predominant role of potassium in crystallization. The occurrence of florkeite in different pyrometamorphic rocks implies the
relatively uniform, regional mineral-forming conditions, and open hydrologic system of zeolitization. In pyrometamorphic rocks of
the Hatrurim Basin, the process of zeolitization is characterized by low silica activity and high pH conditions.

1. Introduction type, characterized by the highest aluminum content is

florkeite (K;Ca,Na)[AlSigO5,]-12H,0, which stands out

Zeolites occur in diverse geological environments. Generally,
their origin can be sedimentary or hydrothermal [1-4]. It is
widely known that most zeolites are formed from low-
temperature alterations due to water penetrating into rocks.
Minerals belonging to the phillipsite (-K, -Na, and -Ca)
series are one of the most widespread zeolites. The most fre-
quent is phillipsite-K, which is present in volcanic rocks and
in diagenetically altered sediments and deep-sea sediments
[5, 6]. The chemical composition of the phillipsite-type min-
erals depends on the protolith composition. Therefore, they
exhibit a wide variation of the extraframework population,
reflected in the wide R (R=Si/(Si+Al+Fe®") range from 0.5
to 0.77 [7]. The zeolite, with PHI (phillipsite) framework

because of the completely ordered framework and extrafra-
mework sites. Up to now, florkeite has only been known in
a Ca-rich xenolith from a quarry at Bellerberg volcano, East
Eifel volcanic area, Germany [8].

Here, we report on the second occurrence of florkeite,
which was found in numerous amygdaloidal voids of the
pyrometamorphic rocks from the Hatrurim Basin, Negev
desert, Israel. The pyrometamorphic Hatrurim Complex in
Israel has been the subject of many mineralogical studies
over the last ten years. However, the research has focused
chiefly on high-temperature rather than low-temperature
minerals. Recent studies have shown the wide zeolites diver-
sity and great potential for the occurrence of rare and new
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FIGURE 1: (a) Schematic map of the pyrometamorphic rocks outcrops in Israel, Palestinian Autonomy and Jordan; fragment outlined by
frame is magnified in (b); (b) Hatrurim Basin outcrops with marked localities of sampling and olive unit outcrops, which is a major unit
subjected to zeolitization; (c) rock samples: L1, gehlenite-wollastonite-kalsilite paralava with amygdaloidal texture from Zuk Tamrur; L2,
esseneite-latiumite hornfels from Har Ye'elim; L3, gehlenite-wollastonite-garnet hornfels with paralava part from Halamish wadi

(modified from Geological Map of Israel 1: 50 000, Arad sheet, [27]).

zeolites [9]. This paper provides data on the chemical
composition, structure, and Raman spectroscopy of a rare
zeolite—florkeite—from the rocks of the Hatrurim Complex.
Moreover, zeolite genesis is discussed.

2. Geological Setting

The Hatrurim Complex, commonly called the Mottled Zone
because of its multicolored appearance, is a complex of
pyrometamorphic rocks on both sides of the Dead Sea
Transform Fault and widespread over the territory of Israel,
Palestine Autonomy, and Jordan (Figure 1(a)) [10-13]. It
consists of high-temperature rocks and their alteration prod-
ucts. The high-temperature, low-pressure rocks occur as
irregular bodies embedded in light-colored, low-
temperature calcium-hydrosilicate rocks [9, 14]. The genesis
of the Hatrurim Complex is still under debate. Until now,
two hypotheses have been suggested. For several decades,
the Hatrurim Complex was considered as a result of sponta-
neous surface combustion [11, 15, 16]. The bituminous
chalks and marls of the Ghareb and Taqiye Formations,
dated at Maastrichtian to Paleocene age, were subjected to

burning [11, 12]. The second hypothesis relates the origin
of pyrometamorphic processes with neotectonics mud vol-
canism and methane burning [16-18]. The combustion
metamorphism event dates to ca. 16 Ma in the Miocene
and at 4.0-2.3Ma in the Pliocene-Pleistocene [12, 19-21].
The temperature of the regional metamorphic processes is
estimated at 600-900°C. However, the temperature locally
reached up to 1350°C [18]. It led to the protolith’s calcina-
tion, annealing, or even fusion. As a result, clinker-like min-
eral associations are formed [11]. The low-temperature
hydrothermal stage and supergene processes are linked to
the concrete formation (hydrated Portland cement and sul-
foaluminate clinkers) [20, 22].

The Hatrurim Basin, a stratotype [23] (Figure 1(b)) of
the Hatrurim Complex, stands out among Mottled Zone areas
of diverse rock types with high and ultrahigh formation tem-
peratures. It is composed of conical hills separated by wadis
[23]. Up to now, there are the following distinguished types
of high-temperature rocks: anorthite-pyroxene paralava of
the olive unit, spurrite rocks and larnite pseudoconglome-
rates, fine-grained grey pyrrhotite-bearing amygdaloidal
paralava, gehlenite-wollastonite hornfels, coarse-grained

51:7964597473

Downloaded from http://pubs.geoscienceworld.org/gsallithosphere/article-pdf/doi/10.2113/2022/1343791/5732919/1343791.pdf
bv Univ -u | andesbibliothek Tirol Zeitschriftenverwaltuna / Geoloaie user



Lithosphere

Flo
Epoxy

150 ym

(©

(®)

Epoxy

(d)

FIGUrg 2: BSE images: (a) the void of gehlenite-wollastonite paralava filled with vertuminite and florkeite; (b) crystals of phillipsite-K
overgrown by florkeite; (c) florkeite overgrowing gismondine-Sr and gismondine-Ca in amygdule of gehlenite hornfels; x indicates a
point of Raman spectra collection; (d) voids of gehlenite hornfels filled by Ba-bearing vertumnite. Adr: andradite; Fap: fluorapatite; Flo:
florkeite; Gis-Ca: gismondine-Ca; Gis-Sr: gismondine-Sr; Grs: grossular; Lat: latiumite; Phi-Ca: phillipsite-Ca; Tbm: tobermorite; Vtn:

vertumnite; Wo: wollastonite.

wollastonite-andradite-schorlomite-kalsilite paralava, and
recently found fine-grained esseneite-latiumite paralava and
hornfels [24]. The high-temperature rocks are surrounded
by brecciated metasediments and calcium-hydrosilicate
rocks, so-called low-grade Hatrurim. The low-temperature
mineralization, which veined pyrometamorphic rocks, is
formed due to hydrothermal alteration and weathering pro-
cesses, especially the interaction of meteoric water and rocks
[14, 20, 23, 25]. Additionally, anorthite-pyroxene hornfels of
the olive unit, located in the northern part of the Hatrurim
Basin, were subjected to zeolitization [9]. Zeolites occur
mainly in amygdaloidal voids of pyrometamorphic rocks
associated with tobermorite supergroup minerals, minerals
of ettringite group, and hydrotalcite supergroup. The veins
are mainly filled by carbonates and varying amounts of ettrin-
gite and tobermorite group minerals [20, 26], which were
formed in the 250-30 Ka range. Thus, they are significantly
younger than high-temperature rocks [20]. This age corre-
sponds to intensive weathering in the Southern Levant during
interglacial periods [9].

Florkeite was found in three lithological types of rocks
from the 3 localities of the Hatrurim Basin (Figures 1 and 2

and supplementary Figure S1). The samples represent the
high-temperature types of pyrometamorphic rocks of the
Hatrurim Complex. The first sample (L1, Figure 2(a) and Sla)
is composed of gehlenite, wollastonite, kalsilite, fluorapatite,
garnet of the grossular-andradite-schorlomite series, chromite,
pyrrhotite, and perovskite. In the amygdaloidal voids occur
the following minerals: vertumnite, florkeite, and minerals of
the tobermorite supergroup. Florkeite forms crystals up to
200 ym. According to observations, florkeite crystallized on
the vertumnite. The second sample (L2, Figure 2(b) and S1b)
is less porous than LI. Esseneite, latiumite-levantite series,
wollastonite, gehlenite, and garnet of the grossular-andradite-
schorlomite series are the main minerals of the sample. The
low-temperature mineralization is represented by florkeite,
which is grown on phillipsite-K and phillipsite-Ca
(Figure 2(b)). The third sample (L3, Figure 2(c) and Slc)
consists of hornfels and paralava, macroscopically
nonporous. Both hornfels and paralava parts differ in grain
size, but mineral associations are similar. The following
minerals are associated: wollastonite, latiumite-levantite
series, garnet of the grossular-andradite-schorlomite series,
and gehlenite, and the accessory minerals are as follows:
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TaBLE 1: Chemical composition of florkeite.

Constituent L1 L2 L3

Mean (n=12) s.d. Range Mean (n =6) s.d. Range Mean (n=4) s.d.
Sio, 37.39 0.52 36.57-38.46 37.10 0.39 36.42-37.63 36.07 0.50
AL O, 31.56 0.39 31.18-32.62 31.16 0.54 30.23-31.71 30.09 0.48
CaO 8.53 0.13 8.22-8.7 8.6 0.22 8.31-8.85 8.24 0.66
SrO n.d. n.d. 0.39 0.3
BaO n.d. n.d. 1.46 0.31
Na,O 2.28 0.08 2.15-2.43 2.17 0.07 2.08-2.29 2.41 0.38
K,O0 10.48 0.2 10.14-10.78 10.53 0.22 10.22-10.68 10.21 0.61
H,O 9.76 10.41 11.14
Total 100.00 100.00 100.00
R 0.50 0.50 0.50
E % 3.15 1.79 -3.99
Si 8.02 8.04 8.07
Al 7.98 7.96 7.93
T 16.00 16.00 16.00
Ca 1.96 2.00 1.97
Sr 0.05
Ba 0.13
Na 0.95 091 1.04
K 2.87 291 291
Extraframework 5.78 5.82 6.1
H,0 6.98 7.52 8.31

s.d.: standard deviation; R = Si/Al + Fe + Si; E-balance error = (Al+Fe®" — Aly.o. )/Alpeor. X 100Al.,- = K+ Na +2Ca + 2Sr + 2Ba [32]; water content is
calculated by difference to 100%; n.d.: not detected.
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FIGURE 3: Raman spectra of (a) florkeite and (b) phillipsite-K.

fluorapatite and perovskite (Figure Slc). In voids, zeolites Sr (Figure 2(c)) [28]. There is also analcime, which surrounds
such as gismondine-Ca, gismondine-Sr, thomsonite-Ca, and  the voids, and minerals of the tobermorite supergroup. Baryte
florkeite occur, which usually is overgrown with gismondine-  crystals were rarely observed. Additionally, vertumnite is

53:8416553380

Downloaded from http://pubs.geoscienceworld.org/gsallithosphere/article-pdf/doi/10.2113/2022/1343791/5732919/1343791.pdf
bv Univ -u | andesbibliothek Tirol Zeitschriftenverwaltuna / Geoloaie user



Lithosphere

present in the low-temperature association (Figure 2(d)). Its
crystals are characterized by zoning due to the increased
barium content in the cores and rims. In gehlenite hornfels,
florkeite occurs as xenomorphic crystals filling the voids and
rarely as automorphic crystals. In contrast to L1 and L2,
zeolite mineralization of gehlenite hornfels is definitely more
diverse. In all cases, minerals of the ettringite group are rarely
associated with zeolites. Also, it should be emphasized that
zeolites fill voids rather than veins.

3. Analytical Methods

3.1. Chemical Composition. The preliminary chemical
composition of zeolites and minerals of the host rocks
was examined by scanning electron microscope (Phenom
XL), equipped with an EDS (energy-dispersive X-ray spec-
trometer) detector. Their morphology and composition
inhomogeneity were observed in backscattered electron
mode. The quantitative chemical analyses of the samples
L1 and L2 were obtained by electron microprobe, using
a CAMECA SX100 operating at 15keV and 10 nA. For sample
L1, the spot size was defocused to 10 ym. For sample L2, beam
size of 8 yum was used. The following lines and standards were
used for both samples: NaKa=albite, SiKa=diopside,
AlKa =orthoclase, KK« = orthoclase, CaKa = diopside, SrLa = -
celestine, and BaLa=baryte. Sample L3 was also investigated
with the CAMECA SX100 electron microprobe analyzer at
15kV and 10nA. The spot size was equal to 10 ym. The lines
and standards were as follows: NaKa = NaCl, SiKa = wollasto-
nite, AlKa = orthoclase, KK« = orthoclase, CaKa = wollastonite,
SrLa = celestine, and BaLa = baryte.

3.2. Raman Spectroscopy. For a complete characterization of
mineral florkeite, Raman spectroscopy was performed.
Raman spectra were collected using a confocal Raman
microscope WITec alpha 300R equipped with a 488 nm
laser, and a CCD camera was used to obtain the spectrum.
A 30um optical fiber and a monochromator with a
600mm™' grating were used to record the Raman spectra.
The monochromator calibration was conducted using a
Raman scattering line of a silicon plate (520.7cm™). Mea-
surement time amounted to 3 s with an accumulation of 25
scans. The spectral resolution was 3cm™. In order to refine
the Raman spectrum, the spectral software package GRAMS
was used.

3.3. SC-XRD. Single-crystal X-ray diffraction (SC-XRD) data
were collected using a Rigaku Synergy-S diffractometer
equipped with a dual microfocused source and a Hypix
detector. The CuKa radiation (A=1.540598 A) was chosen
due to the small size of the crystal. Data reduction and
absorption correction were conducted using the software
package CrysalisPro 40.29a. The structure was solved by
direct methods using SHELXS [29]. During the refinement
of the structure, which was carried out using SHELXL
[30], neutral atomic scattering factors were used for all
atoms.

TaBLE 2: Parameters for X-ray data collection and crystal structure
refinement of florkeite.

Crystal data

Empirical formula K; 02Ca; 9gNay 99Alg 51515 91044 01

Crystal system Triclinic

Space group -1
a=19.9366 (2)
b=14.25170 (1)
c=18.69350 (1)
a=88.2480 (1)
B=125.0960 (1)

y=89.6350 (1)

o
>

Unit cell dimensions (A, °)

Volume (A%) 2019.19 (4)
Formula weight 303.34
Data collection
Diffractometer Synergy-S
Radiation wavelength (A) 1.54184
Temperature (K) 293 (2)
Absorption coefficient (mm™) 10.582
F(000) 1352
0 range for data collection (°) 3.104-80.112
-25<h<25
Index ranges -17<k<12
-11<1<11
Structure refinement
Reflections collected 27274
Independent reflections 8593
Observed data (I >20(1)) 7486

R, wR, (I >20(I))

0.0341 (WR =0.0995)

R;, wR, (for all) 0.0390 (WR =0.1027)
GooF 1.087
AP in (/A7) -0.764
APas (elA ) 0.102

4. Results

4.1. Chemical Composition. The results of florkeite chemical
microanalysis are given in Table 1. The empirical crystal-
chemical formulas of florkeite were calculated based on 16
framework T-sites. The florkeite empirical crystal-chemical
formulas were determined as follows for the corresponding
localities: L1, (K, ¢,Ca; g6Nag os)[Al; 93Sig 1703 91]-12H,0;
L2, (K;0,Ca; 0oNag ;) [Al; 96Sig 0403, 4] 12H,05 and L3,
(Ky.91Cay 9;Nay 44Bag 1357 5) [Al; 93Sig ;035 16]-12H,0. The
water contents calculated for florkeite on the base of micro-
probe analyses are underestimated (Table 1). A similar prob-
lem was noticed for the microprobe analyses of florkeite
from the type locality [8]. The theoretical determination of
water content in florkeite based on the mean refractive index
and ion polarizability gives the water content about 12H,O
[31]. In the empirical formulas of the studied florkeite, we
used the water content obtained by structural data. The
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TaBLE 3: Atom coordinates (x, y, and z), equivalent isotropic displacement parameters (U,,,, A%), and site occupancies of flérkeite.
Site Atom X y z Uey/Usso (A% Occupancy
K1 K 0.42274 (4) -0.74243 (5) 0.64599 (10) 0.03247 (15) 1
K2 K -0.06261 (5) -0.74923 (5) 0.73279 (13) 0.04070 (18) 1
K3 K 0.41577 (4) -0.74191 (5) 0.11511 (11) 0.03779 (17) 1
Cal Ca 0.19490 (3) -0.87734 (3) 0.05342 (7) 0.01449 (11) 1
Ca2 Ca 0.21055 (3) -0.34979 (3) 0.04392 (7) 0.01602 (11) 1
Nal Na 0.29854 (7) -0.13244 (8) 0.93652 (16) 0.0263 (2) 1
Sil Si 0.07219 (4) -0.64049 (4) 0.57303 (8) 0.00787 (12) 1
Si2 Si 0.29350 (3) -0.14230 (4) 0.53221 (8) 0.00739 (12) 1
Si3 Si 0.46547 (3) -0.99945 (4) 021715 (8) 0.00769 (12) 1
All Al 0.29108 (4) -0.35957 (4) 0.49658 (9) 0.00808 (13) 1
Si4 Si 0.20831 (3) -0.85633 (4) 0.48076 (8) 0.00709 (12) 1
Si5 Si 0.03798 (3) -0.00179 (4) 0.79311 (8) 0.00726 (12) 1
Si6 Si 0.37213 (3) -0.53873 (4) 0.79003 (8) 0.00795 (12) 1
A2 Al 0.06494 (4) -0.86337 (4) 0.54300 (9) 0.00771 (13) 1
Si7 Si 0.43037 (4) -0.35693 (4) 0.43460 (8) 0.00930 (12) 1
Al3 Al 0.56986 (4) -0.86651 (4) 0.55618 (9) 0.00805 (13) 1
Al4 Al 0.21212 (4) -0.63933 (4) 0.51376 (9) 0.00812 (13) 1
Al5 Al 0.12924 (4) -0.02609 (4) 0.23219 (9) 0.00729 (13) 1
Al6 Al 0.37530 (4) -0.97002 (4) 0.77592 (9) 0.00756 (13) 1
Si8 Si 0.12877 (3) -0.46335 (4) 0.21277 (8) 0.00783 (12) 1
Al7 Al 0.02871 (4) -0.50803 (4) 0.78793 (9) 0.00764 (13) 1
Al8 Al 0.47077 (4) -0.49336 (4) 0.21018 (9) 0.00857 (13) 1
0O1 (0] 0.04250 (11) -0.74724 (11) 0.5472 (3) 0.0168 (3) 1
02 (@] 0.00647 (11) -0.58452 (12) 0.3768 (2) 0.0167 (3) 1
03 o 0.07405 (11) -0.59975 (12) 0.7466 (2) 0.0159 (3) 1
04 0 0.16495 (10) -0.63534 (13) 0.6311 (3) 0.0171 (3) 1
05 0 0.30313 (10) -0.25155 (11) 0.5975 (2) 0.0133 (3) 1
06 0 0.33896 (10) -0.12260 (12) 0.4282 (2) 0.0143 (3) 1
o7 (@) 0.19641 (10) -0.11540 (11) 0.3854 (2) 0.0126 (3) 1
08 (@) 0.33293 (11) -0.08114 (11) 0.7184 (2) 0.0139 (3) 1
09 (@) 0.54823 (10) -0.04596 (12) 0.2584 (3) 0.0157 (3) 1
010 (@) 0.40609 (10) -0.95326 (11) 0.0053 (2) 0.0133 (3) 1
ol11 0 0.48473 (10) -0.91408 (11) 0.3555 (2) 0.0124 (3) 1
012 0 0.41394 (10) -0.07871 (11) 0.2419 (2) 0.0122 (3) 1
013 0 0.32858 (11) -0.44110 (12) 0.6782 (3) 0.0180 (4) 1
014 (@) 0.18954 (10) -0.37502 (11) 0.3059 (2) 0.0111 (3) 1
015 O 0.33573 (10) -0.35997 (12) 0.3701 (2) 0.0149 (3) 1
016 ¢} 0.19584 (11) -0.74782 (11) 0.4119 (2) 0.0143 (3) 1
017 o) 0.17532 (10) 0.91668 (11) 0.2935 (2) 0.0126 (3) 1
018 o) 0.15676 (10) -0.88348 (12) 0.5666 (2) 0.0147 (3) 1
019 o) 0.30417 (10) -0.88078 (12) 0.6353 (2) 0.0159 (3) 1
020 o) -0.04171 (10) -0.96088 (12) 0.7740 (2) 0.0138 (3) 1
021 O 0.07841 (10) -0.91770 (11) 0.7436 (2) 0.0114 (3) 1
022 (0] 0.01839 (10) -1.09034 (11) 0.6629 (2) 0.0139 (3) 1
023 o) 0.11108 (10) -1.03313 (11) 0.0097 (2) 0.0119 (3) 1
024 0 0.31592 (10) 20.62772 (11) 0.6847 (2) 0.0129 (3) 1
025 0 0.10799 (10) -0.46199 (11) 1.0016 (2) 0.0118 (3) 1
026 0 0.38865 (10) -0.53587 (11) 0.9965 (2) 0.0126 (3) 1
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TaBLE 3: Continued.
Site Atom x y z Ueg/Uiso (A% Occupancy
028 0 0.04743 (10) -0.44150 (12) 0.2033 (2) 0.0152 (3) 1
029 0 0.45816 (10) 055832 (12) 0.8164 (2) 0.0155 (3) 1
030 0 0.43204 (11) -0.40132 (12) 0.2672 (2) 0.0161 (3) 1
031 0 0.17464 (11) -0.56030 (12) 0.3243 (2) 0.0170 (3) 1
032 o) 0.45985 (11) -0.24987 (11) 0.4576 (3) 0.0155 (3) 1
033 o) 0.49284 (12) -0.41221 (12) 0.6330 (3) 0.0201 (4) 1
W1 O 0.52962 (16) -0.7311 (2) 1.0427 (4) 0.0474 (6) 1
W2 O 0.30993 (12) -0.30203 (14) 0.9617 (3) 0.0232 (4) 1
w3 0 0.3133 (3) -0.6309 (2) 0.2899 (6) 0.0838 (13) 1
W4 0 0.25178 (11) -0.96378 (14) 0.9220 (3) 0.0218 (4) 1
W5 o) 0.11174 (13) -0.74485 (14) 1.0213 (3) 0.0262 (4) 1
W6 0 0.22652 (12) -1.18038 (13) 1.0777 (3) 0.0215 (4) 1
W7 O 0.25039 (13) -0.74439 (15) 0.9765 (3) 0.0317 (5) 1
W8 O 0.33720 (12) -0.88100 (15) 0.3257 (3) 0.0242 (4) 1
W9 O 0.24838 (13) -0.49830 (15) 0.9762 (4) 0.0343 (5) 1
W10 0 0.13807 (16) 0.3297 (2) 0.7090 (4) 0.0555 (8) 1
Wil 0 0.06612 (18) 10.26114 (18) 0.9165 (4) 0.0523 (7) 1
W12 0 0.15461 (16) -0.14255 (19) 0.6492 (4) 0.0399 (5) 1

presence of barium and strontium distinguishes the third
sample from the others. The presented data are consistent
with the end member formula (K;Ca,Na)[Al;Si;O,,]-12H,0
and data reported for the type specimen [8].

4.2. Raman Spectroscopy. Raman spectra of florkeite and
phillipsite-K are presented in Figure 3. Vibrational spectra
consist of three range: 150-469cm’, 699-830cm™’, and
976-1088 cm™ [33-35]. The main characteristic band is
approximately 470 cm™. It corresponds to the motion of an
oxygen atom in a plane perpendicular to the T-O-T bond,
which means symmetric bending T-O-T vibrations [33,
34], whereas bands below 470cm™ are assigned to pore
opening vibrations [33, 36]. Bands within 699 - 830 cm’!
are attributed to symmetric stretching T-O-T vibrations.
Vibrations of asymmetric stretching T-O-T motions are
present between 976 and 1088cm™. In the ranges 699-
830cm™' and 976-1088 cm’’, the intratetrahedral asymmet-
ric and symmetric stretching T-O vibrations occur, respec-
tively [33, 35, 37]. The bands between 3244 and 3578 cm!
correspond to the stretching vibrations of water molecules;
the bending vibrations of which are present between 1629
and 1633 cm™ [38].

4.3. Crystallography and Structure Description. The crystal
structure of florkeite was refined from SC-XRD data.
Table 2 reports the details of the experimental and refinement
procedure. According to the data from Tables 3 and 4, Si and
Al are orderly arranged at the 16 framework sites in compli-
ance with the Loewenstein rule and previous studies [8, 39].
The mean cation-oxygen distance of aluminum tetrahedra is
1.74 A, and the mean length of silica tetrahedra is equal to
1.62 A (Table 4). The interatomic distances between extrafra-

mework cations and oxygen atoms within the florkeite struc-
ture are reported in Table 5.

Florkeite has a PHI framework type with an ordered dis-
tribution of Si/Al at T-sites and ordered arrangement of
extraframework cations. The PHI-type structures are consti-
tuted by double-connected 4-member rings, which form
double crankshaft chains (dcc) (Figure 4(a)) [40-42]. In the
PHI framework type, the dcc resembles a corrugated ribbon
and runs parallel to the a-axis forming 8-membered win-
dows on the layer perpendicular to [100] [42-44]. In the
PHI-type structure, there are two channel systems and two
types of cages [6, 8, 43, 44].

The channel system parallel to [100] consists of alter-
nately a phi and an oto units (Figure 5(a)). The channel, con-
fined by an 8-membered window of the phi units, is parallel
to [010] (Figure 5(b)). Thus, the phi unit appears at the
intersection of the two channels system (Figures 4 and 5).

The dimensions of the units vary depending on the
extraframework cation content (Figure 6). In florkeite, the
ofo units are occupied by potassium and water molecules.
Two types of the ofo units can be distinguished based on
the distribution of water molecules (Figures 6(a)-6(d)). In
the oto I, the water molecule (W11) is located in the center
of the 8-member ring (Figures 6(a) and 6(b)), whereas in
the oto II, the water molecule (W1) is within the cage
(Figures 6(c) and 6(d)). In phillipsite-type minerals, the oto
units are occupied by large cations such as K and Ba [43].
Greater diversity has been observed between the two types
of phi units (Figures 6(e)-6(h)). The phi I is occupied by
K, Ca, and water molecules (Figures 6(e) and 6(f)). Potas-
sium is located near the center of the 8-membered ring
(Figure 6(f)), wherein phillipsite-K water molecules are pres-
ent [8]. The calcium is located within the unit (Figures 6(e)
and 6(f)). Water molecules (W5, W4, and W9) are located
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TaBLE 4: Selected interatomic distances of the framework of
florkeite structure.

Lithosphere

TaBLE 5: Selected interatomic distances of the extraframework
cations in florkeite structure.

Site 1 Sizte Diitj::l;lce Site 1 Sizte Dis('fg;lce
Sil 01 1.6109 (17) All 05 1.7091 (18)
Sil 02 1.6114 (17) All 013 1.7091 (18)
Sil 03 1.6144 (17) All 014 1.7504 (17)
Sil 04 1.6156 (18) All 015 1.7684 (18)
Mean 1.613 Mean 1.734
Si2 05 1.6124 (16) Al2 01 1.7187 (17)
Si2 06 1.6275 (17) Al2 018 1.7417 (18)
Si2 07 1.6256 (17) Al2 021 1.7577 (17)
Si2 08 1.6217 (17) Al2 022 1.7511 (17)
Mean 1.622 Mean 1.742
Si3 09 1.6065 (17) Al3 06 1.7486 (18)
Si3 010 1.6232 (17) Al3 O11 1.7511 (17)
Si3 O11 1.6243 (17) Al3 012 1.7479 (17)
Si3 012 1.6224 (17) Al3 032 1.7349 (17)
Mean 1.619 Mean 1.746
Si4 016 1.6059 (17) Al4 04 1.7421 (18)
Si4 017 1.6385 (17) Al4 016 1.7432 (17)
Si4 018 1.6224 (17) Al4 024 1.7324 (17)
Si4 019 1.6091 (17) Al4 031 1.7322 (18)
Mean 1.619 Mean 1.737
Si5 020 1.6030 (17) Al5 07 1.7352 (17)
Si5 021 1.6281 (16) Al5 017 1.7508 (17)
Si5 022 1.6159 (17) Al5 020 1.7263 (17)
Si5 023  1.6292 (16) Al5 023 1.7573 (17)
Mean 1.619 Mean 1.742
Si6 013 1.6020 (17) Al6 08 1.7469 (17)
Si6 024 1.6162 (17) Al6 09 1.7288 (18)
Si6 026 1.6297 (17) Alé 010 1.7421 (17)
Si6 029 1.6157 (17) Al6 019 1.7354 (17)
Mean 1.616 Mean 1.738
Si7 015 1.6317 (17) Al7 02 1.7321 (17)
Si7 030 1.6222 (18) Al7 03 1.7440 (17)
Si7 032 1.6150 (17) Al7 025 1.7581 (17)
Si7 033 1.6063 (18) Al7 028 1.7237 (18)
Mean 1.619 Mean 1.739
Si8 014 1.6316 (16) Al8 026 1.7559 (18)
Si8 025 1.6325 (17) Al8 029 1.7269 (18)
Si8 028 1.6037 (17) Al8 030 1.7404 (17)
Si8 031 1.6025 (17) Al8 033 1.7131 (18)
Mean 1.618 Mean 1.734
;‘l?rll 1.618 ;‘;ﬁ 1.739

near the center of the 8-membered rings, which build the
unit. W8 and W3 water molecules are found in a cavity
formed by a double crankshaft chain (Figures 6(e) and
6(f)). The phi II unit is closer to the phillipsite-K structure

Site 1  Site2  Distance (A) Site 1  Site2  Distance (A)
K1 Wi 2.837 (3) Ca2 Ol4 25574 (17)
K1 024 2.8521 (18) Ca2 015 2.4744 (18)
K1 029 2.9387 (18) Ca2 025 2.4668 (17)
K1 032 2.9547 (19) Ca2 W2 2.553 (2)
K1 w3 2.959 (4) Ca2 W6 24418 (19)
K1 019  3.0499 (18) Ca2 W9 2.442 (2)
K1 09 30647 (18) Ca2  WI0 2.399 (3)
K1 w8 3.079 (2) Ca2 Wil 2.705 (3)
K2 028 2.7746 (18) Na 08 2.453 (2)
K2 W5 2.892 (2) Na 012 2.460 (2)
K2 Ol4  29292(17) Na  WI2 2.506 (3)
K2 07 29881 (18) Wi K3 2.686 (3)
K2 020  3.0243(18) W2  Ca2 2.553 (2)
K2 W11 3.098 W4 Cal 2.3804 (19)
K2 W12 3.180 (3) W5 Cal 2.406 (2)
K2 01 3.298 (2) W6 Ca2 2.4418 (19)
K2 W10 3.369 (3) W7 K3 2.786 (2)
K3 Wi 2.686 (3) W9  Ca2 2.443 (2)
K3 w7 2.786 (2) W10 K2 3.369 (3)
K3 Oll  29355(18) W11 K2 3.098 (4)
K3 033 2.949 (2) W12 K2 3.180 (3)
K3 026 3.0218 (18) W4 Na 2.546 (2)
K3 032 3.056 (2) We Na 2.5454 (2)
K3 010 3.1610 (18) W7 Cal 2.462 (2)
K3 024 34106 (18) W9  Ca2 2.442 (2)
Cal 017 2.3854 (17) W10 Ca2 2.399
Cal 021 24283 (17) WI1  Ca2 2.705 (3)
Cal 023 2.6899 (17)

Cal W4 2.3803 (19)

Cal W5 2.406 (2)

Cal w7 2.462 (2)

Cal w8 2.434 (2)

[6, 8, 43]. Na and Ca cations and water molecules are
inside the phi II unit [6, 43, 44]. However, in phillipsite-
K, the Na position is equivalent to the Ca site, and the
Ca site is a counterpart of the water position [8]. The
symmetry of the PHI structure aristotype (topological
symmetry) is Cmcm, which is reduced to P2,/m [8, 40,
41, 45] as a result of a slight distortion induced on the
tetrahedral framework by the presence of larger cations
(K and Ba) [7]. Full occupancy of large cations position
in florkeite structure increased the distortion of the frame-
work. The topochemical symmetry of florkeite is lowered
to B2/b due to ordered Si/Al distribution in the tetrahedral
framework, which is the main difference between florkeite
and phillipsite minerals [8, 40]. As noted by Lengauer et al.
[8], the atomic coordinates of the framework do not exhibit
significant differences in the two minerals (Table 3). A com-
parison of the unit cell parameters of phillipsite and florkeite
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(®)

FIGURE 4: Extraframework cations in florkeite framework: (a) projection along [010]; (b) projection of framework with extraframework
cations along [100], a double crankshaft chain is marked red. Potassium, calcium, and sodium are purple, blue, and yellow spheres,
respectively. Dark grey spheres represent H,O sites.

phil otoI phi 11 otoII phil oto] phi IT

é

FIGURE 5: (a) Channel running along [100] within florkeite structure: the phi unit is marked by green color, and the ofo unit is marked by
purple color; (b) channel composed of phi units running along [010] in flérkeite structure. Potassium, calcium, and sodium are purple, blue,
and yellow spheres, respectively. Dark grey spheres represent H,O sites.

revealed the doubling of a parameter in flérkeite, which isa ~ framework cations within florkeite channels causes a reduc-
consequence of the ordered arrangement of extraframework  tion of the topochemical symmetry to the triclinic real
cations (Figure 5(a), [8]). The ordered distribution of extra- symmetry [8].

58:6933889652
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FIGURE 6: (a, b) The ofo I unit in two orientations occupied by
potassium (K1), the water molecule at W11 is near the center of
the 8-membered ring; (c, d) the oto IT unit is filled by potassium
(K2) and a water molecule at W1; (e, f) the phi I in two
orientations occupied by calcium (Cal) and potassium (K3),
which is located near the center of 8-membered ring, and water
molecules: W3, W4, W5, W7, W8, and W9; (g, h) the phi II in
two orientations, which is occupied by calcium (Ca2), sodium
(Na), and water molecules W6, W10, and W12.

Lithosphere

5. Discussion

The Hatrurim Complex is the second occurrence of florkeite,
which is the most abundant zeolite in the voids of high-
temperature pyrometamorphic rocks. The obtained results
on florkeite from the Hatrurim Complex are similar to those
on the type florkeite from the Bellerberg volcano. The struc-
ture of the studied florkeite does not differ significantly from
the crystal structure of the type specimen ((K, o Ca, gy
Na, g Mgy o) [Al 05517 97051 971-11.72H, 05 a=19.965(1)
A, b=14.274(1)A, c=8.704(1)A, «=88.37(1)o, B=
125.08 (1), y=89.57 (1)<, and V=2028.2(3)A% [8)).
Also, the empirical formulas of florkeite from the three local-
ities of the Hatrurim Basin are close to the ideal formula
(Table 1, [8]). The florkeite and phillipsite-K Raman spectra
show strong similarities (Figure 3), indicating that the main
band at ~470cm’’, characteristics of the PHI-type struc-
tures, does not depend on the framework ordering and Si/
Al ratio. The symmetric and asymmetric stretching T-O-T
vibration in the region 700-1100cm™ of florkeite spectrum
confirms its ordered framework. The wide complex band
of water molecule vibrations in the phillipsite-K spectrum
indicates a disordered arrangement of partially occupied sites
by water. Overall, the general features of the spectra are
unchanged, and the Si/Al ordering at the tetrahedral sites
induces minor differences. The chemical composition of L1
and L2 samples does not show significant differences. In the
L1 sample of amygdaloidal paralava, florkeite occurs in voids
and associates with vertumnite (Ca,Al,Si,O4(OH),,3H,0),
in which no barium impurity was revealed. The chemical
composition of zeolites from the latiumite-esseneite rock is
relatively homogenous. Comparing phillipsite ~ series
K,(Ca, 5,Na) (AlSi;))O4,-12H,0 and florkeite
(K;Ca,Na)[ALSigO;,]-12H,0 formulas reveals the depletion
of extraframework cations in phillipsite minerals, balanced
by the higher Si/Al ratio. Overgrowing florkeite on
phillipsite-K indicates a decrease of the Si/Al and Ca/(K
+Na) ratio (Figure 2). A little amount of strontium and bar-
ium impurities distinguish the florkeite composition of sample
L3 (Table 1). In the PHI-type structures, barium substitutes
potassium in the ofo units [43]. In contrast, according to
ion-exchanged phillipsite data, strontium could be present in
oto and phi units [44]. Among the analyzed pyrometamorphic
rock samples, gehlenite hornfels is distinguished by the great-
est variety of zeolite mineralization. Likewise to the Bellerberg
volcano, apart from florkeite, other high-aluminum zeolites,
such as gismondine-Sr, gismondine-Ca, and thomsonite-Ca,
have been reported [28]. The presented data on florkeite in
voids of gehlenite hornfels and the presence of gismondine-
Sr and Ba-bearing vertumnite (Table 1) point out the high
content of barium and strontium in the low-temperature min-
eralization of these rocks. The sharp boundary between Ba-
rich and Ba-poor vertumnite indicates an intense increase
in the barium content in the crystallization medium
(Figure 2). Moreover, gehlenite hornfels enrichment in bar-
ium and strontium is in agreement with the previous studies
[22, 23, 46]. These elements have been dispersed in the
baryte-hashemite and fluorapatite-fluorellestadite series [23,

59:6160874705
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47]. Zeolite mineralization of pyrometamorphic rocks varies
compared to zeolite-bearing olive unit rocks. In zeolite-
bearing rocks of the olive unit, zeolites such as
thomsonite-Ca and gismondine-Ca are predominant.
Phillipsite-Ca and clinoptilolite-Ca are rarely observed.
Compared to the present data, the zeolite mineralization
of the olive unit is characterized by a higher Si/Al ratio,
as evidenced by the presence of clinoptilolite Ca,(Siz,A-
15)O,,-20H,0. Si/Al ratio differences could be related to
the protoliths diversity [48-50]. A low Si/Al ratio in zeolites
displays a highly alkaline environment [1, 48, 50-53]. The
favourable pH for zeolite crystallization is around 9-10 [1,
48, 54]. The crystallization sequence of the low-temperature
mineralization in all samples corresponds to the Ca/(K+Na)
ratio decrease. Thus, the formation process of zeolite mineral-
ization could be divided into two steps: the first step was char-
acterized by the higher calcium content, whereas monovalent
cations were dominant in the second step. As a result, florkeite
is formed at the end of a low-temperature crystallization
sequence (Figure 2).

6. Conclusions

Zeolite florkeite, known only from the xenolith in the Bel-
lerberg volcano area, Germany, is a widespread low-
temperature mineral in voids of gehlenite-bearing pyrome-
tamorphic rocks in the Hatrurim Complex, Israel. It is a
fully ordered zeolite characterize by the highest aluminium
content among phillipsite-type zeolites. For the first time,
Raman spectrum of florkeite has been collected. The
Raman spectroscopy investigation of PHI-type minerals
indicates that the position of the main band at 470cm™
does not depend on the Si/Al ratio and ordering at tetra-
hedral sites. Zeolitization in pyrometamorphic rocks of
the Hatrurim Basin features a low silica activity and high
pH conditions resulting from the reaction between mete-
oric waters and clinker-like rocks [55]. The zeolite miner-
alization of amygdule results from meteoric water
circulations in pyrometamorphic rocks during their cool-
ing [4, 9, 56, 57]. Extremely high aluminum contents are
caused by the alteration of rock-forming minerals such
as gehlenite, mayenite group minerals, ye’elimite,
levantite-latiumite series, and kalsilite. The occurrence of
florkeite in different pyrometamorphic rocks indicates the
relatively uniform, regional forming conditions, and open
hydrologic system of zeolitization.
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ABSTRACT

A new mineral, gismondine-Sr with ordered gismondine framework type [B22,2 no. 20, Z=1; a
=14.0256(2) A, b = 10.45900(10) A, ¢ =13.79360(10) A, " =2023.44(4) A’] and the ideal chemical
formula Sr,(SizAlsOs,)-9H,0 was discovered in amygdaloidal voids of partly melted gehlenite hornfels
at Halamish locality, Hatrurim Basin of the Hatrurim Complex, Negev Desert, Israel. Gehlenite horn-
fels is mainly composed of gehlenite, wollastonite, and garnet of the grossular-andradite-schorlomite
series. In a low-temperature association occur minerals such as thomsonite-Ca, florkeite, analcime and
minerals of the tobermorite supergroup. Gismondine-Sr forms spherulitic aggregates up to 180 um
and, rarely, pseudotetragonal bipyramidal crystals up to 50 um. Empirical crystal-chemical formula
of gismondine-Sr is (St,,Ca; 0Bag 1Ko 72Nag 62)54.47A17.91 5150003185 9H,0. It is the strontium analog
of gismondine-Ca and the second orthorhombic zeolite with the GIS structure topology. Crystals are
transparent to translucent and feature vitreous luster. The mineral exhibits a white color, imperfect
cleavage in [101] direction, a brittle tenacity, and uneven fracture. The Mohs hardness was estimated
at approximately 4. Gismondine-Sr is biaxial negative, a = 1.488(3), B = 1.492(3), y = 1.495(3),
2V 4 = 70-80°. The Raman spectrum is characterized by a band at 465 cm™', which is also the main
band in gismondine-Ca. The structure refinement using SC-XRD (R, = 0.0353) reveals the ordered
distribution of framework cations and the disordered arrangement of extraframework cations. The
aluminosilicate framework is built by crankshaft chains with 8-membered apertures channels parallel
to [101] and [10T]. In gismondine-Sr, the 8-membered rings are elliptically deformed and the T-O-T
angle of the upward and downward tetrahedra in the double crankshaft chains is smaller compared
to that for gismondine-Ca. Consequently, a slight rotation of the double crankshaft chains has been
noticed. Similar observations have been made in partially dehydrated and the pressure-modified
gismondine-Ca. The present study suggests that, in addition to high-pressure and dehydration, the el-
liptical deformation of the channels in GIS also arises as a consequence of the extraframework cations
and H,O content. Thus, the extraframework content influences the aluminosilicate framework leading

to the orthorhombic symmetry.

Keywords: Zeolite, GIS topology, gismondine, Raman, crystal structure, Hatrurim; Microporous
Materials: Crystal-chemistry, Properties, and Utilizations

INTRODUCTION

Gismondine-Sr (IMA2021-043), Sr,(SigAlgO3,)-9H,0
[B22,2, a = 14.0256(2), b = 10.45900(10), ¢ = 13.79360(10) A,
V' =2023.44(4) A%] is a new strontium dominant, orthorhombic
analog of gismondine. In turn, gismondine has been renamed
to gismondine-Ca and gismondine has become the series
name (Miyawaki et al. 2021). Gismondine-Sr was found in
amygdaloidal voids in gehlenite pyrometamorphic rocks of
the Hatrurim Complex at Halamish Wadi, Hatrurim Basin,
Negev Desert, Israel. Gismondine-Sr and other minerals with
GIS framework type (Table 1) show a structure built by double

* E-mail: katarzyna.skrzynska@us.edu.pl. Orcid 0000-0001-5816-9958

+ Orcid 0000-0002-3186-3074

1 Orcid 0000-0001-9373-9274

§ Special collection papers can be found online at http://www.minsocam.org/MSA/
AmMin/special-collections.html.

0003-004X/23/0002—-249$05.00/DOI: https://doi.org/10.2138/am-2022-8376

connected 4-membered ring crankshaft chains (Gottardi 1979;
Gottardi and Galli 1985; Armbruster and Gunter 2001), which
are also present in phillipsite (PHI) and merlinoite (MER)
framework types (Fig. 1). The following seven mineral species
are included in gismondine subgroup (Table 1): gismondine-Ca,
gismondine-Sr, amicite, garronite-Ca, garronite-Na, and gobbin-
site. “Gismondine-Ba” described from artificial material is not
approved by the Commission on New Minerals, Nomenclature,
and Classification-International Mineralogical Association
(CNMNC-IMA) (Braithwaite et al. 2001). The highest symmetry
of the GIS framework topology corresponding to the tetragonal
14,/amd space group was found in the high-silica synthetic zeolite
Nay o(Al54Si124)05,°14H,0, a = 9.9989(4), ¢ = 10.0697(4) A,
V'=1006.75 A3 (Baerlocher and Meier 1972; Hakansson et al.
1990). The topological symmetry of the framework is reduced
to orthorhombic due to the cations ordering at the tetrahedral
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TABLE 1. Zeolite species with gismondine (GIS) framework structure

SKRZYNSKA ET AL.: GISMONDINE-SR, ANEW STRONTIUM ZEOLITE

Name Gismondine-Ca Gismondine-Sr “Gismondine-Ba” Garronite-Ca Garronite-Na Amicite Gobbinsite

IMAFormula Ca,(Al,Si,046) Sry(AlgSigO3,) Ba,(AlsSisOs,) Cas(AlgSii0s,) Nag(AlgSi;003,) K;Na,(Al,Si,016) Nas(AlsSi;;03,)
x 8H,0 x 9H,0 X 12H,0 X 14H,0 X 8.5H,0 % 5H,0 X 11H,0

Space group P2,/c B22,2 monoclinic 14m2 12 2 Pmn2,

a(h) 10.02 13.794 14.896 9.927 9.990 10.226 10.104

b (A) 10.62 14.026 9.951 9.927 10.032 10.422 9.782

c(A) 9.84 10.459 7.613 10.303 10.036 9.884 10.152

a(?) 90 90 90 90 90 90 90

B 92.42 90 103.25 90 90.11 88.32 90

y(©) 90 90 920 920 20 90 90

Vv (R3) 1046.2 2023.44 1098.42 1015.3 1005.8 1051.7 1003.4

References Fischer 1963; This work Braithwaiteet al 2001; Grice et al. 2016 Grice etal. 2016 Alberti and Gattaetal.2010

Grice etal.2016 Grice etal. 2016

Vezzalini 1979;
Grice et al. 2016

sites. Further lowering of the symmetry may occur due to the
extraframework cation arrangement (Gottardi and Galli 1985;
Armbruster and Gunter 2001). The synthetic monoclinic stron-
tium gismondine was obtained by ion exchange from Na-zeolite
(Allen et al. 2002).

The new mineral, gismondine-Sr (IMA2021-043), as well
as its name, has been approved by the CNMNC-IMA. The
new mineral and the name gismondine-Sr are consistent with
the criteria of the new mineral species definition in the zeolite
group, clearly specified in “Recommended nomenclature for
zeolite minerals: report of the subcommittee on zeolites of the

b4

[N
4”54

» ¢ e H Y S S«

—

FIGURE 1. Zeolites with framework built by double connected
4-membered rings. (a) GIS framework type projected on (100), the
dashed circle line point out a double crankshaft chain parallel to [100].
(b) Double crankshaft chain of GIS framework type (gismondine-Ca;
Wadoski-Romeijn and Armbruster 2013). (¢) MER framework type
projected on (001), the dashed circle line point out a double crankshaft
chain parallel to [001]. (d) Double crankshaft chain of MER framework
type (merlinoite; Galli et al. 1979). (e) PHI framework type projected
on (100), the dashed circle line point out a double crankshaft chain
parallel to [100]. (f) Double crankshaft chain of PHI framework type
(phillipsite; Gatta et al. 2009).
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International Mineralogical Association, Commission on New
Minerals and Mineral Names” (Coombs et al. 1997). The ho-
lotype material is deposited at the mineralogical collection of
the Fersman Mineralogical Museum in Moscow, Russia, with
the catalog number 97678 for the thin section and 97679 for
the rock sample.

The aim of this paper is a detailed description of a recently
discovered gismondine-Sr, its structure, and the genetic aspects
of zeolite mineralization in pyrometamorphic rocks of the
Hatrurim Complex.

EXPERIMENTAL METHODS

The semi-quantitative chemical composition of gismondine-Sr, as well as
its morphology, was studied using a scanning electron microscope Phenom XL,
equipped with an energy-dispersive X-ray spectrometer (Faculty of Natural Sci-
ence, University of Silesia, Poland). The quantitative chemical analyses were car-
ried out with a microprobe analyzer CAMECA SX100 (Institute of Geochemistry,
Mineralogy and Petrology, University of Warsaw, Poland) at 15 kV and 10 nA;
spot size was defocused to 5 pm. A larger spot size has not been used because
of the relatively small grain size. The following lines and standards were used:
NaKa = albite; SiKa = diopside; AlKa = orthoclase; KKa = orthoclase; CaKa =
diopside; FeKa = Fe,0;; SrLa = celestine; BaLa = baryte.

Raman spectrum was obtained on a confocal Raman Microscope WITec
a300R (Faculty of Natural Science, University of Silesia, Poland), equipped with
an air-cooled 488 nm laser and a CCD camera working at —61 °C. The Raman
signal was recorded with an optical fiber 30 um in diameter and a monochromator
with a 600 mm™' grating. The laser power was ~10 mW on the sample surface.
The time of measurement was 3 s with an accumulation of 25 scans and a spectral
resolution of 3 cm™!. The monochromator was calibrated using the Raman scat-
tering line of a silicon plate (520.7 cm™). Spectral software package GRAMS
(Galactic Industries Corporation, New Hampshire, U.S.A.) was used for data
processing. The fitting of Raman bands was performed using a Gauss-Lorentz
cross-product function with preservation of the rule of the minimum number of
component bands.

Diffraction data were collected using a Rigaku Synergy-S diffractometer
equipped with a dual micro-focused source and a Hypix detector. CuKo radiation
(L = 1.540598 A) was chosen because of the small size of the crystals (0.07 x
0.04 x 0.03 mm). Preliminary lattice parameters and the orientation matrix were
obtained from three sets of frames. Final diffraction data were collected with ®
scans at different ¢ settings. The software package CrysalisPro 40.29a was used
for data reduction and absorption correction. The structure was solved by direct
methods using SHELXS (Sheldrick 2008). The structural refinement was carried
out by using SHELXL (Sheldrick 2015) and neutral atomic scattering factors for
all atoms. The structure was refined as an inversion twin, with fractional volume
contribution expressed by the BASF parameter (Sheldrick 2015) equal to 0.16(4).
The CIF' has been deposited.

Because gismondine-Sr occurs only in small concentrations and forms
intergrowth with other zeolites, it was not possible to collect experimental
X-ray powder diffraction data (PXRD). The PXRD pattern has been calculated
more reliably from the results of the single-crystal structure refinement using
PowderCell 2.4 program (Kraus and Nolze 1996). The calculated patterns of
gismondine-Sr and gismondine-Ca (Wadoski-Romeijn and Armbruster 2013)
are given in Online Materials' Tables S1 and S2, respectively. The distinction
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FIGURE 2. (a) Schematic map of the pyrometamorphic rocks outcrops
in Israel, Palestinian Autonomy and Jordan; Fragment outlined by frame
is magnified in b. (b) Map of the Hatrurim Basin with marked locations
of sampling: wadi Halamish outcrops (C1), wadi Zohar (C2) [created
on the basis of Geological Map of Israel 1:50000, Arad sheet (Hirsch
et al. 2008)].

between orthorhombic and monoclinic symmetry of gismondine is possible using
the powder diffraction patterns.

GEOLOGICAL SETTINGS AND PARAGENESIS

The Hatrurim Complex, known as Mottled Zone, is composed
of high-temperature metamorphic rocks and products of their
low-temperature alteration spread on both sides of the Dead
Sea Transform Fault in Israel, Palestine Autonomy, and Jordan
(Fig. 2a; Bentor 1960; Gross 1977; Burg et al. 1992, 2000).
High-temperature rocks are represented by spurrite marble,
larnite pseudoconglomerates and gehlenite hornfelses formed
at the sanidinite facies conditions after sedimentary protolith.
Until now, despite many mineralogical studies over the last ten
years, there is no scientific consensus on the genesis of these
rocks. The most disputable issue is the source of heat energy.
One of the theories establishes that the heat energy accrues from
the combustion of bituminous chalk organic matter (Gross 1977,
Geller et al. 2012; Galuskina et al. 2014). The latest concep-
tion associates the origin of pyrometamorphic processes with
neotectonic mud volcanism and methane burning (Sokol et al.
2008, 2010; Novikov et al. 2013; Galuskina et al. 2014). Previous
investigations showed that during formation of high-temperature
rocks, the earlier formed minerals (“clinker association™) react
with combustion by-products, leading to a significantly greater
variety of mineral species (Galuskina et al. 2014, 2017; Galuskin
etal. 2015, 2016).

The pyrometamorphic rocks contain cracks, voids, and veins
filled by low-temperature minerals formed due to hydrothermal
alteration and weathering (Kolodny et al. 2014; Juroszek et al.
2020; Kruszewski et al. 2021). Gismondine-Sr was found in
small amygdaloidal voids of partially melted gehlenite hornfels
at wadi Halamish locality (N31°09'42" E35°17'29"), which is
located at the southern part of the Hatrurim Basin, the larg-
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est exposed field of pyrometamorphic rocks of the Hatrurim
Complex in Israel (Burg et al. 1992, 2000; Vapnik et al. 2007;
Geller et al. 2012). The investigated material was collected in a
marginal part of gray basalt-like gehlenite-wollastonite paralava,
which contains sulfide globules. These pyrometamorphic rocks
occur as irregular lenses low-T calcium-hydrosilicate rocks,
and stratigraphically they correspond to the lower part of the
Ghareb Formation (Sharygin et al. 2008, 2013). Hornfels is
composed of gehlenite, wollastonite, rankinite, and garnet of
the grossular-andradite-schorlomite series (Fig. 3). Accessory
minerals are represented by fluorapatite, perovskite, minerals
of magnesioferrite-trevorite-magnetite-maghemite series, and
hematite (Fig. 3). Additionally, in amygdaloidal voids occur
other zeolites such as gismondine-Ca, thomsonite-Ca, and two
generations of florkeite forming before and after gismondine-Sr
(Fig. 3¢). Analcime and minerals of the tobermorite supergroup,

100pm, -, 80um

FiGure 3. (a) Gehlenite-wollastonite-garnet hornfels with small
voids filled by zeolite including gismondine-Sr. Fragment outlined by
frame is magnified in b. (b) Gismondine-Sr with gismondine-Ca (most
probably) rim in amygdule, around which analcime occurs with an
irregular distribution. (¢) Zone of gismondine-Sr in spherulite aggregates
between two florkeite generations. BSE images. Anl = analcime; Adr =
andradite; Ca-zeo = calcium zeolite; C-S-H = hydrated calcium silicates;
Fap = fluorapatite; F16 = florkeite;, Gh = gehlenite; Grs = grossular; Prv
= perovskite; Spl = spinel; Vtn = vertumnite; Wo = wollastonite; Gis-Sr
= gismondine-Str; Thm-Ca = thomsonite-Ca. (Color online.)
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which surrounded the voids, are also present in association
(Fig. 3b).

Furthermore, gismondine-Sr was found in voids of gehlenite
hornfels from Zohar Wadi near the road Arad-Dead Sea (Fig. 2b).
The association of main minerals is similar for both localities.

PHYSICAL AND OPTICAL PROPERTIES OF GISMONDINE-SR

Gismondine-Sr forms spherulitic aggregates up to 180 pm
in the largest dimension filling amygdaloidal voids (Fig. 3c).
Pseudotetragonal bipyramidal crystals up to 50 pm are rarely
observed. Its color and streak are white. Crystals are transpar-
ent to translucent and feature vitreous luster. It does not exhibit
fluorescence. Imperfect cleavage is observed in the [101] direc-
tion. The tenacity is brittle, and the fracture is uneven. The Mohs
hardness was estimated at ~4, and the mean micro-hardness is
302(8) kg/mm?. The range is 289-325 kg/mm? with VHN loaded
25 g. Gismondine-Sr is gradually dissolved in 10% HCl. Mea-
surements of density could not be performed because of a large
number of microcracks and a high degree of hydration. Density,
D =2.301 g-cm3, was calculated on the basis of the empirical
formula of the holotype and the unit-cell volume refined from
the SC-XRD data. Pleochroism is not observed. Gismondine-
Sr is negative biaxial, a = 1.488(3), B = 1.492(3), y = 1.495(3),
2Vs = 70-80°, 2V, - 81.8°. Dispersion is weak. The optical
orientation is consistent with the cell vectors. The Gladstone-
Dale compatibility index is based on the empirical values of the
oxides, and the calculated H,O content is 1 — (Kp/K¢) =—-0.004
(superior) (Mandarino 1981).

CHEMICAL COMPOSITION

The results of EMPA chemical analysis are presented
in Table 2. The empirical formula is calculated on the basis
of 16 T-sites within the framework. The water content was
calculated based on stoichiometry, which is consistent with
the SC-XRD data. The empirical formula of gismondine-Sr

TABLE 2. Chemical composition of gismondine-Sr

. C1 C2
Constituent
Mean s.d. Range Mean sd Range

wit% n=14 n=7
Sio, 3493 0.56 34.14-36.02 35.37 0.64 34.10-35.89
Al,0; 28.99 0.38 28.61-29.96 29.53 048 28.59-30.14
Cao 4.38 043  3.75-5.49 473 023 439-5.03
SrO 15.06 062 14.10-16.57 1356 0.75 12.14-14.42
BaO 0.26 0.11 0.08-0.50 039 0.08 0.29-0.50
Na,O 1.38 025 0.80-1.83 113 019 0.89-1.39
K,O 245 0.35 1.42-2.84 277 013 2.66-3.03
H,O 11.66 11.84

Total 99.11 99.32
Si 8.09 8.06
Al 791 7.94

T 16.00 16.00
Sr 2.02 1.79
Ca 1.09 1.15

Ba 0.02 0.03

K 0.72 0.81

Na 0.62 0.50

Extraframework 447 4.28

cations

H,O 9.00 9.00

R 0.51 0.50

E % 4.08 9.66

Notes: sS.d. = standard deviation; C1 = Halamish locality; C2 = Zohar locality;
R=Sii Al Fe All,, Fes E-balance error = M“OO; Algpeor=K+Na+2Ca+2Sr+2Ba
(Passaglia 1970); water content was calculated based on the SC-XRD data.
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FIGURE 4. (a and b) Raman spectra of gismondine-Sr in two
orientations. (Color online.)

from the type locality (symbol C1 in Table 2) could be writ-
ten as: (Sr2.0,Ca; 0Bag Ko 72Nag 62)54.47A17.01S15.00031.85" 9H, 0.
The empirical formula of gismondine-Sr from Zohar (C2
in Table 2) is as follows: (Sr;;9Ca, sBag0:Ko51Nag.s0)s428
Al 63Si50503, 6" 9H,0. The end-member formula of gismondine-Sr
is Sr;AlgSi305,-9H,0 (see Discussion).

RAMAN SPECTROSCOPY

The Raman spectra of gismondine-Sr are presented in
Figure 4. The main bands and their assignments are given in
Table 3. The range 323-500 cm™' corresponds to symmetric
bending vibrations of T-O-T in rings (Dutta and Del Barco 1988;
Dutta et al. 1991; Knops-Gerrits et al. 1997; Yu et al. 2001;
Mozgawa et al. 2005). Variations in band intensity, depending
on the crystal orientation, are visible in this range (Figs. 4a and
4b), for example, the band at 396 cm™. Bands between 671 and
721 cm™ could be attributed to symmetric stretching modes
T-O-T (Yu et al. 2001; Mozgawa et al. 2005). Bands related to
symmetric and antisymmetric stretching vibrations of T-O in
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TABLE 3. Observed frequencies and their assignments in Raman
spectra of gismondine-Sr

Raman bands (incm™)

323, 396, 444, 465, 499, 500

677,702,721
969, 975,1011,1012, 1078, 1083

Assignments

symmetric bending vibrations of T-O-T
symmetric stretching modes T-O-T
symmetric and antisymmetric
stretching vibrations of T-O in tetrahedra
bending vibrations of water molecules
stretching vibrations of water molecules

1658, 1661
3131, 3258, 3263, 3396, 3396,
3406, 3466, 3476, 3537, 3572

TABLE 4.
refinement

Parameters for X-ray data collection and crystal-structure

Empirical formula

Crystal data

Sra99Cay 52Ky 76Nay 465i16Al16082.36

Crystal system Orthorhombic
Space group B22,2
Unit-cell dimensions (A) a=14.0256(2)

b=10.45900(10)
¢=13.79360(10)

Volume (A%) 2023.44(4)

z 1
Structure refinement

Reflections collected 11164

Independent reflections 2171

Observed data [/ > 20(/)] 2133

Ry, WR, [I>206(1)]
R., WR, (for all)

0.0353 (WR = 0.0988)
0.0359 (WR = 0.0996)

GooF 1.085
Apmin [e/A7] -0.34
AP [e/A] 0.72

tetrahedra are in the range 969—1083 cm™' (Dutta and Del Barco
1988; Dutta et al. 1991; Knops-Gerrits et al. 1997; Yu et al. 2001;
Gujar et al. 2005). Other bands in the spectrum are assigned to
water molecules. The band around 1660 cm™' corresponds to
bending vibrations, and bands between 3130 and 3600 cm™ are
attributed to stretching vibrations of water (Tsai et al. 2021).

TABLE 5. Atom coordinates (x,y,z), equivalent isotropic displacement
parameters (U, A% and site occupancies

Site Atom X y z Ueo/Uiso (A2 Occupancy
al Sr -0.1760(3)  -0.2145(2)  0.09992(19) 0.0305(9) 0.311(8)
C1A Ca -0227(3) -0.179(3) 0.1148(15)  0.049(9) 0.088(13)
C1B  Na -0.203(3) -0.202(4) 0.063(4) 0.100 0.18(2)
CiC K -0.148(2) -0.293(4) 0.105(2) 0.100 0.113(7)
2 Sr -0.39918(16) 0.0323(2)  0.18035(18) 0.0385(10) 0.312(5)
C2A  Ca -0.3805(8) 0.0744(11)  0.2377(9) 0.025(5) 0.101(9)
C2B K -0.428(3) 0.043(3) 0.226(3) 0.096(14)  0.107(15)
Si1 Si 0.0000 0.0000 0.43045(11) 0.0132(3) 1

Si2 Si -0.23632(8) 0.28200(11) 0.16565(8) 0.0129(3) 1

Si3 Si 0.0000 0.0000 0.09934(11) 0.0134(4) 1

All Al -0.07829(13) 0.2500 0.0000 0.0138(4) 1

Al2 Al 0.10644(13) 0.2500 0.5000 0.0148(4) 1

Al3 Al -0.15755(9)  0.03249(12) 0.26528(9) 0.0139(3) 1

01 O -0.1444(3) 0.3011(4)  0.0980(3) 0.0355(10) 1

02 [¢] 0.0954(3) 0.0120(4) 0.1624(3) 0.0292(8) 1

03 O -0.0876(3) 0.0519(4)  0.3665(3) 0.0316(9) 1

04 O -0.3285(3) 0.2375(4)  0.1060(3) 0.0315(9) 1

05 O -0.2179(3) 0.1760(4) 0.2489(3) 0.0330(9) 1

06 O -0.2443(3) -0.0838(4)  0.2785(3) 0.0296(8) 1

o7 O 0.0025(3) -0.1251(4)  0.0313(2) 0.0275(8) 1

08 [¢] 0.0350(2) 0.1143(4) 0.5004(3) 0.0276(8) 1

w1 O -0.3975(9) 0.0528(12)  0.3721(8) 0.066(4) 0.545(18)
W1A O -0.5000 0.0000 0.344(3) 0.073(15)  0.23(3)
w2 O -0.2518(13) -0.0228(18) 0.0161(13) 0.076(8) 0.350(19)
w3 O -0.4874(10) 0.2274(15) 0.2498(10)  0.049(5) 0.359(17)
W4 O -03740(16) -0.1865(19) 0.1058(17) 0.053(7) 0.33(3)
W4A O -0.345(2) -0.210(3) 0.068(3) 0.048(11)  0.20(3)
W4aB O -0.351(4) -0.2500 0.0000 0.08(2) 0.21(4)
Ww4aC O  -0.441(2) -0.126(3) 0.168(2) 0.083(10)  0.28(2)
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The gismondine-Sr Raman spectrum confirms the gismondine
structure topology (Tsai et al. 2021; Fig. 4).

CRYSTALLOGRAPHY AND STRUCTURE DESCRIPTION

The crystal structure of gismondine-Sr [B22,2, a=14.0256(2) A,
b = 10.45900(10) A, ¢ = 13.79360(10) A, V' = 2023.44(4) A%]
was refined from the SC-XRD data. Details of the experiment
and parameters of structure refinement are given in Table 4. The
reflections were indexed in a C-centered orthorhombic lattice.
After data reduction, the analysis of the intensities pointed to the
space group C222,(#20). The non-standard setting B22,2 was
chosen for similarity with the unit cell of a high-temperature
modification of gismondine (Vezzalini et al. 1993; Wadoski-
Romeijn and Armbruster 2013). First, the framework atoms (Si,
Al, O) were located. According to chemical analysis (Si/Al = 1)
and Loewenstein rule (Loewenstein 1954), Si and Al are orderly
distributed at distinct tetrahedral sites (Sil, Si2, Si3 and All, Al2,
Al3, for Si and Al, respectively; Table 5), which were assigned to

TABLE 6. Selected interatomic distances (A)

Site 1 Site 2 Distance (A) Site 1 Site 2 Distance (A)
Si1 03 1.607(4)x2 Al o1 1.724(4)x2
08 1.613(4)x2 o7 1.739(4)x2
mean 1.610 mean 1.732
Si2 0O1 1.604(4) Al2 08 1.737(4)x2
04 1.602(4) 04 1.729(4)x2
06 1.624(4) mean 1.733
05 1.617(4) Al3 03 1.719(4)
mean 1.612 06 1.730(4)
Si3 02 1.601(4)x2 02 1.729(4)
o7 1.611(4)x2 05 1.738(4)
mean 1.606 mean 1.729
1 w1 2.670(13) Q w1 2.654(12)
w2 2.548(18) W1A 2.68(4)
w4 2.79(2) w3 2.571(15)
WA4A 2.41(3) wa 2.53(2)
w4B 2.84(4) wac 1.76(3)
02 2.550(5) wacC 2.45(3)
05 2.806 08 2.783(5)
o7 2.835 mean 2.490
mean 2.635 QA w1 1.883(17)
C1A w2 2.16(3) w3 2.200(19)
wa 2.07(4) W1A 2.36(3)
WA4A 1.80(4) Zls 2.45(3)
W4B 2.47(4) wacC 2.74(3)
02 2.624(19) mean 2.327
mean 2.225 2B w1 2.06(4)
C1B WA4A 1.99(5) W1A 1.96(6)
W2 2.10(5) w3 2.13(4)
W4B 2.30(7) wac 1.94(5)
W4 2.47(5) W4C 2.18(5)
W4A 2.84(7) mean 2.054
mean 234 (@] C2A 0.942(12)
cic w1 1.77(4) C2B 0.76(5)
w2 2.94(4) C2B 2.62(5)
w3 2.77(3) 2B 2 2.62(5)
WA4A 2.94(5) C2A 2.95(6)
05 2.77(3) C2B 2.20(10)
mean 2.638 QA 2B 0.77(4)
1 Q1A 0.83(4) C2B 2.95(6)
C1B 0.65(5) ac 2.61(4)
c1B 2.44(5) C1B C1 2.44(5)
c1c 0.91(4) C1A 2.77(7)
C1A C1B 0.82(5) C1B 2.01(10)
c1B 2.77(7) ac 1.35(6)
c1c 1.63(6) ac 2.45(6)
Si2 3.10(2)
cic c1B 2.45(6)
C2A 2.61(4)
C1 2.86(3)

Note: Non-occurring short distances are reported in italic.
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FIGURE 5. The framework of gismondine-Sr structure: (a) projection on (101); (b) projection on (101), dashed circle indicates double crankshaft
chain (dcc); (¢) dec running parallel to [101] with the marked T-O-T angle between the tetrahedra up and down. Silica tetrahedra are dark blue and
alumina tetrahedra are light blue, dashed line shows the unit cell. (Color online.)

the basis of interatomic T-O distances [mean distances T(Al)-O
= 1.73 A and T(Si)-O = 1.61 A; Table 6]. Framework oxygen
atoms occupy eight sites: O1-O8 (Table 5). After the first cycle
of refinement, two strong peaks appeared in difference-Fourier
maps. These peaks were added to the structural model (C1 and C2
sites) and refined with Sr scattering factors. Additional residual
electron density was found very close (distances in the range of
0.5-1.0 A) to the C1 and C2 sites. Such residual electron density
was modeled by low-occupied sites (C1A, C1B, C1C and C2A,
(C2B) refined with Ca, Na, and K scattering factors, respectively
(Table 5). The assignment of atomic species to each crystallo-
graphic site was not straightforward due to the structural disorder
and the low population of these sites. The best model, which was
consistent with the chemical composition, achieved the quality of
the structural refinement R, = 0.0353.

GIS structure is composed of 4-membered rings tetrahedra,
which form double crankshaft chains (defined as dcc, Fig. 5).
The dcc chains are connected to each other and create double

a b

4-membered rings, which result in two systems of channels
with 8-membered ring apertures. These channels run parallel
to [101] and [101] (Fig. 5), and they are connected by 2, axes
parallel to [010]. At the intersection of two system channels
occur t-gsm cavities, which are built by six 4-membered rings
and four 8-membered rings (notation 4°8*) (Figs. 6 and 7; Alberti
and Vezzalini 1979).

In gismondine-Sr, extraframework cations and H,O are dis-
orderly distributed at partially occupied sites in the z-gsm cavity
(Fig. 6; Table 5). Strontium is the dominant extraframework
cation, located at sites C1 and C2 within two adjacent cages,
respectively. Each of these cages hosts 0.6 Sr disordered over
two symmetry-equivalent sites (Figs. 6b, 7a, and 7b), whose
simultaneous occupation is prevented due to the excessively
short distances between them (~2.8 A; Table 6). The remaining
extraframework cations (Ca, K, and Na) do not equally distribute
between two adjacent t-gsm cavities (Fig. 6b). One cavity is oc-
cupied by Ca, Na, and K at C1A, C1B, and C1C, respectively

FIGURE 6. (a) General view of the 8-membered rings channel, projected along [101]. (b) Cations and H,O distributed into four adjacent ¢-gsm
cavities, projected along [101]. All extraframework sites are partially occupied. Strontium, calcium, potassium, and sodium are represented as
green, blue, purple, and yellow spheres, respectively. Gray spheres represent H,O sites. (Color online.)
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FIGURE 7. Exraframework cations population in the two non-
equivalent symmetry cages: (a) cage containing Ca, Na, and K at C1A,
CI1B, and C1C, respectively; (b) cage containing Ca and K at C2A and
C2B sites. All extraframework sites are partially occupied. Strontium,
calcium, potassium, and sodium are represented as green, blue, purple,
and yellow spheres, respectively. Gray spheres represent H,O sites.
(Color online.)

(Fig. 7a), whereas the adjacent one by Ca and K at C2A and C2B
sites, respectively (Fig. 7b; Table 5). Thus, although the refined
occupancy of C1 and C2 converged to the same value, the ar-
rangement of other cations (K, Ca, and Na) slightly differs, and
the two adjacent t-gsm cavities are not symmetry-equivalent. H,O
is also disordered at partially occupied eight sites (Table 5), which
have no simultaneous full occupancy because of the excessively
short distances from each other.

TABLE 7. Comparison parameters of gismondine-Sr structure with
literature data for gismondine-Ca
Gismondine-Sr Gismondine-Ca

Gismondine-Ca 75 °C

This work Wadoski-Romeijn Wadoski-Romeijn
and Armbruster 2013 and Armbruster 2013
Lattice parameters
Chemical  Sr,(SigAls0s,) Ca,(SigAlg0s,) Cay,(SigAl;0s,)
formula X 9H,0 x 18H,0 x 12H,0
Space group B22,2 P2,/c P2,2,2,
a 14.0256(2) 10.0214(1) 10.1035(15)
b 10.45900(10) 10.5997(1) 9.7819(10)
c 13.79360(10) 9.8327(1) 10.1523(9)
B 92.363
\Y 2023.44(4) 1043.58(2) 1985.6(2)
Channel size
[101] [100] [101]
05-07 2.90 08-08 2.70 016-012 262
02-01 4.57 03-03 4.90 05-04 472
Ellipticity ratio  0.63 0.55 0.55
[101] [001] [101]
06-08 291 07-06 3.14 02-014 2.90
04-03 4.58 02-04 4.49 07-010  4.466
Ellipticity ratio  0.64 Ellipticity ratio 0.70 Ellipticity ratio 0.62

T-O-T angle of the crankshaft chain

Si3-07-Aln 140.21 Si2-05-Al1  146.54 Si1-012-Al2 143.68
Si1-08-Al2 141.19 Si2-06-Al1  145.75 Si4-O14-Al4 143.52
Si2-06-Al3 140.84 Si1-07-Al2 14243 Si4-011-Al1 137.14
Si2-05-Al3 139.67 Si1-08-Al2  138.55 Si3-08-Al3 133.32
Si2-016-Al1 129.16
Si2-02-Al2  130.53
Si2-015-Al4 143.30
Si3-013-Al3 142.19
mean T-O-T 14047 meanT-O-T 143.32 meanT-O-T 137.85
angle angle angle

Note: Channel sizes were measured according to the free diameter reported in the
Atlas of Zeolites Framework Types ellipticity ratio was measured using the free diam-
eter as the ratio of the short diagonal to the long diagonal (Baerlocher et al. 2007).
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FIGURE 8. Part of the framework containing 8- and 4-membered
rings. (a) Gismondine-Ca projection along [001] (Wadoski-Romeijn
and Armbruster 2013). (b) Gismondine-Sr projection along [101]. (¢)
Partially dehydrated gismondine-Ca at 75 °C along [101] (Wadoski-
Romeijn and Armbruster 2013). (d) Scheme of overlapping double
4-member ring of gismondine-Ca (gray line) and gismondine-Sr (dashed
line). (Color online.)

DISCUSSION

Gismondine-Sr is one of the few zeolites which contain
strontium as the dominant extraframework cation and the first
strontium zeolite with the GIS framework type (Gottardi 1979;
Gottardi and Galli 1985; Smith 1988; Armbruster and Gunter
2001; Baerlocher et al. 2007). After gobbinsite, gismondine-Sr
is the second GIS zeolite, with the orthorhombic symmetry
(Gatta et al. 2010). The unit cell of gismondine-Sr is related to
the monoclinic cell of gismondine-Ca by the matrix transforma-
tion 101/010/101, which corresponds to rotation by an angle
of 45° around the b axis and leads to an increase in the a and ¢
parameters. As a result, gismondine-Sr has almost doubled the
unit-cell volume with respect to gismondine-Ca (Table 7; Vez-
zalini et al. 1993). Both gismondine-Ca and gismondine-Sr are
characterized by an ordered Si/Al distribution of the tetrahedral
framework. However, within the channels of gismondine-Sr
the extraframework cations and H,O molecules are disorderly
distributed (Tables 5 and 6; Figs. 5 and 6).

The comparison of gismondine-Sr and gismondine-Ca
frameworks showed that T-O-T angle between the upward and
downward tetrahedra in the double crankshaft chains is smaller
in gismondine-Sr (Figs. 1b and 4b; mean T-O-T angle in gis-Sr:
140.47; mean T-O-T angle in gis-Ca: 143.32). However, no
significant changes in the value of angles in the 4-membered
rings building the double crankshaft chains have been observed,
suggesting their quasi-rigid behavior. In contrast to gismondine-
Ca, in gismondine-Sr the ellipticity ratio in the two 8-membered
channels is similar (Table 7). Consequently, a slight rotation of
the double crankshaft chains in gismondine-Sr was observed
(Fig. 8). The tilting occurs around bridging O atoms between
the upward and downward tetrahedra in the double crankshaft
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chain, which behaves as hinges within the framework (Figs. 1b
and 4b; Gatta and Lee 2014). The framework of gismondine-Sr
is similar to partially dehydrated gismondine-Ca (Vezzalini et
al. 1993; Wadoski-Romeijn and Armbruster 2013; Fig. 8c).
Moreover, deformations of partially dehydrated gismondine-Ca
are similar to deformations of pressure-induced gismondine-Ca,
which was reported by Betti et al. (2007) and Ori et al. (2008).
The ellipticity of the 8-membered channels increases with the
degree of dehydration or pressure, respectively. Moreover, the
decrease of the T-O-T angle of the crankshaft chain was also
observed (Vezzalini et al. 1993; Betti et al. 2007; Fig. 8c). The
Raman spectrum of gismondine-Sr shows no change in the
main band, which vibrates at 465 cm™' (Table 3) as in the case
of gismondine-Ca. Thus, in agreement with the quasi-rigid
behavior of the 4-membered rings, the main band could be at-
tributed to T-O-T vibration of the 4-member rings. Furthermore,
its frequency is independent of the T-O-T angle in the double
crankshaft chains (Table 7; Fig. 4). The bands from 8-mem-
bered rings could appear in the spectrum (Fig. 4) at 396 cm™
(Dutta and Del Barco 1988; Dutta et al. 1991; Knops-Gerrits
etal. 1997; Yu et al. 2001). Its variations of intensity (Figs. 4a
and 4b) could be related to the orientation of the channels with
regard to the laser beam.

Zeolites of the gismondine group (Table 1) reveal different
extraframework cations and different Si/Al ratios. Gismondine-
Ca, amicite and gismondine-Sr stand out from this group by
the Si/Al ratio equal to one (Passaglia and Sheppard 2001).
The isomorphic substitution scheme of gismondine-Ca for
gismondine-Sr is as follows: Ca* — Sr?*. Additionally, the
experimental data indicate monoclinic symmetry for the pure
strontium gismondine (Allen et al. 2002), as is the case with
gismondine-Ca and gismondine-Ba (Fischer 1963; Braith-
waite et al. 2001). However, the content of the monovalent
cations in the composition of the investigated gismondine-Sr
is significantly different compared to gismondine-Ca, in which
monovalent cations are present in negligible amounts (Vezzalini
and Oberti 1984). The presence of roughly equal content of
K and Na in the composition of the holotype gismondine-Sr,
(Sr2.02Ca; 00Bag 02K .72Nag 62)54.47A17.01S15.09031 .85 9H,O is indicative
of formal existence of a solid solution between gismondine-Sr
and amicite K,Na,(AlsSizOs,)- 10H,0. Based on the end-member
formulas of gismondine-Ca Ca,(Al;Siz0;,)- 16H,0, gismondine-
Sr Sr,(AlsSigOs3,)-9H,0 and amicite K Na,(AlSisO;,)- 10H,0, the
scheme of the substitutions could be presented as follows: H,O
+ Ca?"/Sr** — 2(Na'/K"). Thus, besides monoclinic symmetry,
gismondine-Sr without monovalent extraframework cations is
characterized by a higher water content compared to the pre-
sented data. The general zeolite formula with the gismondine
framework type and Si/Al ratio equal to one could be: (D,M), ¢
(AlsSi303,)'nH,0, where M is monovalent and D is divalent
cations. The simplified formula of gismondine-Sr derived from
the EMPA and structural data can be presented as (D3 M, g)s40
(ALsSi505,)-9H,0, i.e., the D4(ALSis0;,)-9H,0 end-member is
more than 77%. Strontium is significantly predominant over
calcium at the D site, so the ideal formula of gismondine-Sr
would be Sr,(Al;Siz0s,)-9H,0.

Based on the filling voids (Fig. 3¢c), the sequence of zeolite
crystallization in the voids of gehlenite-wollastonite paralava
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could be presented as thomsonite-Ca, NaCa,(Al;Sis0,,)-6H,0
(THO framework); florkeite, K;Ca,Na(AlgSizOs,- 12H,0
(PHI framework); gismondine-Sr, Sr,(Al3Si303,°9H,0
(GIS framework) and again florkeite. Moreover, analcime,
Na(AlSi,04)-H,O (ANA framework) is the last zeolite of the
crystallization sequence in pyrometamorphic rocks of the
Hatrurim Complex. The presented sequence implies that the
formation of gismondine-Sr is conditioned by a one-time ap-
pearance of high Sr content in the crystallization environment.
The association of florkeite and gismondine-Sr suggests very
low-temperature (<100 °C) conditions of crystallization of
these zeolites (Lengauer et al. 2009).

The controversial question is the origin of the strontium in
the environment. As shown by Geller et al. (2012) and Sokol et
al. (2014, 2019), the sedimentary rocks, protolith of gehlenite
hornfels, contain carbonates enriched with strontium. We sug-
gest that during processes of pyrometamorphism, strontium from
carbonates has been released. The relatively elevated strontium
content was recorded in bulk analyses of pyrometamorphic rocks,
but it is rather dispersed in rock-forming minerals, especially
in fluorapatite-fluorellestadite and baryte (Juroszek et al. 2018;
Sokol et al. 2019).

IMPLICATIONS

Zeolites are the most common microporous materials in
nature. They are characterized by selective cation-exchange
capacity, reversible hydration and dehydration, catalytic activity,
and sorption of molecules induced by pressure, the investigation
of which has seen rapid development in the past decade (Gatta
2003; Betti et al. 2007; Ori et al. 2008; Arletti et al. 2017; Gatta
et al. 2018). Zeolites with GIS framework type are used as
detergent builders (Adams et al. 1995, 1997), and they received
attention because of the high framework flexibility (Betti et al.
2007; Gatta and Lee 2014; Arletti et al. 2017; Chukanov et al.
2020). Nevertheless, despite many studies on zeolite synthesis
and ion exchange properties, literature data on Sr** in GIS are
scarce (Taylor 1964; Mimura and Akiba 1993; Dyer et al. 2006;
Kwon et al. 2021).

Previously conducted high-pressure experiments showed
that the deformation mechanisms of the structure are condi-
tioned by the topological configuration of the aluminosilicate
framework (Gatta 2003; Gatta and Lee 2014; Gatta et al. 2018).
However, the influence of the Si/Al distribution and the extra-
framework cations on the deformation has not been investigated
in detail. The channel content is also responsible for the com-
pressibility of the cavities and, therefore, can lead to different
deformation mechanisms under non-ambient conditions. The
present study suggested that, in addition to high pressure and
dehydration (Vezzalini et al. 1993; Wadoski-Romeijn and
Armbruster 2013; Gatta and Lee 2014), the elliptical defor-
mation of the channels in GIS also arises as a consequence of
the extraframework cations and H,O content. In conclusion,
the extraframework content, i.e., the type of extraframework
cations in t-gsm cages of gismondine-Sr, influences the alumi-
nosilicate framework leading to the orthorhombic symmetry.
In general, the gismondine framework type is extraordinarily
flexible and could sorb ions with a wide range of ionic radii at
the expense of changing framework symmetry.
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Abstract

Gismondine-Sr, recently discovered in the Hatrurim Complex in Israel, has been recognised in a xenolith sample from the Bellerberg
volcano in Germany. The empirical crystal-chemical formula indicates elevated K content: (Sr74Ca;sBag 09K 56N2g.49)54.93
[Al 95Si5.06032]-9.62H,0. Additionally, Ba-rich gismondine and amicite have been found in the low-temperature mineral association
of the pyrometamorphic rock from the Hatrurim Complex. The Raman spectra of the studied zeolites and the crystal structure of
gismondine-Sr from the second occurrence are presented. A review of zeolites with GIS framework-type structure leads to the following
conclusions: (1) garronite-Na and gobbinsite are equivalent and constitute a solid solution with garronite-Ca; (2) gismondine-Ca, -Sr,
and amicite belong to one mineral series; (3) two zeolites series with different R-factors (defined as Si/(Si+Al+Fe)) can be distinguished
within GIS topology: the garronite series (R>0.6) including garronite-Ca and gobbinsite, with general formula (M;Dgs(.-y))
[ALSi(16-x032]-nH,0, where M and D refer to monovalent and divalent cations, respectively; and the gismondine series, including
amicite, gismondine-Sr and gismondine-Ca, with R ~ 0.5, and the general formula (M,Dg s5(s-,))[AlgSisO3,]-nH,0. The Raman band
between 475 cm™ and 485 cm™ is distinctive for the garronite series, whereas the band around 460 cm™ is characteristic of the
gismondine series. On the basis of these findings, a revision of GIS zeolites nomenclature is suggested.

Keywords: GIS structure, gismondine, garronite, amicite, gobbinsite, Raman spectroscopy, Bellerberg volcano, Hatrurim Complex, mineral
series, zeolitic minerals
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Introduction et al., 1997). Both are calcium dominant and are characterised
by GIS topology (see the chapter on ‘Crystallography of
GIS-type structure’ in the Background information section of
Coombs et al., 1997). Nevertheless, garronite-Ca is notable for
the disordered Si/Al distribution of the framework, and partial
replacement of Ca by Na, resulting in a different space group
with respect to gismondine-Ca. The GIS framework-type is also
characteristic of alkali-dominant zeolites: fully ordered amicite,
K4Nay[AlgSigO3,]-10H,0, and (Si, Al) disordered gobbinsite,
Nas[AlsSi;;03,]-11H,0. It is worth adding that monoclinic
Ba-dominant gismondine, Ba[AlgSigO3,]-12H,0, has been
found only in anthropogenic material hence it is not approved
by the Commission on New Minerals, Nomenclature and
Classification of the International Mineralogical Association
(IMA-CNMNC).

It has been 25 years since Coombs et al. (1997) published their

Zeolites are one of the most complex mineral groups in terms of
crystal structure and crystal chemistry (Armbruster and Gunter,
2001), which leads to several difficulties in unambiguously defin-
ing a zeolite mineral species. Guidelines for nomenclature and
distinction rules for new zeolite species by Coombs et al. (1997)
recommend that zeolites with the same topological framework,
exhibiting a wide variety of extra-framework cations form a series.
The end-members of the series are defined on the basis of the
most abundant extra-framework cation in atomic proportions.
The disparity in Si:Al ratio, the different hydration levels (i.e. con-
tent of H,O), differences in space-group symmetry, and order-
disorder distributions of cations at the tetrahedral sites are not
sufficient criteria to distinguish a new zeolite mineral species.
However, there may be exceptions to all of these rules. Coombs
et al. (1997) give an example of gismondine-Ca, Ca,[AlgSigOs,]

-16H,0, and garronite-Ca, Ca;3[AlsSi;003,]-14H,0 (Coombs
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guidelines for zeolite mineral species. The recent findings of
garronite-Na,  Nag[AlgSi;903,]-8.5H,0, and gismondine-Sr,
Sry[AlgSig03,]-9H,0, have revealed, however, the necessity of
reviewing the data of minerals with GIS structure topology. This
paper provides new data about gismondine-Sr from its second
recorded occurrence at the Bellerberg volcano in Germany.
Previously, it has been known only at the Halamish locality from
the pyrometamorphic rocks of the Hatrurim Complex, Israel
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(Skrzynska et al., 2023). Additionally, we provide data on barium-
rich gismondine. Finally, we proposed revising the definition and
classification for zeolites with GIS framework type.

Background information
Crystallography of the GIS-type structure

The GIS-type structure belongs to the group of doubly connected
4-membered ring chains. It is characterised by two (4- and
8-membered rings of tetrahedra) secondary building units (SBU)
(Baerlocher et al.,, 2007). The 4-membered rings are connected
by sharing oxygen atoms and form a double crankshaft chain
(Fig. 1a). The rings are alternatively oriented upwards and down-
wards, defining a T-O-T angle and resulting in a ~10 A period-
icity of the chains (Armbruster and Gunter, 2001). Thus, the T-
O-T angle is determined by two adjacent rings in the double
crankshaft chain pointing in opposite directions. In a gismondine
structure-type, there are two systems of double crankshaft chains,
which are perpendicular to each other and run parallel to the a
and b axis, creating 8-membered ring channels (Fig. 1b). The ellip-
ticity of the 8-membered aperture results from the T-O-T angle in
the double crankshaft chain, which is perpendicular to the 8-mem-
bered rings window (Fig. 1; Skrzynska et al, 2023). The cage
(t-gsm, pore descriptor 4°8*), which hosts extra-framework cations
and water molecules, is formed at the intersection of the perpen-
dicular double crankshaft chains. The type of extra-framework
cations in these cages leads to modifications of the flexible zeolite
framework (Skrzynska et al, 2023). The symmetry of the GIS
structure-type varies from tetragonal to monoclinic (Hansen
et al, 1990; Hakansson et al, 1990). The archetype symmetry
(topological symmetry) of the GIS topology is I4;/amd. This
symmetry corresponds to that of the synthetic phase (called
Na-P) - sodium high silica compound (Nay[Al,;Si;,03,]-14H,0;

(a)

T-O-T
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a=9.9989(4) A; and ¢=10.0697(4) A) (Baerlocher and Meier,
1972; Hékansson et al., 1990, Supplementary Table S1). The topo-
logical symmetry is reduced to at least orthorhombic (Fddd) by the
ordering of the cations at the framework T-sites. In turn, the
ordered arrangement of extra-framework cations lowers the ortho-
rhombic symmetry to monoclinic (Gottardi, 1979; Gottardi and
Galli, 1985; Armbruster and Gunter, 2001).

Minerals with GIS structure type

Gismondine-Ca is the most common species among minerals
with GIS topology. It is characterised by a monoclinic structure
with (Si, Al) distribution fully ordered at T sites (Table 1).
However, the symmetry can change to orthorhombic due to dehy-
dration (van Reeuwijk, 1971; Vezzalini et al, 1993;
Wadoski-Romeijn and Armbruster, 2013). The R-value, defined
as Si/(Si+Al+Fe), varies from 0.50 to 0.54 (Passaglia and
Sheppard, 2001). The monovalent cations are present in negligible
amounts (Vezzalini and Oberti, 1984). Ba-rich gismondine has
only been found in weathered lead-smelting slags, therefore, it
has not been approved as a new mineral species. Its crystals exhib-
ited monoclinic symmetry and a slight amount of sodium and
calcium were revealed in the chemical composition (Braithwaite
et al., 2001). Strontium impurities, however, were detected only
as insignificant substitutions (Vezzalini and Oberti, 1984;
Passaglia and Sheppard, 2001). Gismondine-Sr has been discov-
ered recently in voids from the pyrometamorphic rock of the
Hatrurim Complex in Israel (Skrzynska et al, 2023). Despite
the ordered framework and Si/Al ratio equal to 1, its symmetry
was found to be orthorhombic (Table 1) with channels that are
elliptically deformed with respect to the monoclinic calcium var-
iety (Skrzynska et al, 2023). Gismondine-Sr has a lower water
molecule content and a significant substitution of monovalent
cations (especially K), arranged randomly in the channels.

Figure 1. (a) Double crankshaft chain with marked T-O-T angle between upward and downward 4-membered rings; (b) framework of GIS structure-type with
8-membered ring channels. A red colour marks double the crankshaft chains, the first perpendicular to the picture plane and the second parallel to the picture

plane (drawn with CrystalMaker® software).

https://doi.org/10.1180/mgm.2023.27 Published online by Cambridge University Press

74:5667857473


https://doi.org/10.1180/mgm.2023.27

Mineralogical Magazine

Table 1. Zeolite minerals with GIS framework type.

Cay[AlgSigOs;] Sry[AlgSigO3] KaNay[AlgSigOs,] Ba,[AlgSigOs,]
Formula -16H,0 -9H,0 -10H,0 -12H,0
Name Gismondine-Ca Gismondine-Sr Amicite ‘Gismondine-Ba’
Space group P2,/c B22,2 12 monoclinic
a (A) 10.02 13.794 10.226 14.896
b (A) 10.62 14.026 10.422 9.951
c (A) 9.84 10.459 9.884 7.613
a (%) 90 90 90 90
B () 92.42 90 88.32 103.25
¥ () 90 90 90 90
v (A3 1046.2 2023.43 1051.7 1098.42
R =Si/(Si+Al+Fe) 0.50-0.54 0.50-0.51 0.50 0.50-0.51
Si-Al distribution ordered ordered ordered ordered
Possible extra-framework Ca, Sr, Ba Sr, K, Ca, Ba, Na K, Na, Ca Ba, Ca, Sr, K, Na

cations in abundance order
References

Fischer (1963)

Skrzynska et al. (2023)

Alberti and Vezzalini (1979)

Braithwaite et al. (2001)

Ca[AlgSiy0032]

Nag[AlgSi100s,]

(Nay.99Ko.27)52.26Ca1.61
[Als 3,Si10.64032]

Nas[AlsSi1;03;]

Formula .14H,0 .8.5H,0 -14.3H,0 -11H,0
Name Garronite-Ca Garronite-Na Si-rich garronite-Na Gobbinsite
Space group 14m2 or 12/a 2 I Pmn2,
a (A) 9.927 or 9.880 9.990 9.983 10.104
b (A) 9.927 or 10.280 10.032 10.089 9.782
c (A 10.303 or 9.876 10.036 10.070 10.152
o (9) 90 90 20 90
B () 90 or 90.114 90.11 90.223 90
v () 90 90 90 90
Vv (A% 1015.3 1005.8 1014 1003.4
R=Si/(Si+Al+Fe) 0.60-0.65 0.60-0.67 0.60-0.64
Si-Al distribution disordered-partially ordered disordered-partially disordered

ordered
Possible extra-framework Ca, Na, K Na, K Na, Ca, K, Mg

cations in abundance order
References

Artioli (1992); Artioli and
Marchi (1999)

Grice et al. (2016)

Hirahata et al. (2022)

Gatta et al. (2010)

The GIS zeolite with Si/Al ratio equal to 1 containing K and
Na as dominant cations is amicite (Alberti and Vezzalini,
1979). This is a rare zeolite known only from a few localities
(Pekov and Podlesnyi, 2004; Calvo et al., 2013; Jackson et al,
2019). Similar to gismondine minerals, the R-value is ~0.5. The
structure is also monoclinic and perfectly ordered (framework
and extra-framework cations, Table 1). The positions of Na and
K sites in amicite correspond to the Ca and H,O sites in gismon-
dine, respectively (Alberti and Vezzalini, 1979). Consequently,
amicite has a lower hydration level than monoclinic
gismondine-Ca. In addition, amicite shows no significant vari-
ation in the chemical composition, and Ca is present in minor
amounts (Passaglia and Sheppard, 2001; Pekov and Podlesnyi,
2004). Interestingly, amicite can be completely dehydrated retain-
ing the monoclinic symmetry (Vezzalini et al., 1999; Armbruster
and Gunter, 2001).

Other zeolites with GIS framework-type display a lower Si/Al
ratio with respect to gismondine and amicite (Table 1). A disor-
dered counterpart of gismondine-Ca is garronite-Ca with an
R-value of 0.60-0.65 (Walker, 1962; Gottardi and Galli, 1985).
The symmetry of garronite-Ca is usually described as tetragonal
in space group I4m2, which is lowered from the archetype struc-
ture due to possible partial ordering of the T sites or cations/water
molecules order in the zeolitic cavities (Artioli, 1992; Artioli and
Marchi, 1999; Armbruster and Gunter, 2001; Passaglia and
Sheppard, 2001). However, orthorhombic and monoclinic sym-
metry have also been reported (Artioli and Marchi, 1999;

https://doi.org/10.1180/mgm.2023.27 Published online by Cambridge University Press

Armbruster and Gunter, 2001). It has also been noticed that the
symmetry of the partly dehydrated phase decreased to I2/a and
P4,2,2 (Passaglia and Sheppard, 2001). Contrary to
gismondine-Ca, samples of garronite-Ca contain a relevant
amount of K and especially as Na substitutions. Passaglia and
Sheppard (2001) indicated that the compositional gap between
gismondine and garronite relates to Si/Al ratio, not boundaries
in extra-framework content.

Garronite-Na, the Na end-member of the garronite series, was
first described by Grice et al. (2016). It differs from the Ca species
because of the lower hydration degree and the monoclinic sym-
metry (Table 1), which can be explained by the partial ordering
of the framework cations, as demonstrated by the tetrahedral
bond distances. Grice et al. (2016) found that the naturally occur-
ring garronite-Na is the intermediate phase between two synthetic
phases, low-Si garronite Nag(AlgSisO3,)-15H,0 (Albert et al., 1998)
and high-Si garronite Nay(Al,Si;,05,)-14H,O (Hékansson et al.,
1990) (Grice et al., 2016; Supplementary Table S1). Additionally,
it was emphasised that the structure of garronite-Na is isostructural
to gobbinsite, and the transformation matrix from garronite-Na to
gobbinsite is (010/001/100) (Grice et al., 2016).

Gobbinsite was first described by Nawaz and Malone (1982).
The structure was obtained by powder X-ray diffraction data
and subsequent Rietveld refinement (Nawaz and Malone, 1982;
Artioli and Foy, 1994). Regardless of the suggestion above of
Grice et al. (2016), Gottardi and Galli (1985) envisaged that gob-
binsite is the sodium equivalent of garronite-Ca and similar to the
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synthetic compound Na-P1. It should be highlighted that the
R-value of gobbinsite corresponds to garronite-Ca. Sodium is
consistently a dominant cation in the chemical analyses.
However, high substitutions of Ca are regularly present, whereas
Mg and K were only detected in minerals from one locality
(Passaglia and Sheppard, 2001). In 2010 the crystal structure of
gobbinsite was successfully refined from single-crystal X-ray dif-
fraction (SCXRD, Gatta et al,, 2010). The refinement revealed
the orthorhombic space group Pmnb (Table 1). The framework
exhibits high disorder, while the calcium and sodium cations
occupy two separated sites in the cage. According to Gatta et al.
(2010) the gobbinsite structure is consistent with the synthetic zeolite
Nay(ALSi;,035,)-14H,0 reported by Hansen et al. (1990; Table S1).
Furthermore, the authors proposed a general formula for gobbinsite:
(Na,K,0.5Ca)s,,[Als,,Si;;xO3,]-12H,0 (Gatta et al., 2010).

Sample description and methods of investigation
Bellerberg volcano, Germany

The Bellerberg volcano belongs to the Quaternary volcanics in the
Eastern Eifel region, Rhineland-Palatinate, Germany (Hentschel,
1987; Mihajlovic et al., 2004). It is characterised by different ther-
mally metamorphosed xenoliths embedded within the basaltic lava
of tephrite-leucite composition (Hentschel, 1987; Mihajlovic et al.,
2004). The xenoliths have unique mineral assemblages crystallised
as a result of high-temperature metamorphism and a variety of
numerous secondary phases formed at low-temperature conditions
and the weathering processes (Mihajlovic et al., 2004; Juroszek
et al., 2022). The Bellerberg volcano region is famous for several
new mineral findings, including the Sr-rich zeolite bellbergite
(Rudinger et al, 1993; Irran et al, 1997; Kraus et al, 1999;
Lengauer et al., 2009; Chukanov et al., 2015).

Gismondine-Sr was detected in white-grey xenolith samples
collected in the ‘Seekante’ district, which is the eastern part of
the southern lava flow of the Bellerberg volcano. The primary
mineral association of the analysed sample is composed of high-
temperature phases such as wollastonite, akermanite, gehlenite,
larnite, combeite, bredigite, fluorapatite and feldspathoids, mostly
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nepheline and leucite. The abundant accessory assemblages are
represented by brownmillerite, shulamitite, perovskite, magnesio-
ferrite, hematite, baghdadite, some rare Ba-minerals such as fres-
noite, bennesherite, noonkanbabhite, batiferrite and alforsite, as
well as Cl- and OH-apatite minerals. Gismondine-Sr was found
in the cavities filled with secondary minerals such as florkeite,
stratlingite/vertumnite, baryte, periclase, afwillite, ettringite, and
minerals of the tobermorite supergroup (Fig. 2a). The crystals
of gismondine-Sr form pseudotetragonal bipyramids and are
characterised by distinct cleavage in [101] direction (Fig. 2b).

Hatrurim Complex, Israel

The Hatrurim Complex is a pyrometamorphic complex consisting
of several individual outcrops formed by resistant rock nested in a
weathered calcium-hydrosilicate mass. The genesis aspect of the
rock formations is uncertain. Mud volcanism activity and burning
organic matter in bituminous chalk are considered possible
sources of heat (Gross, 1977; Sokol et al., 2008; Geller et al.,
2012; Novikov et al., 2013; Galuskina et al., 2014). Indubitably,
the conditions of rock formation were high temperature and
low pressure, comparable to the Bellerberg volcano conditions.
Hornfels-like rocks, containing wollastonite, fluorapatite, minerals
of gehlenite-alumoakermanite series, and Ti-bearing andradite
prevail among various rock types of the Hatrurim Complex.
They host coarse-grained rocks called paralava despite the
absence of glass (Vapnik et al, 2007; Sharygin et al., 2008;
Krzatata et al., 2020). Accessory mineralisation of paralava con-
taining celsian, barioferrite, and Si-rich V-bearing zadovite
forms in clusters enriched in Ba, V, P, and rarely U (Krzatata
et al., 2020, 2022). The high-temperature rocks contain voids
filled by low-temperature mineralisation, in which Ba-rich crystals
of the gismondine series have been found. It occurs adjacent to
the Ba-rich paralava minerals (Fig. 3a,b). Barium-rich gismondine
forms tiny intergrown crystals and is characterised by variable
content of Ba, Sr and Ca. In addition to minerals of the gismon-
dine series, florkeite (PHI type structure), the most abundant zeo-
lite in the pyrometamorphic rock of the Hatrurim Complex,
(Skrzynska et al, 2022) has been recorded. Another type of

Aeg

- —Noo
Nph

Figure 2. BSE images. (a) Cavity in xenolith from the Bellerberg volcano filled by gismondine-Sr and flérkeite crystals on tobermorite; (b) gismondine-Sr in the
xenolith association. Symbols from Warr (2021): Aeg - aegirine; Ak - dkermanite; Adk - alumo dkermanite; Cbe - combeite; Gis-Sr - gismondine-Sr; Lct - leucite;

Nph - nepheline; and Noo - noonkanbahite.
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Ba-rich gis

Figure 3. BSE images of paralava from the Hatrurim Complex, Israel. (a) General view of paralava with voids filled by Ba-rich zeolite, the frame indicates the mag-
nified fragment shown in: (b) crystals of Ba-rich gismondine. (c) General view of paralava with amygdaloidal voids filled by amicite, the frame outlines the mag-
nified fragment in: (d) crystals of amicite in amygdaloidal voids. Symbols from Warr (2021): Adr - andradite, Ami - amicite, Cls - celsian, Fap - fluorapatite, Gh -
gehlenite, Ba-rich gis - Ba-rich gismondine, Prv - perovskite, Szh - shenzhuangite, Wol - wollastonite.

paralava from the Hatrurim Complex is porous and contains
mainly gehlenite, wollastonite, kalsilite, fluorapatite, perovskite
and chromite (Fig. 3c); the zeolite amicite has also been found
forming pseudo-octahedral crystals (Fig. 3d). Moreover, minerals
of ettringite-thaumasite series and florkeite have been revealed in
the low-temperature mineralisation.

Chemical composition

The preliminary chemical composition and crystal habit of the
zeolites and mineral association have been investigated using a
Phenom XL scanning electron microscope equipped with an
energy-dispersive X-Ray spectrometer and back-scattered electron
(BSE) detectors (Faculty of Natural Science, University of Silesia,
Poland). A Cameca SX100 microprobe analyser was used to
obtain quantitative chemical analyses. The gismondine-Sr and
amicite were characterised at the Faculty of Geology, University
of Warsaw, Poland. The results were obtained at 15 keV and
5 nA. The beam size was 15 um. The following standards and
lines were applied: NaKo (albite); SiKoo (diopside); AlKo
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(orthoclase); KKov (orthoclase); CaKow (diopside); FeKo. Fe,Os;
SrLo (celestine); and BaLo. (baryte). Ba-rich gismondine was stud-
ied at the Polish Geological Institute, National Research Institute,
Warsaw, Poland. The analyses were carried out at 15 keV and 20
nA with a 5 um beam size. The following standards and lines were
used: NaKo (NaCl); SiKo. (wollastonite); AlKo (orthoclase); KKou
(orthoclase); CaKo. (wollastonite); FeKo (pentlandite); SrLo
(celestine); and BaLo (BaSOy).

Raman spectroscopy

Raman spectroscopy analyses were conducted on a WITec alpha
300R confocal Raman microscope (Faculty of Natural Science,
University of Silesia, Poland) with a CCD camera operating at —
61°C. The spectra were collected with a 488 nm laser. A silicon
plate (520.7 cm™) was used to calibrate the monochromator with
a 600 mm ' grating. Integration time and accumulation were as fol-
lows: 15 accumulations with 10 s integration for gismondine-Sr; 30
accumulations with 7 s integration for Ba-rich gismondine; 25
accumulations and 5 s integration for amicite. The spectra

77:8870910153
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deconvolution was performed using the GRAMS package (Thermo
Scientific™). For the peak-fitting process, the Gauss-Lorentz func-
tion with the minimum number of component bands was used.

Single-crystal X-ray diffraction

Single-crystal X-ray diffraction experiments were conducted using
a Rigaku Synergy-S diffractometer equipped with a dual micro-
focused source and a Hypix detector (University of Bern,
Switzerland). Due to the tiny sizes and brittleness of the zeolite
crystals, data could only be obtained successfully on a sample of
gismondine-Sr. The data were collected using CuKo. radiation
(A =1.540598 A). Data reduction and absorption correction pro-
cedures were performed by Rigaku CrysalisPro 40.29a. The struc-
ture solution and refinement procedure were performed in the
WinGX package (Farrugia, 1999) using SHELXS (Sheldrick,
2008) and SHELXL (Sheldrick, 2015), respectively.

Results
Chemical composition

The results of the chemical microanalyses are in Table 2. Water
content has been estimated based on the difference to 100%. The
following empirical crystal chemical formula has been calculated
based on the 16 framework tetrahedral sites and 32 oxygen atoms:

Gismondine-Sr: (Sr; 74Ca; 05K).56N0.49Ba0,00)54.93[ Al7 98Si5.06032] 9.6 2H, 05

Ba-rich gismondine: (Ba; 27511 26K 25C20.73N20.36)54.87[ Al 75F€0.05Si5.00032]
8.40H,0;

Amicite: (K;73Na320Cag31)57.33[ Als 03Fe002Sis.06032]-4.8 1H,O

Compared to the type locality, the gismondine-Sr crystals from
Germany stand out by having significantly higher potassium

Katarzyna Skrzynska et al.

content. The empirical formula of Ba-rich zeolite revealed rele-
vant Sr- and K- substitutions in the cages. Additionally, both
gismondine-Sr, Ba-rich gismondine and amicite display a signifi-
cant Ca content. In addition, amicite from the Hatrurim Complex
exhibits lower water content than the end-member formula
(Alberti and Vezzalini, 1979).

Raman spectroscopy

The Raman spectra in Fig. 4 collected on gismondine-Sr crystals
(a), Ba-rich gismondine (b), and amicite (c) are typical of the GIS
structure-type. Generally, bands in zeolite spectra can be divided
into external- and intra-tetrahedral bands. However, it is not pos-
sible to separate them precisely. The external-tetrahedral bands
come from the links between TO,. Thus, they depend on the
framework type (Auerbach et al, 2003; Cejka et al, 2007;
Chester and Derouane, 2009). The intra-tetrahedral bands are
structure insensitive. Hence, they are correlated to tetrahedral
modes. All spectra exhibit three framework vibrations regions:
300-500 cm™, 650-730 cm™' and 950-1100 cm™, and vibrations
of water molecules (Table 3). In the first framework vibrations
region, the strongest band at ~460 cm™', corresponds to breathing
modes of 4-membered rings originating from the symmetric
bending O-T-O vibrations of the tetrahedron (Mozgawa, 2001;
Borodina et al., 2022). The bands between 374-407 cm™' can be
assigned to the 8-membered rings deformation vibration
(Borodina et al., 2022; Skrzynska et al, 2023). Both 460 cm™
and 374-407 cm™ regions experience variations in intensity
depending on the crystal orientation in terms of laser beam polar-
isation, and they are classified as external-tetrahedral bands
(Skrzynska et al., 2023). The bands around 700 cm™" are related
to the asymmetric O-T-O bending vibrations of the tetrahedrons.
However, symmetric stretching vibrations of bridging oxygen
atoms between tetrahedra may also appear. Symmetric and

Table 2. Chemical composition of gismondine-Sr from Germany, Ba-rich gismondine and amicite from the Hatrurim Complex.*

Gismondine-Sr Ba-rich gismondine Amicite
Wt.% mean n=11 S.D. range mean n=4 S.D. range mean n=16 S.D. range
SiO, 34.44 0.97 33.47-34.62 32.98 0.30 32.81-33.42 37.94 0.70 36.47-39.25
Al,03 28.93 0.71 27.94-29.19 2691 0.23 26.67-27.19 32.05 0.60 30.86-32.95
Fe,05 n.d. n.d. n.d. 0.27 0.10 0.20-0.41 0.11 0.07 0.00-0.21
Ca0o 4.17 0.17 3.84-4.23 2.79 0.15 2.68-3.01 1.34 0.62 0.40-2.99
SrO 12.83 0.55 12.16-12.92 8.84 0.15 8.67-9.02 n.d. n.d. n.d.
BaO 0.96 0.41 0.63-1.18 13.20 0.76 12.12-13.76 n.d. n.d. n.d.
Na,0 1.09 0.31 0.58-1.27 0.75 0.11 0.62-0.87 7.99 0.47 7.29-8.68
K,0 5.23 0.52 4.78-5.43 4.01 0.03 3.97-4.04 13.75 0.53 12.71-14.64
H,0 12.33 10.27 6.79
Total 100.00 100.00 100.00
Atomic proportions based on 16 T sites and 32 oxygen atoms
Si 8.06 8.09 8.06
Al 7.98 7.78 8.03
Fe* 0.05 0.02
T 16.00 16.00 16.00
Sr 1.74 1.26 -
Ca 1.05 0.73 0.31
Ba 0.09 1.27 -
K 1.56 1.25 3.73
Na 0.49 0.36 3.29
Extra-framework 4.93 4.87 7.33
H,0 9.62 8.40 4.81
R 0.50 0.51 0.50
E % 2.17 -3.71 5.32

*S.D. - standard deviation; n - number of analyses; n.d. - not detected.
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Figure 4. Raman spectra of (a) gismondine-Sr with corresponding vibrations of a

4-membered ring; (b) Ba-rich gismondine; and (c) amicite.

Table. 3. Assignment of Raman bands for GIS zeolites.

asymmetric stretching T-O vibrations occur between 958-
1079 cm™". The bands at ~1650 cm™' and in the range 3363-
3585 cm™' correspond to the bending and stretching vibrations
of the water molecules, respectively.

SCXRD data and structure description

The crystal structure of gismondine-Sr from the Bellerberg vol-
cano was refined in space group B22;2 to R=0.0440 with the
following unit cell parameters: a = 13.9859(2) A, b=10.4683(1) A,
¢=13.7542(2) A and V=2013.733 A® (Table 4). By analogy
with the structure from the type locality, the non-standard setting
of the unit cell was chosen for similarity with partially dehydrated
gismondine-Ca (van Reeuwijk, 1971; Vezzalini et al, 1993;
Wadoski-Romeijn and Armbruster, 2013). The atoms of the
framework were refined first. The average bond distances of tetra-
hedra indicated the ordered distribution of Al and Si at the T sites
(<Si-O>=1.61 A and <Al-O>=173 A, Supplementary
Table S2). After the refinement of the framework atoms, the extra-
framework positions were inserted into the model. The two stron-
gest peaks in the electron density maps were refined with the Sr
scattering curve (C1 and C2 sites). Then, residual electron density,
at ~0.57-0.89 A distance from Sr cations, was refined with Ca
scattering factors (C1A and C1A). Nevertheless, additional elec-
tron density was observed near the C2 position. This electron
density was modelled as a split potassium site (C2B and C2C).
The remaining electron density was assigned to partially occupied
water molecules sites (W1, W1A, W2, W3, CW3 and W4). Due to
the high-level of disorder and low occupancy of extra-framework
sites, the average chemical compositions from microprobe ana-
lyses were availed to improve the refinement. Therefore, the C1
position was finally refined with a mixed scattering factor (0.29 Sr
and 0.110 K), and the CW3 site was assigned to sodium atoms
(Table 5). Due to excessively short distances, not all of the extra-
framework positions and water sites can be simultaneously occu-
pied (Table 6). The crystallographic information file has been
deposited as Supplementary material (see below).

The structure of gismondine-Sr from Germany does not differ
significantly from the Israeli (holotype) specimen. The double
crankshaft chains and the 8-membered rings are parallel to
[101] and [101] (Fig. 5a). The structure of gismondine-Sr con-
tains two types of non-equivalent symmetry cages, which host
randomly distributed extra-framework cations and water mole-
cules (Fig. 5). It is worth highlighting that the cages are topologic-
ally the same. They differ only in the extra-framework content.
The t-gsm 1 cage (Fig. 5, purple colour) contains two symmetry
equivalent partially occupied sites by calcium (ClA) and
strontium-potassium (C1). The potassium content ¢-gsm 2 cage

This work (cm™)

Tsai et al. (2021) (cm™)

Band assignment gismondine-Sr Ba-rich gismondine amicite gismondine-Ca garronite-Ca gobbinsite
Lattice vibrations 200 194

8-membered rings deformation 391 374 454 403 421 391
Symmetric bending O-T-0* 461 456 462 463 475 485
Asymmetric O-T-O bending 700 704 724

Symmetric and asymmetric stretching T-O 971, 1011, 1076 958,1010, 1079 1000, 1017

Bending of H,0 1657 1649

Stretching of H,0 3363, 3478, 3585 3308, 3487 3300, 3430, 3591

*The main bands are indicated in bold.
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Table 4. Crystal data and refined parameters of gismondine-Sr.

Crystal data
Refined chemical formula
Crystal system

Sr3.44Ca0.57K0.01N a0 45[AlgSig032]-8.7H,0

Orthorhombic

Space group B22,2

Unit cell dimensions (A)

a 13.9859(2)

b 10.46830(10)
c 13.7542(2)
Volume (A3) 2013.73(5)

Data collection
Diffractometer
Radiation wavelength (A)

Rigaku synergy-S
1.54184

Temperature (K) 293(2)

Crystal dimensions (mm) 0.04x0.03x0.03

F(000) 1364

Max. 26 (°) 153.39

Index ranges -13<h<17
-13< k<12
-17< <16

Rint 0.0418

Ro 0.0317

Structure refinement

Reflections collected 8046

Independent reflections 2077

Observed data (/>20(1)) 2012

No. of refined parameters 181

Ry, wry* (I>26(1))
Ry, wr, (for all)

0.0451 (wr=0.1215)
0.0463 (wr=0.1223)

Table 5. Atom coordinates

x2),

Katarzyna Skrzynska et al.

equivalent

parameters (Ueq/Uiso*, A%) and site occupancies.

isotropic displacement

Goof 1.074
Apmin (€7/A 73) -0.52
Apmax (€7/A 73) 0.78

W=1/[c*(F2) + (0.0676P)* + 13.13P]
where P=(F2+2F?)/3

*Weighting scheme

(Fig. 5, green colour) differs from t-gsm 1. Two additional potas-
sium positions (C2B and C2C) are found in t-gsm 2, whereby the
C2 position is occupied only by strontium (Fig. 5). The two types
of cages occur alternatively in the structure (Fig. 5a), producing an
overlapping picture along the channel (Fig. 5b,c).

Discussion

Orthorhombic gismondine-Sr differs significantly from mono-
clinic gismondine-Ca. They vary not only in symmetry but also
in water content — gismondine-Sr has only half the water content
of the calcium species. Additionally, the monovalent cations have
not been detected in the monoclinic gismondine-Ca in contrast to
gismondine-Sr (Vezzalini and Oberti, 1984). These chemical
changes lead to the elliptical deformation of the 8-membered
rings window in gismondine-Sr (Skrzynska et al, 2023).
Nevertheless, according to the guidelines for nomenclature of zeo-
lites (Coombs et al, 1997) the Sr-dominant zeolite with GIS
framework type is only classified as a new end-member mineral
in the gismondine series (Coombs et al., 1997). Present data on
Ba-rich gismondine indicate that the next potential new member
of that series is gismondine-Ba. Significant replacement by Ca*"
in gismondine-Sr and by Sr** and Ca®* in Ba-rich gismondine
imply the following D** — D*' mechanism of substitution
(Fig. 6; Table 2). On the other hand, the high K content in
gismondine-Sr and Ba-rich gismondine indicates a possible
solid solution between the gismondine series and amicite,
K;Na,[Al;Si4046]-5H,O (Fig. 6; Table 2). This is corroborated
by the detected Ca substitution in amicite. In addition, the chem-
ical analyses of some crystals of gismondine-Sr from the
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Site  Atom Occupancy X y z Ueq/Uiso™
Sil  Si 1 0 0 0.43129(16) 0.0110(5)
Si2 S 1 -0.23605(11)  0.28208(15) 0.16611(11) 0.0087(4)
Si3  Si 1 0 0 0.09875(16) 0.0115(5)
All Al 1 -0.07729(18) % 0 0.0117(5)
Al2 Al 1 0.10610(17) Va Y2 0.0116(5)
A3 Al 1 -0.15801(12) 0.03346(16) 0.26592(13) 0.0104(4)
01 O 1 -0.1435(4) 0.2989(5) 0.0996(4) 0.0286(12)
02 O 1 0.0959(4) 0.0098(5)  0.1620(4)  0.0268(11)
03 © 1 -0.0874(4) 0.0514(5)  0.3671(5)  0.0321(13)
04 O 1 -0.3280(4) 0.2372(5)  0.1061(4)  0.0285(12)
o5 O 1 -0.2183(4) 0.1774(5) 0.2505(4) 0.0286(13)
06 O 1 -0.2444(4)  -0.0839(5)  0.2788(4)  0.0245(11)
o7 O 1 0.0010(4) -0.1259(6) 0.0310(4) 0.0306(12)
08 O 1 0.0352(4) 0.1139(6)  0.5015(4)  0.0298(12)
c1 sr 0.352(9)  -0.17411(16) -0.2147(2)  0.10303(17) 0.0321(8)
Cc1l K 0.048(9)  -0.17411(16) -0.2147(2)  0.10303(17) 0.0321(8)
ClA Ca 0.08 -0.217(4) -0.197(4) 0.067(4) 0.077(11)*
c2  Sr 0.258(7)  -0.4003(2) 0.0318(3)  0.1808(3)  0.0297(16)
C2A Ca 0.135(12) -0.3876(17) -0.038(3) 0.1465(18)  0.068(8)*
C2B K 0.089(12) -0.380(2) 0.071(3) 0.236(3) 0.051(10)*
c2C K 0.09 -0.430(3) 0.043(3) 0.227(3) 0.064(8)*
W 0 0.18(3) -0.440(4) -0.129(5) 0.176(4) 0.067(19)*
Wi O 0.67(3) -0.3960(11) 0.0574(15) 0.3685(11) 0.071(5)*
W1A O 0.18(4) -1 0 0.346(5) 0.07(2)*
w2 o 0.33(2) -0.4871(14)  0.226(2) 0.2507(13)  0.041(7)*
w3 o 0.45(3) -0.3705(15)  -0.183(2) 0.1040(16)  0.065(7)*
CW3 Na 0.12 -0.354(3) -0.225(4) 0.048(3) 0.059(9)*
w4 0 0.45(3) -0.253(2) -0.034(3) 0.020(2) 0.107(13)*

Bellerberg volcano exhibit the dominance of monovalent cations
(i.e. K) in atomic proportions. In both the amicite and gismon-
dine series the R-value is ~0.5, which implies the second substi-
tution D** — 2M". Furthermore, the presence of the K ions
explains the lower water content in gismondine-Sr and amicite.
As was noted by Bauer and Baur (1998), K-exchanged gismon-
dine featured a lower hydration level, probably because of the
occupation of the available water sites by potassium, which has
nearly the same interatomic distances to framework oxygen
atoms (Bauer and Baur, 1998). This leads to the substitution
scheme H,0 + D*" — 2K*. According to the present results, ami-
cite should be regarded as an alkali end-member of the gismon-
dine series. Moreover, amicite and gismondine minerals are
characterised by a prominent Raman band at about 460 cm™'.
The slight displacement of the main band in Ba-rich gismondine
may result from the presence of a heavier cation. Despite frame-
work deformation in gismondine-Sr, the spectra of gismondine-Sr
and gismondine-Ca are similar (Table 3), which corroborates the
origin of the band at 460 cm™" from the symmetric-bending O-
T-O vibrations of the Al/Si ordered 4-membered rings
(Skrzynska et. al., 2023). In conclusion, amicite, gismondine-Ca
and gismondine-Sr belong to one series, for which the Si/Al ratio
=1 and the main Raman band around 460 cm™" is distinctive.
The next mineral series within the GIS topology is the garro-
nite series, which is characterised by a disordered framework and
a higher R (> 0.6) value than the gismondine series. This differ-
ence may trigger the displacement of the main band to a higher
frequency (Table 3). The garronite series includes the recently
described garronite-Na. Albeit, a distinction between gobbinsite
and garronite-Na is questionable. Their distinguishing features
are slightly different hydration degrees, as well as Si/Al ratio
resulting in different Na content (Fig. 7, 8; Table 1). The substi-
tution mechanism from garronite-Na to gobbinsite can be
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Table 6. Interatomic distances of the extra-framework cations in the gismondine-Sr structure.
C1-C1A 0.80(6) C2-C2C 0.77(5) C2B-C2C 0.78(4) C2W-w3 1.50(5) W2-C2W 1.76(6)
C1-w4 2.47(3) C2-C2A 0.89(3) C2B-W1 1.84(4) C2wW-w2 1.76(6) W2-C2A 2.99(3)
C1-02 2.541(6) C2-C2B 0.91(4) C2B-W2 2.22(4) C2W-C2C 2.14(6) W2-C2C 3.06(4)
C1-C1A 2.59(5) C2-C2w 1.78(5) C2B-W1A 2.38(5) C2W-Cw3 2.36(7) w2-C1 3.087(19)
C1-W1 2.609(16) C2-C2wW 2.45(5) C2B-C2W 2.41(6) C2W-C2 2.45(5) W2-C11 3.087(19)
C1-Cw3 2.63(4) C2-W3 2.52(2) C2B-C2w 2.72(6) C2w-C2B 2.72(6) W2-C2 3.26(2)
C1-05 2.757(5) C2-W2 2.55(2) C2B-C2C 2.91(6) C2W-C2A 3.01(6)
C1-w3 2.77(2) C2-C2C 2.57(4) W3-CW3 0.92(4)
C1-C11 2.929(5) C2-W1 2.596(15) Cc2C-C2w 1.94(7) W1-W1A 1.60(2) W3-CW3 2.31(5)
C1-C1 2.929(5) C2-W1A 2.69(6) C2C-W1A 1.96(7) Wi1-C11 2.609(16) CW3-CW3 1.41(9)
C2-08 2.763(7) C2C-W1 2.01(5) W1-C1 2.609(16) CW3-W3 2.31(5)
C1A-W4 1.90(6) C2C-W2 2.09(4) W1-C2C 3.29(5) CW3-w4 2.48(5)
C1A-CW3 1.95(7) C2A-C2W 1.27(6) c2c-C2w 2.14(6) W1A-W1 1.60(2) CW3-C1A 2.61(7)
C1A-C1A 2.16(9) C2A-C2C 1.52(5) c2c-c2c 2.14(8) W1A-C2C 1.96(7) Cw3-03 2.74(4)
C1A-W3 2.21(5) C2A-W3 1.64(4) c2c-C2 2.57(4) W1A-C2B 2.38(5) CW3-08 2.86(4)
ClA-C11 2.59(5) C2A-C2B 1.68(5) C2C-C2A 2.77(5) W1A-C2 2.69(6)
C1A-C1 2.59(5) C2A-CW3 2.43(5) C2c-C2B 2.91(6) W4-C1A 3.10(5)
C1A-CW3 2.61(7) C2A-W4 2.56(4) W4-C11 3.32(3)
C1A-02 2.90(5) C2A-08 2.77(2)
C1A-05 2.97(5) C2A-C2C 2.77(5)
C1A-C2A 3.10(6) C2A-08 2.98(3)
C2A-W2 2.99(3)

Figure 5. Framework of gismondine-Sr. (a) Two types of cages filled by distinct extra-framework cations and water molecules, view along [101]; (b) structure pre-
sented in (a) rotated by 90° around the b axis; (c) view along [010]; purple colour marks t-gsm 1, green colour marks t-gsm 2. Key: green spheres - strontium cations;
blue spheres - calcium cations; purple spheres - potassium cations; red spheres - water molecules; and the dotted grey line - unit cell.

represented as follows: 2M* + AI’* — M" +Si*". The extra-
framework cations content influences the channel diameters,
leading to higher ellipticity along [100] in the gobbinsite structure
with respect to garronite-Na (Fig. 8; Grice et al., 2016). Recently,
Hirahata et al. (2022) described Si-rich garronite-Na from Hirado
Island in Japan. The empirical crystal-chemical formula
(Nay 90Ko27Cay 61)53.87[Feo.01Als 315i10.64]515.06032:14.3H,0  has
been calculated based on O =32. The authors concluded that
garronite-Na from Hirado Island, Japan represents a Ca-Na
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solid solution in the garronite series. However, the crystals can
be regarded as Ca-rich gobbinsite, the phase between gobbinsite
and garronite-Ca solid solution (Fig. 7). The empirical formula
of the crystals from Hirado Island, can be obtained from
garronite-Ca or the gobbinsite end-member by combining
2M* + A" — M"+Si*" and D** — 2M" mechanism substitu-
tions. According to the results reported on Si-rich garronite-Na
(Hirahata et al, 2022), the garronite series should include a
broader Si/Al ratio range. This finding corroborates the existence
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Figure 6. Ternary diagram showing atomic proportions in gismondine-Sr (Gis-Sr) from the Bellerberg volcano, gismondine-Sr, Ba-rich gismondine and amicite from

the Hatrurim Complex (Table 2, Supplementary Table S3; Skrzynska et al. 2023).
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2010; Kénya and Szakall, 2011; Grice et al., 2016; Popova et al., 2020; Hirahata et al., 2022; Pauli$ et al., 2015).

of a solid solution between garronite-Ca and gobbinsite (Fig. 7).
On the basis of the current rules for zeolite nomenclature
(Coombs et al., 1997), the grounds for gobbinsite and garronite-Na
distinction would be insufficient. Therefore, we suggest a revision
of the nomenclature of zeolites with the GIS framework type.
Summarising, the differences between gismondine-Sr and
gismondine-Ca and between garronite-Ca and gobbinsite are
similar. Two mineral series can be distinguished within GIS top-
ology. Their end-member formulas should be calculated based on
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the 16 framework T sites and 32 oxygen atoms (Table 1). The
garronite-gobbinsite series includes Ca-Na solid solution with
R>0.60 and consists of garronite-Ca and gobbinsite. The general
formula of this series can be written as (M,Dg 5(x))[ALSi(16-)
03,]-nH,0, where x <8 and y is the content of the monovalent
cations. Amicite, gismondine-Sr and gismondine-Ca belong to
the gismondine series including Ca-Sr-K, Na solid solution
with R =~ 0.5. The range of the gismondine series should be
extended after a description of gismondine-Ba. The general
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Gobbinsite

Garronite - Na

Figure 8. Comparison of garronite-Na (Grice et al., 2016) and gobbinsite (Gatta et al.,
2010) structures along corresponding directions. (a) Structure of garronite-Na, view
along [001]; (b) structure of gobbinsite, view along [100]; (c) structure of garronite-
Na, view along [100]; (d) structure of gobbinsite, view along [010]; (e) t-gsm cage
of garronite-Na; and (f) t-gsm cage of gobbinsite. Red sphere - water molecules;
yellow sphere - sodium ions; pale blue sphere - calcium ions.

formula for the series with an R-value of ~0.5 can be written as
follows (MyDy 5(s-,)) [AlsSigO3,]-nH,0. The garronite and gismon-
dine series differ from each other in terms of their R-value. So far,
there are no available data on GIS minerals whose composition
ranges between the R-value of the garronite and gismondine series.
Hence, two separated series can be distinguished. The Raman band
between 475 cm™ and 485 cm™ is distinctive for the garronite
series, whereas the band around 460 cm™" is characteristic of the
gismondine series. The displacement of Raman spectra presumably
originates because of different R-values. In contrast, the extra-frame-
work cations have a limited influence on Raman spectra of GIS
zeolites.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1180/mgm.2023.27.
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