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Flörkeite, 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 flörkeite 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 (K2.91Ca2.00Na0.91)[Al7.96Si8.04O31.94]·12H2O (P-1, no. 2, a = 19:9366 ð2Þ, b = 14:2517 ð1Þ,
c = 8:89350 ð10ÞÅ, α = 88:2480 ð1Þ, β = 125:0960 ð10Þ, γ = 89:6350 ð10Þ, V = 2019:19 ð4ÞÅ3

, and R = 3:41%) did not show
significant differences with respect to that of the type locality. The Raman spectrum of flörkeite is here reported for the first
time. No significant differences are noticed compared to phillipsite-K. The main band ~470 cm-1, 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. Flörkeite formed at the end of a low-temperature crystallization sequence, indicating the
predominant role of potassium in crystallization. The occurrence of flörkeite 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

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+Fe3+) range from 0.5
to 0.77 [7]. The zeolite, with PHI (phillipsite) framework

type, characterized by the highest aluminum content is
flörkeite (K3Ca2Na)[Al8Si8O32]·12H2O, which stands out
because of the completely ordered framework and extrafra-
mework sites. Up to now, flörkeite 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 flörkeite,
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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zeolites [9]. This paper provides data on the chemical
composition, structure, and Raman spectroscopy of a rare
zeolite—flörkeite—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. 16Ma 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
theHatrurimComplex, stands out amongMottled 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
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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,
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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
aremainly filled by carbonates and varying amounts of ettrin-
gite and tobermorite group minerals [20, 26], which were
formed in the 250–30Ka 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].

Flörkeite 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 S1a)
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, flörkeite, and minerals of
the tobermorite supergroup. Flörkeite forms crystals up to
200μm. According to observations, flörkeite crystallized on
the vertumnite. The second sample (L2, Figure 2(b) and S1b)
is less porous than L1. 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 flörkeite,
which is grown on phillipsite-K and phillipsite-Ca
(Figure 2(b)). The third sample (L3, Figure 2(c) and S1c)
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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fluorapatite and perovskite (Figure S1c). In voids, zeolites
such as gismondine-Ca, gismondine-Sr, thomsonite-Ca, and
flörkeite occur, which usually is overgrown with gismondine-

Sr (Figure 2(c)) [28]. There is also analcime, which surrounds
the voids, and minerals of the tobermorite supergroup. Baryte
crystals were rarely observed. Additionally, vertumnite is

Table 1: Chemical composition of flörkeite.

Constituent
L1 L2 L3

Mean (n = 12) s.d. Range Mean (n = 6) s.d. Range Mean (n = 4) s.d.

SiO2 37.39 0.52 36.57-38.46 37.10 0.39 36.42-37.63 36.07 0.50

Al2O3 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

Na2O 2.28 0.08 2.15-2.43 2.17 0.07 2.08-2.29 2.41 0.38

K2O 10.48 0.2 10.14-10.78 10.53 0.22 10.22-10.68 10.21 0.61

H2O 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 0.91 1.04

K 2.87 2.91 2.91

Extraframework 5.78 5.82 6.1

H2O 6.98 7.52 8.31

s.d.: standard deviation; R = Si/Al + Fe + Si; E-balance error = ðAl + Fe3+ −Altheor:Þ/Altheor: × 100Altheor: = K + Na + 2Ca + 2Sr + 2Ba [32]; water content is
calculated by difference to 100%; n.d.: not detected.

99
4 10

74

16
29

32
77

34
10

35
27

46
9

41
3

74
5

500 1000 1500 2000 2500 3000 3500500 1000 1500 2000 2500 3000 3500

46
9

40
9

69
9 74

3
83

0

16
3310

88
10

37
10

13
97

6

32
44

33
95

34
77

35
30

35
78

Raman shift (cm–1)

In
te

ns
ity

 (a
.u

.)

In
te

ns
ity

 (a
.u

.)

(a)

Raman shift (cm–1)

(b)
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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,
flörkeite 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 10nA. For sample
L1, the spot size was defocused to 10μm. For sample L2, beam
size of 8μm was used. The following lines and standards were
used for both samples: NaKα=albite, SiKα=diopside,
AlKα=orthoclase, KKα=orthoclase, CaKα=diopside, SrLα=-
celestine, and BaLα=baryte. Sample L3 was also investigated
with the CAMECA SX100 electron microprobe analyzer at
15kV and 10nA. The spot size was equal to 10μm. The lines
and standards were as follows: NaKα=NaCl, SiKα=wollasto-
nite, AlKα=orthoclase, KKα=orthoclase, CaKα=wollastonite,
SrLα=celestine, and BaLα=baryte.

3.2. Raman Spectroscopy. For a complete characterization of
mineral flörkeite, 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 30μm optical fiber and a monochromator with a
600mm-1 grating were used to record the Raman spectra.
The monochromator calibration was conducted using a
Raman scattering line of a silicon plate (520.7 cm-1). Mea-
surement time amounted to 3 s with an accumulation of 25
scans. The spectral resolution was 3 cm-1. 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 CuKα radiation (λ=1.540598Å) 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.

4. Results

4.1. Chemical Composition. The results of flörkeite chemical
microanalysis are given in Table 1. The empirical crystal-
chemical formulas of flörkeite were calculated based on 16
framework T-sites. The flörkeite empirical crystal-chemical
formulas were determined as follows for the corresponding
localities: L1, (K2.87Ca1.96Na0.95)[Al7.93Si8.07O31.91]·12H2O;
L2, (K2.91Ca2.00Na0.91)[Al7.96Si8.04O31.94]·12H2O; and L3,
(K2.91Ca1.97Na1.04Ba0.13Sr0.05)[Al7.93Si8.07O32.16]·12H2O. The
water contents calculated for flörkeite on the base of micro-
probe analyses are underestimated (Table 1). A similar prob-
lem was noticed for the microprobe analyses of flörkeite
from the type locality [8]. The theoretical determination of
water content in flörkeite based on the mean refractive index
and ion polarizability gives the water content about 12H2O
[31]. In the empirical formulas of the studied flörkeite, we
used the water content obtained by structural data. The

Table 2: Parameters for X-ray data collection and crystal structure
refinement of flörkeite.

Crystal data

Empirical formula K3.02Ca1.98Na0.99Al8.01Si8.01O44.01

Crystal system Triclinic

Space group -1

Unit cell dimensions (Å, °)

a = 19:9366 2ð Þ
b = 14:25170 1ð Þ
c = 8:69350 1ð Þ
α = 88:2480 1ð Þ
β = 125:0960 1ð Þ
γ = 89:6350 1ð Þ

Volume (Å3) 2019.19 (4)

Formula weight 303.34

Data collection

Diffractometer Synergy-S

Radiation wavelength (Å) 1.54184

Temperature (K) 293 (2)

Absorption coefficient (mm-1) 10.582

F(000) 1352

θ range for data collection (°) 3.104–80.112

Index ranges

-25≤ h≤ 25
-17≤ k≤ 12
-11≤ l≤ 11

Structure refinement

Reflections collected 27274

Independent reflections 8593

Observed data (I > 2σ Ið Þ) 7486

R1, wR2 (I > 2σ Ið Þ) 0.0341 (wR = 0:0995)
R1, wR2 (for all) 0.0390 (wR = 0:1027)
GooF 1.087

Δρmin (e/Å
-3) -0.764

Δρmax (e/Å
-3) 0.102
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Table 3: Atom coordinates (x, y, and z), equivalent isotropic displacement parameters (U iso, Å
2), and site occupancies of flörkeite.

Site Atom x y z Ueq/U iso (Å
2) 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

Ca1 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

Na1 Na 0.29854 (7) -0.13244 (8) 0.93652 (16) 0.0263 (2) 1

Si1 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) 0.21715 (8) 0.00769 (12) 1

Al1 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

Al2 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

O1 O 0.04250 (11) -0.74724 (11) 0.5472 (3) 0.0168 (3) 1

O2 O 0.00647 (11) -0.58452 (12) 0.3768 (2) 0.0167 (3) 1

O3 O 0.07405 (11) -0.59975 (12) 0.7466 (2) 0.0159 (3) 1

O4 O 0.16495 (10) -0.63534 (13) 0.6311 (3) 0.0171 (3) 1

O5 O 0.30313 (10) -0.25155 (11) 0.5975 (2) 0.0133 (3) 1

O6 O 0.33896 (10) -0.12260 (12) 0.4282 (2) 0.0143 (3) 1

O7 O 0.19641 (10) -0.11540 (11) 0.3854 (2) 0.0126 (3) 1

O8 O 0.33293 (11) -0.08114 (11) 0.7184 (2) 0.0139 (3) 1

O9 O 0.54823 (10) -0.04596 (12) 0.2584 (3) 0.0157 (3) 1

O10 O 0.40609 (10) -0.95326 (11) 0.0053 (2) 0.0133 (3) 1

O11 O 0.48473 (10) -0.91408 (11) 0.3555 (2) 0.0124 (3) 1

O12 O 0.41394 (10) -0.07871 (11) 0.2419 (2) 0.0122 (3) 1

O13 O 0.32858 (11) -0.44110 (12) 0.6782 (3) 0.0180 (4) 1

O14 O 0.18954 (10) -0.37502 (11) 0.3059 (2) 0.0111 (3) 1

O15 O 0.33573 (10) -0.35997 (12) 0.3701 (2) 0.0149 (3) 1

O16 O 0.19584 (11) -0.74782 (11) 0.4119 (2) 0.0143 (3) 1

O17 O 0.17532 (10) -0.91668 (11) 0.2935 (2) 0.0126 (3) 1

O18 O 0.15676 (10) -0.88348 (12) 0.5666 (2) 0.0147 (3) 1

O19 O 0.30417 (10) -0.88078 (12) 0.6353 (2) 0.0159 (3) 1

O20 O -0.04171 (10) -0.96088 (12) 0.7740 (2) 0.0138 (3) 1

O21 O 0.07841 (10) -0.91770 (11) 0.7436 (2) 0.0114 (3) 1

O22 O 0.01839 (10) -1.09034 (11) 0.6629 (2) 0.0139 (3) 1

O23 O 0.11108 (10) -1.03313 (11) 0.0097 (2) 0.0119 (3) 1

O24 O 0.31592 (10) -0.62772 (11) 0.6847 (2) 0.0129 (3) 1

O25 O 0.10799 (10) -0.46199 (11) 1.0016 (2) 0.0118 (3) 1

O26 O 0.38865 (10) -0.53587 (11) 0.9965 (2) 0.0126 (3) 1
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presence of barium and strontium distinguishes the third
sample from the others. The presented data are consistent
with the end member formula (K3Ca2Na)[Al8Si8O32]·12H2O
and data reported for the type specimen [8].

4.2. Raman Spectroscopy. Raman spectra of flörkeite and
phillipsite-K are presented in Figure 3. Vibrational spectra
consist of three range: 150–469 cm-1, 699–830 cm-1, and
976–1088 cm-1 [33–35]. The main characteristic band is
approximately 470 cm-1. 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 470 cm-1 are assigned to pore
opening vibrations [33, 36]. Bands within 699 – 830 cm-1

are attributed to symmetric stretching T–O–T vibrations.
Vibrations of asymmetric stretching T–O–T motions are
present between 976 and 1088 cm-1. In the ranges 699–
830 cm-1 and 976–1088 cm-1, the intratetrahedral asymmet-
ric and symmetric stretching T–O vibrations occur, respec-
tively [33, 35, 37]. The bands between 3244 and 3578 cm-1

correspond to the stretching vibrations of water molecules;
the bending vibrations of which are present between 1629
and 1633 cm-1 [38].

4.3. Crystallography and Structure Description. The crystal
structure of flörkeite 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 Löewenstein rule and previous studies [8, 39].
The mean cation-oxygen distance of aluminum tetrahedra is
1.74Å, and the mean length of silica tetrahedra is equal to
1.62Å (Table 4). The interatomic distances between extrafra-

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

Flörkeite 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 flörkeite, the
oto units are occupied by potassium and water molecules.
Two types of the oto 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

Table 3: Continued.

Site Atom x y z Ueq/U iso (Å
2) Occupancy

O28 O 0.04743 (10) -0.44150 (12) 0.2033 (2) 0.0152 (3) 1

O29 O 0.45816 (10) -0.55832 (12) 0.8164 (2) 0.0155 (3) 1

O30 O 0.43204 (11) -0.40132 (12) 0.2672 (2) 0.0161 (3) 1

O31 O 0.17464 (11) -0.56030 (12) 0.3243 (2) 0.0170 (3) 1

O32 O 0.45985 (11) -0.24987 (11) 0.4576 (3) 0.0155 (3) 1

O33 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 O 0.3133 (3) -0.6309 (2) 0.2899 (6) 0.0838 (13) 1

W4 O 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 O 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 O 0.13807 (16) -0.3297 (2) 0.7090 (4) 0.0555 (8) 1

W11 O 0.06612 (18) -0.26114 (18) 0.9165 (4) 0.0523 (7) 1

W12 O 0.15461 (16) -0.14255 (19) 0.6492 (4) 0.0399 (5) 1
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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

[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 P21/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 flörkeite structure increased the distortion of the frame-
work. The topochemical symmetry of flörkeite is lowered
to B2/b due to ordered Si/Al distribution in the tetrahedral
framework, which is the main difference between flörkeite
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 flörkeite

Table 4: Selected interatomic distances of the framework of
flörkeite structure.

Site 1
Site
2

Distance
(Å)

Site 1
Site
2

Distance
(Å)

Si1 O1 1.6109 (17) Al1 O5 1.7091 (18)

Si1 O2 1.6114 (17) Al1 O13 1.7091 (18)

Si1 O3 1.6144 (17) Al1 O14 1.7504 (17)

Si1 O4 1.6156 (18) Al1 O15 1.7684 (18)

Mean 1.613 Mean 1.734

Si2 O5 1.6124 (16) Al2 O1 1.7187 (17)

Si2 O6 1.6275 (17) Al2 O18 1.7417 (18)

Si2 O7 1.6256 (17) Al2 O21 1.7577 (17)

Si2 O8 1.6217 (17) Al2 O22 1.7511 (17)

Mean 1.622 Mean 1.742

Si3 O9 1.6065 (17) Al3 O6 1.7486 (18)

Si3 O10 1.6232 (17) Al3 O11 1.7511 (17)

Si3 O11 1.6243 (17) Al3 O12 1.7479 (17)

Si3 O12 1.6224 (17) Al3 O32 1.7349 (17)

Mean 1.619 Mean 1.746

Si4 O16 1.6059 (17) Al4 O4 1.7421 (18)

Si4 O17 1.6385 (17) Al4 O16 1.7432 (17)

Si4 O18 1.6224 (17) Al4 O24 1.7324 (17)

Si4 O19 1.6091 (17) Al4 O31 1.7322 (18)

Mean 1.619 Mean 1.737

Si5 O20 1.6030 (17) Al5 O7 1.7352 (17)

Si5 O21 1.6281 (16) Al5 O17 1.7508 (17)

Si5 O22 1.6159 (17) Al5 O20 1.7263 (17)

Si5 O23 1.6292 (16) Al5 O23 1.7573 (17)

Mean 1.619 Mean 1.742

Si6 O13 1.6020 (17) Al6 O8 1.7469 (17)

Si6 O24 1.6162 (17) Al6 O9 1.7288 (18)

Si6 O26 1.6297 (17) Al6 O10 1.7421 (17)

Si6 O29 1.6157 (17) Al6 O19 1.7354 (17)

Mean 1.616 Mean 1.738

Si7 O15 1.6317 (17) Al7 O2 1.7321 (17)

Si7 O30 1.6222 (18) Al7 O3 1.7440 (17)

Si7 O32 1.6150 (17) Al7 O25 1.7581 (17)

Si7 O33 1.6063 (18) Al7 O28 1.7237 (18)

Mean 1.619 Mean 1.739

Si8 O14 1.6316 (16) Al8 O26 1.7559 (18)

Si8 O25 1.6325 (17) Al8 O29 1.7269 (18)

Si8 O28 1.6037 (17) Al8 O30 1.7404 (17)

Si8 O31 1.6025 (17) Al8 O33 1.7131 (18)

Mean 1.618 Mean 1.734

Total
mean

1.618
Total
mean

1.739

Table 5: Selected interatomic distances of the extraframework
cations in flörkeite structure.

Site 1 Site 2 Distance (Å) Site 1 Site 2 Distance (Å)

K1 W1 2.837 (3) Ca2 O14 2.5574 (17)

K1 O24 2.8521 (18) Ca2 O15 2.4744 (18)

K1 O29 2.9387 (18) Ca2 O25 2.4668 (17)

K1 O32 2.9547 (19) Ca2 W2 2.553 (2)

K1 W3 2.959 (4) Ca2 W6 2.4418 (19)

K1 O19 3.0499 (18) Ca2 W9 2.442 (2)

K1 O9 3.0647 (18) Ca2 W10 2.399 (3)

K1 W8 3.079 (2) Ca2 W11 2.705 (3)

K2 O28 2.7746 (18) Na O8 2.453 (2)

K2 W5 2.892 (2) Na O12 2.460 (2)

K2 O14 2.9292 (17) Na W12 2.506 (3)

K2 O7 2.9881 (18) W1 K3 2.686 (3)

K2 O20 3.0243 (18) W2 Ca2 2.553 (2)

K2 W11 3.098 W4 Ca1 2.3804 (19)

K2 W12 3.180 (3) W5 Ca1 2.406 (2)

K2 O1 3.298 (2) W6 Ca2 2.4418 (19)

K2 W10 3.369 (3) W7 K3 2.786 (2)

K3 W1 2.686 (3) W9 Ca2 2.443 (2)

K3 W7 2.786 (2) W10 K2 3.369 (3)

K3 O11 2.9355 (18) W11 K2 3.098 (4)

K3 O33 2.949 (2) W12 K2 3.180 (3)

K3 O26 3.0218 (18) W4 Na 2.546 (2)

K3 O32 3.056 (2) W6 Na 2.5454 (2)

K3 O10 3.1610 (18) W7 Ca1 2.462 (2)

K3 O24 3.4106 (18) W9 Ca2 2.442 (2)

Ca1 O17 2.3854 (17) W10 Ca2 2.399

Ca1 O21 2.4283 (17) W11 Ca2 2.705 (3)

Ca1 O23 2.6899 (17)

Ca1 W4 2.3803 (19)

Ca1 W5 2.406 (2)

Ca1 W7 2.462 (2)

Ca1 W8 2.434 (2)
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revealed the doubling of a parameter in flörkeite, which is a
consequence of the ordered arrangement of extraframework
cations (Figure 5(a), [8]). The ordered distribution of extra-

framework cations within flörkeite channels causes a reduc-
tion of the topochemical symmetry to the triclinic real
symmetry [8].

z

y x

z

y
x

(a)

(b)

Figure 4: Extraframework cations in flörkeite 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 H2O sites.

z

phi I oto I phi II phi I oto Ioto II phi II

phi II phi IIphi I phi I phi II phi I

z

y

y

x

x

(a)

(b)

Figure 5: (a) Channel running along [100] within flörkeite structure: the phi unit is marked by green color, and the oto unit is marked by
purple color; (b) channel composed of phi units running along [010] in flörkeite structure. Potassium, calcium, and sodium are purple, blue,
and yellow spheres, respectively. Dark grey spheres represent H2O sites.
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5. Discussion

The Hatrurim Complex is the second occurrence of flörkeite,
which is the most abundant zeolite in the voids of high-
temperature pyrometamorphic rocks. The obtained results
on flörkeite from the Hatrurim Complex are similar to those
on the type flörkeite from the Bellerberg volcano. The struc-
ture of the studied flörkeite does not differ significantly from
the crystal structure of the type specimen ((K2.96, Ca2.04,
Na1.02, Mg0.01)[Al8.03Si7.97O31.97]·11.72H2O; a=19.965 (1)
Å, b = 14:274 ð1ÞÅ, c = 8:704 ð1ÞÅ, α = 88:37 ð1Þ ° , β =
125:08 ð1Þ ° , γ = 89:57 ð1Þ ° , and V = 2028:2 ð3ÞÅ3

; [8]).
Also, the empirical formulas of flörkeite from the three local-
ities of the Hatrurim Basin are close to the ideal formula
(Table 1, [8]). The flörkeite and phillipsite-K Raman spectra
show strong similarities (Figure 3), indicating that the main
band at ~470 cm-1, 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 700-1100 cm-1 of flörkeite 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, flörkeite occurs in voids
and associates with vertumnite (Ca4Al4Si4O6(OH)24·3H2O),
in which no barium impurity was revealed. The chemical
composition of zeolites from the latiumite-esseneite rock is
relatively homogenous. Comparing phillipsite series
K2(Ca0.5,Na)4(Al6Si10)O32·12H2O and flörkeite
(K3Ca2Na)[Al8Si8O32]·12H2O formulas reveals the depletion
of extraframework cations in phillipsite minerals, balanced
by the higher Si/Al ratio. Overgrowing flörkeite 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 flörkeite composition of sample
L3 (Table 1). In the PHI-type structures, barium substitutes
potassium in the oto 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 flörkeite, other high-aluminum zeolites,
such as gismondine-Sr, gismondine-Ca, and thomsonite-Ca,
have been reported [28]. The presented data on flörkeite 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,

Figure 6: (a, b) The oto 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 II unit is filled by potassium
(K2) and a water molecule at W1; (e, f) the phi I in two
orientations occupied by calcium (Ca1) 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.
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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 Ca3(Si30A-
l6)O72·20H2O. 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, flörkeite
is formed at the end of a low-temperature crystallization
sequence (Figure 2).

6. Conclusions

Zeolite flörkeite, 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 flörkeite has been collected. The
Raman spectroscopy investigation of PHI-type minerals
indicates that the position of the main band at 470 cm-1

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
flörkeite in different pyrometamorphic rocks indicates the
relatively uniform, regional forming conditions, and open
hydrologic system of zeolitization.
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