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Abstract: Five celestine crystals are sampled from the (paleo)surface intervening between the late Miocene
to Pleistocene basaltic sequences of the Jabal Eghei(Nuqay) volcanic province (southern Libya). The
celestine specimens are characterized by applying the combination of the SEM-WDS, ICP/OES, XRPD,
and IR methods. The celestine minerals are further analyzed for their color variations and minerogenetic
framework. Three samples have greenish-blue-to-blue (480.4-482.5 nm), whereas the other two samples
have blue-green color (cyan; 489.1-494.1 nm). The color purity ranges from 1.36-7.16. Their similarity
of chemical content is fitting into the celestine near-end members, in which exclusively 1.6-4.1 at. % of

St content was substituted by Pb** (0.7-0.9 at. %), Ba* (0.5-0.7 at. %) and Ca** (0.2-0.8 at. %). The
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composition includes vacancies ranging from 1.0 to 1.9 at. % (observed only in three samples). The
content of other chemical elements is minor. The resulting unit-cell parameters have the following ranges:
20=8.3578(9)-8.3705(6) A; by=5.3510(5)-5.3568(4) A; c0=6.8683(7)-6.8767(2) A and Vo=307.17(5)-
308.34(4) A®. The XRPD and IR results are mainly in accordance with the SEM-WDS results, having a
higher level of correlativity. However, the analysis exposed a few discrepancies yielding several possible
interpretations. The illustrated discrepancies were primarily caused by a slight unit-cell axial anisotropy
i.e., thermal expansion. In this manner, the results yield a new geothermometric tool that is based on the
unit-cell axial anisotropy. The investigated celestines were formed during a Miocene intraplate volcanism,
basaltic magmas, and associated brines lifted by the structural conduits (normal faults crosscutting the Sirt
basin). The Sr-bearing fluids were then poured into and over the faulted and fractured lagoon-type
gypsum, anhydrite Eocene sediments. The celestine minerals were produced within a ~ 368-430K (- 95-
157 °C) temperature range. The celestine is formed at slightly elevated temperature and pressure

conditions, close to the shallow subsurface environment (over 250 bars).

Keywords: celestine, characterization, axial anisotropy, formation conditions, Jabal Eghei (Nugqay)

volcanic province, southern Libya.

1. Introduction: Overview of the celestine-bearing environments

Celestine (SrSOy; ideally containing 56.42% SrO and 43.58% SOs3) is a common sulfate mineral
occurring in the Earth’s crust, representing an important raw material frequently used for the production
of a critical element strontium (Palache et al. 1951; Deer et al. 2013; see Zhu et al. 2022). Strontium has
been used in electronics, ceramics, pigments, cosmetics, papermaking, high-temperature solid lubricants,
etc. (e.g., Li et al. 2008). Coupled together with anglesite (PbSOy), celestine belongs to the sulfates of
barite (BaSOs) group. These are isostructural minerals crystallizing in the orthorhombic Prma (Pbnm)

space group (N° 62). They are characterized by the tetrahedral SO4 anion and cations of considerably
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large size (M=Sr*', Pb** and Ba®"), the latter falling into the twelve-coordination with oxygen. The SO
tetrahedra and MO, polyhedral share their edges. Notably, anhydrite (CaSOy) differs structurally (space
group Cmem, N° 63) from celestine, primarily because of a relatively smaller-in-size Ca®* ion, thus being
excluded outside of the barite group (Hanor 2000). Twinning in the celestine could be different and

crystals may contain many deffects, at least if they are grown from gels (Patel and Bath, 1972).

Available statistical reports on naturally occurring celestine samples show that the composition of a
great majority of celestines is close to that of the end members, having Ba and Ca ordinarily present in
amounts that range up to have only a few at. %. Globally, reported celestine occurrences are of a
dominant sedimentary origin that is related to the evaporitic processes (e.g., Glazner, 1988; Tekin, 2001;
Alvaro et al. 2006; Ariza-Rodriguez et al. 2022). These celestine-bearing evaporitic basins of different age
ranges are frequently affected by hydrothermal episodes (e.g., Dai et al. 2014; Fristad et al. 2017; Dhote
et al. 2021). Alternatively, celestine minerals occur as fracture and rock cavity fillings (including caves)
precipitated by migrating strontium-bearing groundwater or basinal brines (“celestitization”; e.g., Hou et
al. 2007). These celestine-bearing brines are poured into carbonate rocks, concretions (e.g., Reolid et al.
2019; Allouche et al. 2023), and nodules (including agate gemstones; Gotze et al. 2020). In addition,
celestine occurrence can have the format of hydrothermal veins associated with mafic volcanism (e.g.,
Baskina et al. 1978; Brigatti et al. 1997; Radivojevi¢ et al. 2015; Garcia et al. 2016; Tortelli et al. 2022) or
basaltic dykes (Anenburg et al. 2014). Occurrences of younger Quaternary celestines comparable to those

investigated in southern Libya are barely recorded (e.g., McFadden et al. 1987; Garcia et al. 2016).

Celestines have often been associated with gypsum, anhydrite, native sulfur (evaporites);
strontianite, calcite, dolomite, anhydrite, gypsum, fluorite (cavities in carbonate rocks); and also occurring
jointly with analcime, natrolite, hydroxyapophyllite, celadonite (mafic volcanoclastics). The presence of

the celestine can be the mark of a redox environment (Hadji et al. 2019). On the other hand, anhydrite,
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celestine, and analcime are rarely observed within the borate deposits (Helvaci, 1995). There is a case
from Bohemian massif (Czech Republic) describing eclogite as a carrier of Sr-sulfate celestine (Nakamura
et al. 2010). Celestine color could range from colorless to blue, to have white, yellow, orange, reddish,
greenish, or brownish colors (e.g., brownish celestine from the shear zone in nearby Egypt; El-Sheriff,
2013). The blue color has often been unequally distributed within the mineral growth zones or face loci,
whereas in some cases blue color could be produced by the irradiation (Palache et al. 1951; Hanor 2000;

Deer et al. 2013).

Fig. 1 Here

Several celestine minerals were collected during the Field Geological Mapping campaign of the
central and southern Libyan desert [Figs. 1 and 2, including Figure S1 in the electronic supplementary
material (hereinafter ESM)]. Field-mapping campaign lasted from 2005 up to 2010, carried out in
cooperation between the Industrial Research Centre (Tripoli, Libya) and the Geological Survey of Serbia
(former Geoinstitute, Belgrade, Serbia; Figure S1b in the ESM; Tolji¢ and Turki, 2007a,b; Tolji¢ et al.
2007; Rundi¢ and Daloub, 2007; Vasi¢ and Sheriff, 2007; Tolji¢ and Abu Agrab, 2014, 2016). The field
mapping campaign encompassed the areas in and around the two magmatic provinces: (i) central Libyan
Al Haruj volcanic system (Fig. le and Figure Slc in the ESM) that is spatially interconnected with a
southern-positioned Neogene to Quaternary segment of the famous Sirt basin, and (ii) the Tibesti—Sirt
arch or Jebel Eghei area (Rusk 2001; Cvetkovi¢ et al. 2010, 2022; Kovacevi¢ et al. 2015; Radivojevi¢ et al.
2015; Elshaafi and Gudmundsson, 2016, 2017). Spatially, the Al Haruj province of Central Libya
contacts the investigated southern-positioned Jabal Eghei Volcanic Province (Cvetkovié et al. 2010;
Radivojevi¢ et al. 2015; Elshaafi and Gudmundsson, 2017; Fig. lc,d; Fig. 2). The occurrence of the
celestine minerals in both Libyan volcanic provinces indicates the presence of the two mineral modes: (i)

“sedimentary celestine”, often embodied in abundant surfacing druses or clusters occurring either in the

4

https://doi.org/10.1180/mgm.2023.88 Published online by Cambridge University Press


https://doi.org/10.1180/mgm.2023.88

sedimentary formations or within a weathered surface crust (paleosoil) (Fig. 2b,c; Tolji¢ and Turki, 2007;
Vasi¢ and Sheriff, 2007; Abdusahmin, 2020), whereas the second type is (ii) magmatic celestine, often

surfacing as fracture-related mineral infill (Radivojevi¢ et al. 2015).

The following study of the well-preserved celestine minerals collected from the Jabal Eghei
Volcanic Province (Fig. 2¢,d and Figure S1d,e in the ESM) provides the constraints on the origin of the
selected surface-exposed very young celestine crystals (from druses or clusters). The Jabal Eghei celestine
minerals are characterized by applying the Scanning Electron Microscopy-Wavelength Dispersive
Spectroscopy (hereinafter SEM-WDS), Inductively Coupled Plasma Optical Emission Spectroscopy
(hereinafter ICP/OES), X-ray powder diffraction (hereinafter XRPD) and Infrared spectroscopic
(hereinafter IR) methods. The study unravels their chemical composition, further characterizing the unit-
cell parameters (hereinafter UCPs), and vibrational spectra. In addition to the applied methods, we put
constraints on the celestine color variations, including the color purities. Despite very few papers dealing
with the origin of the North African (e.g., Anenburg et al. 2014) and in particular central-southern
Libyan basalts and associated celestine occurrences (e.g., Elshaafi and Gudmundsson, 2017; Radivojevi¢ et
al. 2015; Cvetkovi¢ et al. 2022), the new interpretation of the Jabal Eghei celestine provides a better
insight into the axial anisotropy of the investigated celestine crystals and their growth. The regional
synthesis deals with the origin of the Jabal Eghei celestine minerals, yielding its formation temperature,
and a set of other subsurface conditions under which the investigated crystals were formed. The study
further shows that the origin of the Jabal Eghei celestine is similar to that of the Al Haruj basalt area (Fig.

1b).

Fig. 2 Here

2. Regional geological setting: Al Haruj and Jabal Eghei (Nuqay) areas
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There are four principal volcanic provinces in the Central Sahara Desert, whereby a Libyan
segment stretches from the Mediterranean coast towards the southern borderland of Libya: 1. Gharayan,
2. As Sawda, 3. Al Haruj Al Aswad, and 4. Jabal Nugqai or Jabal Eghei (Fig. 1b). The youngest are the
central Saharan intra-plate mainly basalt volcanic provinces referred to as the Al Haruj and the Jabal
Nugqay or Jabal Eghei (central and southern Libya; Fig. 1b and Figure Slc,d in the ESM; Elshaafi and
Gudmundsson 2016; Radivojevi¢ et al. 2015). The extruded large magmatic provinces and their
surrounding host a number of occurrences of near-surface celestine-bearing systems (Rundi¢ and Daloub,
2007; Tolji¢ and Turki, 2007a,b; Tolji¢ et al. 2007; Vasi¢ and Sheriff, 2007; Tolji¢ and Abu Agrab,
2014, 2016; Abdusahmin, 2020). In the field, the investigated celestine mineral clusters are associated
either with a sedimentary (e.g., gypsum, anhydrite; Rundi¢ and Daloub, 2007; Tolji¢ and Turki, 2007b;
Vasi¢ and Sheriff, 2007; Rundi¢ et al. 2012) or are observed directly on the basaltic rock assemblages
(Tolji¢ et al. 2007; Cvetkovi¢ et al. 2010; Radivojevi¢ et al. 2015; Figs. 1c,d,e, 2a,b,c). Both provinces are
accommodated along the central-southern realm of the NW-SE striking Sirt basin, whereas the Jabal
Eghei province reaches an uncovered segment of the African basement referred to as the Tibesti massif
(Tolji¢ and Shagroni, 2007; Le Heron et al. 2013; Radivojevi¢ et al. 2015; Abdusahmin, 2020; Fig. 1b

and Figure Slc,d,e in the ESM).

2.1. Sirt basin and Al Haruj magmatic-sedimentary province as northern celestine-bearing

assemblage

The northern branch of the Cenozoic tectonomagmatic system corresponds to the top-sealing
Tertiary segment of the famous oil and gas-bearing Sirt Basin (Rusk 2001; Ashour et al. 2012; Fig. 1b and
Figure Slc in the ESM). The underlying Lower Cretaceous Tethyan rift system (Gumati and Nairn,
1991; van der Meer and Cloetingh, 1993; Hallete 2002; Abadi et al. 2008; Capitanio et al. 2009)
triggered the Late Cretaceous regional faulting and subsidence contributing the (i) elevation of magma

6
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into the upper crust and episodic infiltration of hydrothermal fluids (e.g., Tolji¢ and Turki 2007a; Khalifa
and Morad 2012; Elshaafi and Gudmundsson, 2016, 2017). Subsidence produced a 4,5 km thick
overburden (El-Khatri et al. 2015) allowing deposition of (ii) a number of Paleogene formations that are
widespread across the Sirt basin (Tolji¢ and Turki, 2007b; Rundi¢ and Dalub, 2007; Vasi¢ and Sheriff,
2007; Rundi¢ et al. 2012) (onset of the subsidence stage at Cenomanian-Turonian; Rusk 2001). In terms
of the oil exploration “language”, the syn-rift sedimentary loading of the newly developed accommodation
space lasted from the Cretaceous to the Eocene, whereas the post-rift subsidence and deposition
continued during the Oligocene and Miocene. The oldest exposed rocks are Eocene Ypresian — Lutetian,
Lutetian-Bartonian and late Middle Eocene stages produced in shallow sea, lagoon-type environments,
whereas the two overlying sequences are of the Oligocene and Lower to Middle Miocene age (Dur-at-
Talah and Maradah formations; Rundi¢ and Dalub, 2007; Tolji¢ and Turki, 2007; Vasi¢ and Sheriff,
2007; Ashour et al. 2012; see Rundi¢ et al. 2012, for details). These Eocene celestine sedimentary carriers
(druses) have mainly the form of subhorizontal layers of lagoon-type mixed clastics, limestone, evaporates,
and evaporitic limestone sequences, stretching from the Al Haruj Basaltic complex further into the Jebel
Eghei area (Abdusahmin, 2020; Fig. 1b; 2a,b,c and Figure Slc,d,e in the ESM). The fibrous gypsum
deposits fill out the bedding planes and vertical fractures (post-depositional feature or ‘secondary gypsum’;

Ashour et al. 2012).

2.2. Jebel Eghei magmatic-sedimentary province as southern celestine-bearing assemblage

The Jabal Eghei basaltic volcanic province is situated in southern Libya (Fig. 1b and Figure S1d,e
in the ESM), representing an outcropping fragment of the north-western edge of the Tibesti Mts. The
basalts extruded over a superposed metamorphic basement and sedimentary rocks (including the Tertiary
Formations similar to those in the Sirt basin; Tolji¢ et al. 2014; Radivojevi¢ et al. 2015; Abdusahmin

2020). The older part of this metamorphic-sedimentary assemblage is represented by the continental

7
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Neoproterozoic to Cambrian Mourizide Formation (Le Heron et al. 2013). A younger part of the
sedimentary cover belongs to the Sirt basin, its southernmost periphery. It is composed of the Paleocene—
Oligocene sediments, which include the Jabal Eghei basalts (Fig. 2a). In addition to the Cretaceous
rifting, the extensional faulting across the Sirt basin likely contributed to the continental crustal opening
and extrusion of the basalts across the southern sector or the Jabal Eghei province (Radivojevi¢ et al. 2015;

Elshaafi and Gudmundsson, 2017; Cvetkovié et al. 2020; Abdusahmin, 2020).

The recent systematic K/Ar radiometric dating of the Jabal Eghei volcanism pinpoints the Middle
Miocene (-16 Ma) to mid-Pleistocene activity (<1 Ma; Radivojevi¢ et al. 2015). The three different
volcanic phases include: the oldest phase occurred in Middle - to Late Miocene time (basalts show K/Ar
age range from 16.1£2.9 to 7.9+2.3 Ma), the second phase having the age range from 7.19+0.36 to
4.3240.35 Ma, and the youngest extrusion stage occurred at 3.1+1.1 to 0.97+0.68 Ma. The investigated
celestine samples are mapped on top of the first volcanic extrusion phase, in the weathered crust (Fig. 2b),
accommodated in the intervening position between the second and the third basalt outflow magmatic
episodes (Lower Pliocene to Middle Pleistocene; Fig. Sle in the ESM). Considering the mapped extensive
celestine presence in the Eocene formations (Tolji¢ and Turki, 2007; Vasi¢ and Turki, 2007; Abusahmin,
2020) and the intense multi-phased basaltic volcanic extrusions (Cvetkovi¢ et al., 2010; Radivojevi¢ et al.
2015; Elshaafi and Gudmundsson, 2017), it is not conceivable to tie the exact time of the Sr-producing

hydrothermal activity without the following geothermometrical analysis on celestine minerals.

3. Materials and methods
3.1. Materials

Large crystals (up to 12 cm long; Fig. 2c) were hand-picked during the field-mapping campaign

from druses or clusters exposed on the surface. Among the sampled crystals, five well-formed euhedral to
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subhedral samples were chosen. The choice was based on their macroscopically visible different

characteristics, e.g., color, luster, transparency, shape, size, and cleavage (Fig. 2d).

3.2. Methods

The analyzed 1-5 samples do not show any radioactivity (measured iz situ by the Saphymo-SRAT

S.P.P.2 NF scintillometer, manufactured by Saphymo-PHY, Massy, France).

The electron microprobe analyses (EMPA) and back-scattered (BSE) images, were obtained on
the polished sample surface, by using JEOL JSM-6610LV scanning electron microscope. This microscope
is equipped with a wavelength-dispersive spectrometer (Oxford Instruments Wave 700). Operating
conditions were at 30 kV accelerating potential, 10 nA beam current, and 2 pm spot size dimension.
Standards used for this analytical method were natural and synthetic mineral standards, including

celestine (Sr), wollastonite (Ca), barite (Ba and S,) and galenite (Pb).

The contents of the set of trace elements (Ag, As, Al, Be, Bi, Cd, Ce, Co, Cr, Cu, Fe, Ga, Ge, Hf,
Hg, Mg, Mn, Mo, Nb, Ni, P, Pb, Sb, Sc, Se, Sm, Sn, Ti, Tl, W, Y, Zn, Zr) and REE (lanthanides, and
Th) are characterized by using the ICP/OES technique (Spectro Blue, Germany). Measurements were

performed after total decomposition of the samples by fusion with NaKCOj3 at 1000 °C, and dissolution

with HCI.

XRPD measurements were conducted on a Rigaku Smartlab X-ray Diffractometer, in 0-0
geometry (the sample in a horizontal position). We used the parafocusing Bragg-Brentano geometry using
a D/teX Ultra 250 strip detector, in the 1D standard mode having CuKa , radiation source (U = 40 kV
and 1 = 30 mA). The XRPD patterns were collected in the 5-90° 28 range, with the step of 0.01°, and
data collection speed of 6.15 °/min. The low background single crystal silicon sample holder is used to

minimize the background.

https://doi.org/10.1180/mgm.2023.88 Published online by Cambridge University Press


https://doi.org/10.1180/mgm.2023.88

The unit-cell parameters were calculated and refined using the Le Bail (1988) method. The
sequence of the full-matrix least-squares fittings was refined by changing the UCPs (a0, bo, and co), 100
parameters for the background description, Eta (p-v) parameter, parameters for the description of the

halfwidths (U, V, and W) and zero point; until the refinements approached convergence.

The IR spectroscopic analyses were performed by using a Perkin Elmer 597 spectrometer, by
applying the KBr pellet method (2 mg of sample and 200 mg of KBr). Visible and near-infrared

absorption spectrums were measured in the region 1600-200 cm™'.

The dominant wavenumbers of color for the raw celestine samples were measured with a diffuse
reflectance apparatus (400-700 nm), by using a CCS200 spectrometer (Thorlabs). This spectrometer is
equipped with an optical fiber wire and is calculated according to the Commission Internationale de

I'Eclairage (1932).

The contents of the organic matter were detected by loss of ignition at 600 °C.

4, Results
4.1. SEM-WDS study

The sample-based SEM-WDS analyses yielded homogeneous chemistry results, revealing no
zoning in Sr, Ca, Ba, Pb, or S within the samples and various mineral phases (Figure S2 in the ESM and
Table 1). The results show similar chemical contents among the analyzed celestine samples. Namely, the
major SrO and SO; contents have the range of 54.33-55.21 (As:0=0.88) and 43.23-43.93 (As03=0.70) wt.
%, respectively. Among minor oxides, PbO, BaO, and CaO are in the range of 0.87-1.04 (Ap,0=0.17),
0.42-0.62 (Ap.0=0.20), and 0.07-0.24 (Ac.0=0.17) wt. %, respectively. These fit into the major celestine

minerals having minor anglesite, barite, and anhydrite substituted components.

Table 1 Here
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According to the calculated apfu's (Table 1), it was observed that samples 1 and 4 show ideal (or
almost ideal) stoichiometry, between M and S ions; including the crystal-chemical formulas of
(Sr0.984Pb0.009Bao.00sCao.002)SO4 and (Sro.978Pbo.00sCao.008Bao.007)1.0001SO4, respectively. On the other hand,
samples 2, 3, and 5 show a minor non-stoichiometry, having a small deficit of M cations of ca. 1, 1, and 2
at. %, respectively. Accounting that the sulfur content shows a slight excess from the value of 1, we
preliminarily suppose that such deficit was induced by a tentative presence of the sum of the total
(hereinafter X): H' and/or (H30)" and/or OH" (from H,O); and/or vacancies. These, for example, could
not be depicted accounting for the limitations of the WDS method. Accordingly, the crystal-chemical
formulas of samples 2, 3 and 5 could be presented as (Sro970Xo.010Pbo.0osBao.007Ca0.005)S1.00304,
(Sr0.973%0.010Pb0.007B20.00sC20.005)S1.00304  and  (Sr0.959X0.019Pbo.00sBao007Cao.007)S1.00604,  respectively.
Therefore, we concluded that all studied samples are mutually similar and suit the celestine near-end
members, in which only 1.6-4.1 at. % of Sr** content (As=2.5 at. %) is substituted by Pb** (0.7-0.9 at.
%), Ba® (0.5-0.7 at. %), Ca* (0.2-0.8 at. %), and the X (1.0-1.9 at. %; in three samples) component.
The apfu content of Sr, between the samples, shows an increase of 5<2<3<4<1, whereas the ratios of the

Z(Pb+Ba)/Z(Ca+X) increase according to 5<3<2<4<1.

By using the apfu’s 12-coordinated M** cations, i.e., Ca*, Sr*, Pb*, and Ba* derived from the
WDS results (Table 1) and their ionic radiuses (ry) of 1.34A, 1.44A, 1.49A, and 1.61A, respectively
(Shannon, 1976), we have calculated the theoretical ionic radiuses of these cations (Table 2). The results
show that the calculated occupancies of the twelve-coordination site are as expected, being also mutually
quite similar, further attesting to the previously suggested similarities among the analyzed samples
(Aoee=1.99 at. %). This further includes the deficit of the M cations of ca. 1, 1, and 2 at. % at samples 2,

3, and 5, respectively. In this case, the increase is in a slightly different order of 5<3<2<1<4.

Table 2 Here
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4.2. ICP/OES study

The content of the detected trace elements by using the ICP/OES method is presented in Table
3. We underline that all other analyzed elements (see Chapter 3.2. Methods, for details) are below a
detection limit of 0.011-0.500 mgkg™'. Consequently, we concluded that all of the analyzed elements

should be neglected.

Table 3 Here

4.3. XRPD study

The resulting XRPD patterns [Figure S3 (column I) and Table S1 in the ESM] demonstrate that
the observed inter-planar spacings (dow) are very similar (all samples), and are in line with the celestine
ICDD-PDF's 89-0953 (Burger et al. 1998) and 05-0593 (Swanson and Fuyat 1953) reference standards.
Because no other minerals are detected, these samples should be interpreted as exclusively the
monomineral phases, corroborating the SEM-WDS results. On the contrary, the observed intensities (Lobs)
show a remarkable difference relative to the applied standards. For example, the strongest standards
reflection (hk[211) are with the relative intensity ratios (hereinafter RIR), reaching solely up to only 25 %
(sample 1). In addition, a comparative presentation of the reflections with various Miller's 44/ indices
shows a significant variety in the correlations between the analyzed samples (Figure S4 in the ESM).
Namely, samples 3 and 5 show distinctively higher RIR’s that are directed towards the axis co, ie., the
[00/] direction (bkl’s: 002, 004 and 006; Figure S4a, g,j in the ESM). The rest of the reflections, i.e.
samples 1, 2, and 4 have a higher RIR’s value (Table S1 in the ESM). On the other hand, samples 2 and 4
show a less prominent trend inclining towards the axis b, i.e., [0k0] direction (bkl's: 020 and 040; Figures
S4e right and S4i left in the ESM), as well as towards the hk/ 323 (Figure S4h in the ESM). Such
differences could be induced by the preferred orientation, accounting for (i) a variety in the cleavage

properties (i.e. {001} perfect, {210} good and {010} poor; Palache et al. 1951; Deer et al. 2013).
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Differences can be also caused (ii) by epitaxial growth of the celestine on anhydrite (Forjanes et al.
2020b). We also took into consideration the significant presence of calcium in all specimens (Table 1). In

addition, differences could also be produced by the structural variation(s), which will be analyzed later.

By using the equation of Goldish (1989), we have calculated the content of the substituted SrSO4
mole fractions (Table 4). Taking into account that this equation is valid for the barite-celestine solid
solution (and hence obtained results should be treated cautiously), we tentatively presumed that from 0.2
(samples 1 and 5) to 2.4 (sample 4) mole fractions of StSO4 were replaced by BaSO4 However, because
the Pb** cation (Table 1) has slightly larger values than S, yet smaller than Ba’* (Shannon, 1976), these
molar substitutions of SrSOs should exhibit a slightly larger presence. On the other hand, from 0.2
(sample 3) to 0.6 mol. % (sample 2) of StSO4 could be replaced by a smaller one (such as CaSOy, for
example) or caused by the vacancies at the M site. Accordingly, the maximal difference of the SrSO4
content among the investigated samples is about 3 mol. %, having the substitutions increasing in the

following order: 2<3<1=5<4.

Table 4 Here

The UCPs were calculated and refined by using the Le Bail profile fitting method [Figures S3
(column II) and S5; and Table S2 in the ESM], and presented in Table 5. As expected from the observed
inter-planar spacings (dobs, Table S1 in the ESM), all of the calculated UCPs are fairly similar fitting
additionally into the reference data standards. However, it could be indicative that different-type
variations between the samples are present. Namely, the ap and ¢y axes show 2<3<5<1<4, for the volume

Vo it is 2<3<1~5<4, whereas for the by axis has 2<1<3~-5<4 variations.

Table 5 Here
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With regards to the mutual correlations between the UCPs (and for all further, as well)
variations, the following statistical data are calculated with the MS Excel program, i.e. we delivered the
coefficients of the regression-R* (hereinafter correlations-C). These correlations, reported in our previous
studies of different materials (Cvetkovi¢ and Tancié, 2019; Tandi¢ et al. 2021; Maksimovié et al. 2023)
are proven useful accessory tools, which allow the comparison between various parameters. According to
the results, the polynomial variations between the a, co, and Vo parameters are slightly better than the
linear (Figure S6 in the ESM), suggesting the deviations from Vegard’s law, which is in concordance with
the results of Goldish (1989) and Antao (2012). A very high positive correlation C(1) is associated with
the ao by co; a0 by Vo; and co by Vi parameters of 0.999; 0.985; and 0.990; respectively. The variations of
the by axis by ao, co, and Vy parameters (Figure S7 in the ESM) display slightly lower, yet likewise very
high positive correlation C(2) of 0.880; 0.951; and 0.956; respectively. The positions of the polynomial
variations of the investigated samples (Figures S6 and S7 in the ESM) with regards to the celestine,
anglesite, and barite reference standards (ICDD-PDF's: 89-0953, 36-1461 and 24-1035, respectively) are
also outlined (Figure S8 in the ESM). A lower C(2) correlativity for the variations may be significant,
accounting for the relationship with the larger angle declinations documented between the celestine-
anglesite and the celestine-barite solid-solutions joins (Figure S8a,c,e in the ESM). Such differently angled
declinations were induced by a different expansion behavior of the UCPs, ranging between the St**-Pb*',
Sr*-Ba®’, and Pb*-Ba’* substitutions, i.e., between the various solid-solutions series. Namely, the
calculated differences in this study (Table S3 in the ESM) show that the highest expansion behavior is
among the ap and co axes, and the volume Vi. On the other hand, different substitutions do not

significantly affect the by axis.

4.4. IR study
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The major vibrational areas exist in the regions between 435-475, 602-650, 995-1005, 1080-
1192, and 1200-1248 cm™ (Figure S9 in the ESM and Table 6). Two broad bands were observed across
all investigated samples falling in the region between 435 and 475 cm™ and they are more pronounced in
samples 1 and 2, respectively to the other samples. The vibrational band that is on 613-614 cm™ is highly
pronounced in samples 1 and 2, whereas its position in sample 3 is slightly shifted towards 608 cm™. The
most prominent shift is observed in samples 4 and 5, having the band peak at 602 and 604 cm’,
respectively. A smaller doublet is visible between 610 and 622 cm™. This doublet is observed on the 622
cm’ for samples 1 and 2, it is shifted to 612 cm™ in sample 3, whereas in samples 4 and 5, it is observed
on the 609 and 610 cm’', respectively. The vibrational features in the region 995-1005 cm™ are also more
pronounced in samples 1 and 2, once compared to the rest of the investigated samples. The region

between 1080 and 1248 cm™ is a complex group of bands, wherein some of them have the form of a

doublet band.

Table 6 Here

Minerals from the barite group are isostructural, resulting in vibrational spectra that are mutually
similar, whereas additional spectral features have the form of a small offset. The latter is the result of
different associated cations in the structure (Lane 2007). The internal vibrational features present in solid-
state sulfates are appearing at ca. 1050-1250 (v3), ~1000 (v1), ~500-700 (v4), and ~400-500 (v2) cm™.
These occur as the result of the asymmetric and symmetric stretching and bending of the SOy anion
(Herzberg, 1945; Nakamoto, 1986; Vassallo and Finnie, 1992; Bishop and Murad, 2005; Lane, 2007),
including the lattice vibrations at ca. 550 cm™ and less (Serna et al. 1986; Clark, 1999; Lane, 2007). The
v1 band is known to be significantly stronger and better pronounced than the v2 band, which is usually
not observable in the infrared spectra of sulfates (Hezel and Ross, 1966; Lane, 2007). Lane (2007)

reported that a single V2 band at 471 cm™ is visible in the spectrum of celestine, whereas Ross (1972,
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1974) observed this band at cz. 491 cm™. As reported by Ross (1974) and Moenke (1962), the v2 bands
are identified at ~465 and ~420 cm™ within the transmission spectrum. According to Lane (2007), the
spectral features for Sr as a major element in the celestine are evident at 1238 and 1138 cm™ for v3. The
v4 band is evident on 648 and 614 cm™, whereas on 991 ¢cm™, the v1 band is observable. Moenke (1956)
reports that the deformations of the SOy tetrahedra in the optically uniaxial sulfates occur as a doublet on
620 and 1150 cm™ bands. The isomorphous substitution of Sr and Ba typically occurs in the series of
barite group of minerals, in particular, between celestine and barite, although celestine may contain a

limited amount of Ca** (Bernstein 1979).

Considering that the Ca** ion is almost of the same size as Na’, we also take into consideration
that substitution between these two ions may also have been occurring. The hypothesis is that K* ions
have a higher likelihood to replace Sr** in the structure than Na, which in turn has a similar ion radius to
the K' ion. As a result, the charge imbalance from this substitution could be compensated with the
additional Na" or H" substitutions (Bernstein 1979). The WDS analyses of the investigated samples
(Table 1) show that the contents of K;O and Na,O are below the detection limit, indicating that these
elements are not present in the substitutional positions in the structure. However, PbO, BaO, and CaO
are present considerably. The vibrational features of Ba have a slight offset towards the Sr vibration bands
that are documented on 1220, 1128 (v3); 641, 611 (v4); 981 cm™ (v1) (Lane 2007). The shift of the
high-frequency position of the v3 fundamental bands is recorded in the sulfate series with Ca**, in which
the v3 band occurs at a lower-frequency (lower wavenumber) position (Lane 2007). The spectral features
of v3, v4, and v1, are systematically offset to smaller wavenumbers for the sulfates containing Pb (v3 =
1183, 1054; v4 = 632, 598; v1 = 960 cm™) sulfates (Lane 2007). The results are highly correlative with
the rest of the applied methods, in particular the SEM-WDS and XRPD, indicating that the samples are

of 2 monomineral composition.

16

https://doi.org/10.1180/mgm.2023.88 Published online by Cambridge University Press


https://doi.org/10.1180/mgm.2023.88

4.5. Color study

Considering the purity of the color observed in the celestine samples, and the fact that color
represents the saturation or its shade, samples 1, 2, and 4 exhibit several nuances ranging between 480 and
482 nm (Table 7). This corresponds with a greenish-blue to blue color, i.e. between 492 and 455 nm.
Due to the observed color purity, these shades are close to the purest white (Figure S10 in the ESM). On
the other hand, samples 3 and 5 exhibit a dominant wavenumber in the range that corresponds to blue-
green (cyan) color. Sample 3 has the lightest shade of the color (Table 7) that is nearest to a pure white
represented by the illuminator. Sample 5 has the most intense color shade, exposing the purity of the

color farthest from the pure white, once compared to the rest of the celestine samples (see Figure S10 in

the ESM).

Table 7 Here

5. Discussion
5.1. Disagreements between the WDS and the XRPD results

A few discrepancies are indicative ranging between the WDS and the XRPD results (Tables 1, 2,
4, and 5). Namely, considering different variation trends between the samples, samples 3 and 5 have
changed the place with sample 2 (5<3<2<1<4 vs. 2<3<5<1<4; Tables 2 and 5), whereas sample 1 have
changed own position just in a few places, belonging the sample 4 {5<2<3<4<1 (apfu contents of Sr) and
5<3<2<4<1 [ratios Z(Pb+Ba)/Z(Ca+X)] vs. 2<3<5<1<4; Tables 1 and 5}. Thus, there is a poor correlation
C(3) of the ionic radiuses (Table 2) variations by the ao, bo, co, and Vo UCPs (Table 5) presented in Figure
S11 and Table S4 in the ESM. Optionally, the interpretation of these disagreements could be reached by
assessing the presumed structural and/or compositional circumstances, such are: (i) poorly calculated
UCPs; and/or (ii) the wrong apfu’s basis; and/or (iii) the presence of other previously undetected mineral

phases; and/or (iv) the incomplete calculation of ionic radiuses; and/or (v) the option that the palette of
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the structural variations within the samples could take place. Despite seemingly perplexing or even
(in)significant, we believe that the listing of these possible reasons could be of the highest importance. The

importance lies in avoiding any eventual misleading interpretations.

(i) The study emphasizes the Le Bail (1988) method because the comprehensive
experiments were previously applied to the barite group of minerals (Kuang et al. 2017; Li et al. 2018;
Girard et al. 2019; Ye et al. 2019). As was previously shown, very good profile parameters and relatively
low-reliability factors are characterized by this method (Table S2 in the ESM), a satisfactory level of
quality of the resulting difference plots [Figures S3 (column II) and S5 in the ESM], and a very high
positive correlations C(1) and C(2) among the UCPs (Figures S6 and S7 in the ESM). Such results
corroborate that the investigated samples are suitable for celestines and its Prma structural model. In
addition, considerably lower estimated standard deviations (Table 5), which are mostly better even than
the reference standards used, provide the validation of the UCPs calculation and refinement. Therefore,

we rejected this as a possible reason for the aforementioned disagreements.

(ii) We calculated the apfu’s by using the 4 oxygen anions (Table 1), which led to the estimated
theoretical ionic radiuses of the M cations (Table 2). Another option allows that the apfu’s could be also
calculated at the 2 (EM+S) ions basis. For example, Antao (2012) provides celestine-derived
(Sro.966F€0.001Ba0.001)0.968(SO4)1.007 chemical formula, which fits the calculated (Sro.953Fe0.001Ba0.001)0.95551.01604
(F and Cl apfu's in both cases has the same values, i.e. 0.002 and 0.004, respectively; Table S5 in the
ESM). As expected, there are no significant differences for samples 1 and 4; whereas samples 2, 3, and 5,
show a slightly higher content of Sr, S, and O ions. The results demonstrate that the samples have mutual
similarity, fitting into the celestine near-end members, having only 1.6-3.5 at. % of Sr** content (As=1.9
at. %), substituted by the same content of Pb** (0.7-0.9 at. %), Ba** (0.5-0.7 at. %) and Ca** (0.2-0.8 at.

%). The variations of the apfu content of the Sr and 2(Pb+Ba)/Z(Ca+X) ratios remained identical, i.e.,
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5<2<3<4<1 and 5<3<2<4<1, respectively. The only difference is a slightly lower content of the X
component (0.7-1.3 at. %; Ax=0.3-0.6 at. %) which in turn, leads to a slightly higher calculated ionic
radiuses for the aforementioned three samples, and their 5<3<2<4<1 variation (Table S6 in the ESM).
However, the resulting correlations [C(4); Figure S12 and Table S4 in the ESM] among these ionic
radiuses variations by the ao, bo, co, and Vi parameters (Table 5), are significantly less correlative than

C(3). Such a low correlativity allows rejection of this possibility as well.

(iii) Although the observed chemical composition is rather simple (Table 1), the X component
could hypothetically indicate the presence of other mineral phases, such as gypsum (CaSOsx2H,0),
anhydrite (CaSOy), native sulfur (S), and calcite (CaCOs3). It is well known that these mineral phases have
often been occurring in the paragenesis with celestine (Palache et al. 1951; Deer et al. 2013). In addition,
there is a possibility of the presence of numerous other minerals, such as anglesite, barite, strontianite
(§rCO;3), aragonite (CaCOs3), cerussite (PbCOs), hydrocerussite [Pbs(CO3).(OH),], witherite (BaCOs),
Sr8O4x1/2H,0 phase (Takahashi et al. 1993) etc., making the interpretation even more complex. To
check the eventual presence of anhydrite (samples 1 and 4) and gypsum, including other minerals with
the X component (samples 2, 3, and 5), we implemented additional recalculations of the WDS analyses
(Table S7 in the ESM). These recalculations are based on the CaO component, the apfu’s deficit of the M
cations; including the sulfur excess (Table 1), and the theoretical chemical composition of the

aforementioned possibly involved minerals.

According to the results, it could be speculated that there is a tentative minor content of: a)
anhydrite in samples 1 (0.17 mol. %) and 4 (0.58 mol. %); b) gypsum in the samples 2 (0.49 mol. %), 3
(0.46 mol. %), and 5 (0.68 mol. %); and ¢) other minerals with the X component in the samples 2 (0.10
mol. %), 3 (0.30 mol. %), and 5 (0.60 mol. %). If this content is taken into account, it appears quite

logical and understandable that these minerals couldn't be detected by the XRPD method, because of
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their quantity that is below a detection limit of about 1-2 %. We include a close inspection of the 26
angle regions, which are fitting into the strongest reflections for these phases (Figure S3 in the ESM). In
addition, the WDS method could have failed to separate these from the celestine, mainly because of the
similarities in the chemical composition and its limitations in detecting some elements (already
mentioned before). The apfu's calculation of 12-coordinated M*" cations (Table S7 in the ESM) was
recalculated by applying the theoretical ionic radiuses of these cations (Table S8 in the ESM). The new
correlations [C(5); Figure S13 in the ESM] of such ionic radiuses by the ao, bo, ¢, and Vi parameters,
despite having a considerably better fit than the C(3) (Table S4 in the ESM) are still quite far from the
ideal case. Therefore, this option does not provide a complete explanation of the previously discussed

discrepancies and their link with the XRPD results, thus having a tentative character.

In contrast, the presence of other minerals with the X component in the paragenesis with the
celestine (although with the desired 2<3<5<1<4 variations) should be rejected, accounting for their lower
correlativity [C(6); Figure S14 in the ESM] in comparison with the previously considered two options

[i.e. C(3) and C(5); Table S4 in the ESM].

(iv) According to the apfu’s deficit of the M cations in samples 2, 3, and 5 (Table 1),
uncoupling it with other chemical elements which should be neglected (Table 3), we are opinion that the
theoretical ionic radiuses need another recalculation. This time by adding the appropriate sulfur excess of
0.3, 0.3, including 0.6 at. % of the S taken from the tetrahedral site (0.12 A in coordination IV;
Shannon, 1976), respectively. The two options are chosen (Table S9 in the ESM): (1) monomineral
celestines (Table 2), and (2) major celestines that barely have any anhydrite or gypsum (Table S8 in the
ESM). A similar correlation of these ionic radiuses by the ao, bo, co, and Vo parameters is observed in these
two cases [C(7) and C(8); Figures S15 and S16, and Table S4 in the ESM]. However, neither the first nor

the second option do not reach any improvement, in regards to these from the C(3). Consequently, this
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correlation should also be rejected as a possible explanation for the aforementioned variances. At last, the

single remaining solution should be taken into consideration.

(v) Although the crystal structure refinements are beyond the scope of this paper, our previous
studies of diverse mineral species, and solid solutions, have demonstrated that the different UCPs,
polyhedral distortions, site occupancy factors, bond lengths, bond angles, valence units, etc., could be
influenced either by (a) different inserted cations into the mineral structure; and/or by (b) diverse
conditions of their formation, in particular, the temperature and pressure (Tanci¢ 2017, 2018; Tanci¢ and

Kremenovié 2022; Tancié et al. 2012, 2020, 2023).

(a) Whilst considering the affected variations of the UCPs, accounting for the different inserted
cations into the mineral structure, we initiated the process by introducing the calculations of their
presumed values by the multiplication of the Sr, Ca, Pb, and Ba apfu's with the corresponding UCPs of
celestine, anhydrite, anglesite and barite reference standards (ICDD-PDF's: 89-0953, 37-1496, 36-1461
and 24-1035, respectively). For the selected apfu's, we have chosen the two previously discussed options:
(1) the celestines as the monomineral phases (Table 1); and (2) the option of celestines without the Ca,
which hypothetically belongs to minor amounts of gypsum and anhydrite phases (Table S7 in the ESM).
The resules (presented in Table S10 in the ESM) indicate that the largest differences (A) between these
presumed values and those of the XRPD method (Table 5) are, valid for both options, occurring in
samples 2, 3, and 5. Such correlativity is expected and suited to the already emphasized vacancies and the
here-used calculations. Accordingly, the ratios increased by ca. 1, 1, and 2 %, respectively. In both cases,
we observe excellent correlations of the calculated ionic radiuses (Table 2 and Table S8 in the ESM) by
the ag, bo, co, and Vo parameters [C(9) and C(10); Figures S17 and S18, and Table S4 in the ESM].
Because both options are almost identical, this couldn’t be used as a reliable parameter for the already

distinguished factors. On the other hand, these results further indicate that the presumed UCPs should be
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theoretically near the realistic chemical composition. However, as discussed earlier, such a scenario is
obviously not the case. Namely, the presumed unit-cell volumes of samples 2, 3, and 5 include an absence
of any fitting in no case, because they have significantly lower values, inclusive of the comparison with the
anhydrite (ICDD-PDF: 37-1496; V=305.60 A% reference standard. Consequently, we observe a very
poor correlation between the presumed (Table S10 in the ESM) and determined (Table 5) ao, bo, co, and

Vo UCPs [C(11); Figure S19 and Table S4 in the ESM].

Thus, we further reconsider the impact of the existing vacancies in the celestine structure on their
UCPs. Namely, the available reference data (Table S11 in the ESM) show that there is an example having
a significant content of the vacancy of 3 at. % [Antao 2012; already discussed within part (ii)]. This
celestine example has more or less similar [[CDD-PDF's: 05-0593 and 89-0953; Table 5; Miyake et al.
(1978)], or even larger UCPs, comparative to those without any vacancy [Hawthorne and Ferguson
(1975); Jacobsen et al. (1998); Ye et al. (2019)]. Likewise, three selected samples showed identical average
<M-O> distances of 2.827(1)A (Hawthorne and Ferguson 1975; Jacobsen et al. 1998; Antao 2012).
Accordingly, it appears that the existing vacancies in the celestine structure do not have any significant
impact on their UCPs. The causes for such behavior could be the geometrical changes of the SO4 and
MO, polyhedral, i.e., a decrease of the average <M-O> distance, the charge on the O ions that have more
subordinate values, including the average <S-O> distance that is lengthier in this case; or vice versa (Antao
2012). In addition, the tetrahedral distortions are a function of the geometry of the structure rather than

the chemistry of the twelve-coordinated site (Hawthorne and Ferguson, 1975; Brigatti et al. 1997).

To check the afore-described option, another two variances discussed earlier (ii-iv) yet without the
existing vacancies (included for samples 2, 3, and 5) are taken into consideration: (1) celestines as
monomineral phases, with previously characterized apfu's (Table 1), including the theoretical ionic

radiuses of the M cations with occupancies of the twelve-coordination site (Table 2) that are further
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recalculated (Tables S12 and S13 in the ESM), and (2) as the major celestines with the neglected gypsum
or anhydrite phases (including the previously determined apfu's; Table S7 in the ESM). The recalculation
includes the theoretical ionic radiuses of the M cations and occupancies of the twelve-coordination site
(Table S8 in the ESM), which are given in Tables S14 and S15 in the ESM. The correlations of the
recalculated jonic radiuses (Tables $13 and S$15 in the ESM) by the ao, bo, co, and Vy parameters show: (1)
best fit [C(12); Figure S20 and Table S4 in the ESM] of the all available correlations associated with the
problematic of the ionic radiuses by UCPs variations [i.e., C(3)-C(8)], including (2) the lowest

correlativity among all of these correlations [C(13); Figure S21 and Table S4 in the ESM].

Finally, the newly calculated UCPs are characterized based on the apfu's (Table S12 in the ESM)
and are given in Table S16 in the ESM. The correlations between these ao, bo, co, and Vo values, with
those of the XRPD method (Table 5) have, in this case, an acceptable correlation [C(14); Figure S22 and
Table S4 in the ESM], which is significantly better than the previous one associated with this problematic
[i.e. C(11)]. These observations substantiate the concluding remarks indicating that the existing vacancies
in the structures of samples 2, 3, and 5 do not have any significant impact on their UCPs. Such a good
correlativity further leads to the conclusion that the complete set of 1-5 samples should be interpreted
exclusively as monomineral celestine near-end members, agreeing with the SEM-WDS, XRPD, and IR
results. Therefore, the correlativity allows us to finally abandon “option iii” as a probable cause for the

earlier discussed disagreements.

(b) The results in Tables S10 and S16 in the ESM demonstrate that there is a slightly different
ratio between various crystallographic axes, such as co<ao<bo (samples 1 and 4), ag<co<bo (samples 2 and 3)
and ao=co<by (sample 5). Such diverse ratios indicate the presence of axial anisotropy, which was

previously observed and studied for the synthetic and natural end members of the barite group of minerals

(see Kuang et al. 2017; Li et al. 2018; Girard et al. 2019; Ye et al. 2019; and references therein, for the
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examples). This phenomenon appears in conditions experiencing an increase in the temperature
environment (axial expansion anisotropy) and elevated formation pressure (axial compression anisotropy)
conditions. To the best of our knowledge, there is a lack of similar experiments so far, dealing with the
solid solutions between minerals within the barite group. Accordingly, we further recalculated the
variations of the temperature dependence by the UCPs for the ClwsAngp, ClwsAngos, and ClesAngos
celestine-anglesite (Table S17 in the ESM) and for the CltyBrto1, CltosBrto, and Clty;Brtos celestine-barite
(Table S18 in the ESM) solid-solution series [mineral name symbols such as Ang, Brt and Clt refer to
anglesite, barite, and celestine, respectively (Warr, 2021)]. These recalculations use the combination of the
initial experimental data at the ambient pressure for anglesite (Li et al. 2018), celestine, and barite (Ye et
al. 2019); according to the suitable cell modification from the Pbnm (II) to the Pnma (I) space group,
constrained as follows: agi=boi, bor=co, and co=aon. Such resulting data (i.e., Tables S17 and S18 in the
ESM) are further used for the construction of Figure 3. In addition, we also calculated the expansion
degree of the UCPs (i.e., their ratio) of celestine, anglesite, and barite between 320K and 520K (Table
S19 in the ESM). By using its composition and UCPs, we strongly believe that this method can

successfully be applied as a geothermometer.

Fig. 3 Here

By using the recalculated theoretical ionic radiuses of the M cations (Table S13 in the ESM), the
excesses of the Sr*, Ca*", and Ba®* apfu's, reaching over 1.44 A, are converted as the total Pb*, i.e. as the
anglesite 1.40-3.10 mol. % content in celestine. Similarly, the excesses of Sr**, Ca* and Pb** apfu's over
1.44 A are also converted as the total Ba*, i.e. as the barite 0.41-0.91 mol.% content in celestine (Table
8). Subsequently, the Ang and Brt values (Table 8, plotted in Fig. 3) further allowed the estimation of the
formation temperatures for the investigated 1-5 celestine samples by using their determined UCPs (Table

5). The results show that a set of very similar temperatures characterizes both the celestine-anglesite and
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the celestine-barite solid-solution series. In that manner, we have the validation of the recalculated Ang
and Brt values. The results demonstrate that sample 2 underwent the lowest temperatures reaching as low
as ~-368K, whereas sample 4 was under the exposure to the highest temperature range reaching ~430K.
Samples 1, 3, and 5 were formed at remarkably similar average temperatures of ~-387K, ~-384K and
~387K, respectively. Therefore, the sampled celestines were formed at the -368-430K (-95-157 °C)
temperature range, at the ambient pressure conditions. Different correlations between the crystallographic

axes are bo<ag<co (samples 1 and 4) and ao<bo<co (samples 2, 3 and 5).

Table 8 Here

Finally, we exemplify the discussed discrepancies between the WDS and the XRPD results.
Namely, Figure S$23 in the ESM contains five possible variations (plotted from Fig. 3h; should be taken
into account only as an example, because of its validity for each of the other ag, bo, and co unit-cell axes,
including the Ang contents): 1. volume increase by a temperature increase, including the Brt contents
increase; 2. volume increase by a constant temperature, including the Brt contents increase; 3. volume
increase by a temperature decrease, including the Brt contents increase; 4. constant volume by a
temperature increase, including the Brt contents decrease; and 5. volume increase by a temperature
increase, having a constant Brt content. We underline that each of these possible interpretations could be
also vice versa. In our favorable case, we concluded that the investigated celestine 1-5 samples, are mostly
with the first variation type, having partially the fifth variation type, i.e., that their UCPs increased mainly
accounting for a temperature increase, whereas the Ang and the Brt contents are reaching almost the
constant values (Z.e., having a small content difference of Axng=1.70 mol. %, and Ag.=0.50 mol. %; Table
8), but also following the increased status. Because samples 3 and 5 were exposed to higher temperatures
than sample 2, whereas sample 4 was formed at a higher temperature than sample 1, the former records

the larger thermal expansions of the UCPs than the latter. This is the main reason for the average

25

https://doi.org/10.1180/mgm.2023.88 Published online by Cambridge University Press


https://doi.org/10.1180/mgm.2023.88

2<3<1-5<4 and 2<3~1=5<4 UCPs variation behaviors (Tables 5 and 8, respectively). In addition, samples
3 and 5 have a larger expansion of the by axis, reaching values exceeding those of sample 1; another
possible interpretation is that sample 1 was formed at a higher pressure by comparing to samples 3 and 5
because this axis has the largest compressibility (Kuang et al. 2017; Ye et al. 2019). Accordingly, we
strongly believe that this argument provides sufficient evidence, to support the interpretation that the
formation temperature is the primary cause for the UCPs variations of celestine, whereas different inserted
cations into the structure should be interpreted as a secondary factor. To simplify, there is almost a perfect
correlativity C(15) of the average temperature dependence (Table 8) by the ag, bo, co, and Vo UCPs (Table
5) of 0.965; 0.951; 0.991 and 0.997, respectively (Figure S24 and Table $4 in the ESM). The correlation

is superior compared to the C(12) and C(14) correlations of the celestine composition.

By using the extrapolated data (Tables S17 and S18 in the ESM; Table 8 and Fig. 3) we
moreover estimate the UCPs of the studied samples formed at a near-room temperature (23 °C), and
under the ambient pressure conditions (Table S20 in the ESM). The resulting data are used exclusively
for the characterization of the relative UCPs (Table 9). In this case, a wide range of correlations between
the crystallographic axes is observed: bo<co<ao (samples 1 and 4), as<bo<co (sample 2), ap<co<bo (sample 3),

and co<bo<ao (sample 5).

Table 9 Here

The results have almost the perfect correlation C(16) of the average temperature dependence
(Table 8), by the aq, bo, co, and Vy ratios (Table 9) of 0.979; 0.926; 0.988 and 0.998, respectively (Figure
S25 in the ESM). These are, as expected, very similar to the C(15) correlations, observed relative to the
temperature by the UCPs variations (Figure $S24 in the ESM). In addition, the linear and the polynomial

deviations have almost the same values in these two cases.
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The synthesis of data (Tables 8 and 9; Figure S25 in the ESM), allowed us to additionally
construct the variation diagram of the relative ap, by, co, and Vo UCPs (i.e., their ratios) by the
temperature dependence of the studied samples at the ambient pressure conditions (Fig. 4). Importantly,
the resulting variation chart is fitting (7.e. for all of the five samples together) with the celestine co<bo<ao
crystal growth expansive behavior (see Figs. 11b and 12b at Ye et al. 2019; and Table S19 in the ESM).
Taking into account solely the crystal expansion induced by the elevated temperature (Table 8), samples 1
and 4 show variations that are similar to that of barite, whereas samples 2, 3, and 5 show deviations
analogous to that of celestine (Ye et al. 2019; and Table S19 in the ESM). By interpreting the structural
aspect (Antao 2012), the first group of samples is less distorted, in comparison with the second,
confirming the geometry change of the SO4 and MO, polyhedral, influenced primarily by the vacancies
occupied by the latter ones (already discussed before). On the other hand, taking into account solely the
crystal compression by pressure, it appears that sample 4 was also developed at a considerably higher

pressure (similarly to sample 1) relative to samples 2, 3, and 5 because of their identical axis variations

(Table 9).

Fig. 4 Here

5.2. Celestine minerogenesis and formation conditions

Celestine as a low-temperature mineral has often been associated with magmatic-hydrothermal
activity reaching temperatures under 300°C (Anenburg et al. 2014). To reconstruct minerogenesis, we
take into consideration celestine formation conditions, in particular, the typifying shallow crustal marine,
evaporitic paleoredox environments (Hanor 2000, 2004). Such shallow depths of magma and
hydrothermal fluid migration were facilitated by a cluster of faults as part of their conduits in the

uppermost basinal segment of the crust (Ashour et al. 2012; Elshaafi and Gudmundssen, 2016). The
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multistage volcanism contributed to the extrusion of primitive and evolving light fractions of basaltic

magma (Elshaafi and Gudmundssen, 2017).

The results indicate that the Jebel Eghei celestines were formed at -368-430K (-95-157 °C)
temperature range, at the ambient pressure conditions (Table 8). Consequently, we tested the following
options for the Jebel Eghei celestine minerogenesis (Fig. 5): 1. temperature remains constant by a pressure
increase; 2. temperature increase by a pressure increase; and 3. temperature increase by a pressure decrease.
Following the experimental data (Kuang et al. 2017; Li et al. 2018; Girard et al. 2019; Ye et al. 2019;
Curzi et al. 2022), we tested whether, with the increase of subsurface pressure, the temperatures are
following the rising trend. Taking into consideration the age of magmatic events, the proposed increasing
temperature trend is somewhat aligned with the stage of minor subsidence during the Early Oligocene
and Early Miocene (subsidence stage proposed by van der Meer and Cloetingh, 1993). The coupled
temperature-pressure elevations have produced the axial compression (by pressure), which should be
simultaneously compensated by the axial expansion (by temperature) so that the UCPs remain as already
previously characterized (Table 5). Accordingly, we have chosen the second option (see yellow lines in
Figure 5), because the other two available options are leading exclusively toward the smaller UCPs. The
increasing slope is approximated accounting for the absence of the appropriate experimental data for the
formation pressure. Nevertheless, the increase of the formation pressure allowed us to put subsurface
constraints on probable subsurface conditions under which the investigated crystals could have been
formed. For example, suppose we adjust the subsurface pressure to fit with the resulting temperatures. In
that case, we get the pressure of ca. 250 bars or shallow crustal depths up to only a few kilometers under
the Earth’s surface (Fig. 5). Accordingly, the temperature range is shifted becoming slightly higher, ca.
372-434K (~99-161 °C) fitting into the active hydrothermal fluids that were associated with the volcanic

areas. To underline, the celestine-producing hydrothermal event occurred likely during the Miocene
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producing the brine which was poured initially into the faulted and fractured Eocene lagoon deposits
(Ashour et al. 2012). The subsequent process of precipitation and formation of celestine-bearing druses or
nodules (e.g., Anenburg et al. 2014) was likely initiated once the sediments were exposed to the terrestrial
conditions. Thus, the celestine druses mapped across the investigated area appear to be the product of the
reaction of hypersaline Sr-bearing fluids with gypsum and anhydrite (Hanor 2000, 2004; Forjanes et al.
2020a,b). Both gypsum and anhydrite are mapped across the investigated areas (Al Gata, Tamed Al

Kusur, and Krarat Al Jifah Formations; Vasié and Sheriff, 2007; Abdusahmin, 2020).

Fig. 5 Here

On the other hand, subsidence and deposition of sedimentary systems, like these within the Sirt
basin (Gumati and Nairn, 1991; van der Meer and Cloetingh, 1993), yield higher pressures than that
observed within the surfacing volcanic areas. By presuming a subsidence-related pressure increase,
reaching up to 500, 750, 1000, and 1250 bars, the temperature range may increase reaching ~382-444K
(-109-171 °C), ~391-453K (~118-180 °C), ~429-482K (~147-209 °C), and ~452-514K (~179-241 °C),
respectively (Fig. 5a). In that manner, we provide a reconstruction of the broader temperature range in
which the celestine occurred. We further narrowed the celestine formation conditions and its formation
depths. As a result, the Jebel Eghei (and likely Al Haruj) celestine minerogenesis occurred at the following

subsurface conditions:

1. from ~-382K (-109 °C; sample 2), over ~417K (~144 °C; sample 1), ranging to ~482K (-209

°C; sample 4), at 500, 750 and 1000 bars, respectively (Figure 5b); or

2. from ~372K (~99 °C; sample 2), over ~412K (~139 °C; sample 1), ranging to ~453K (-180

°C; sample 4), at 250, 500 and 750 bars, respectively (Figure 5¢).
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It is to be noted that expected subsidence trends without overpressure zones can induce pressures of 340

bar or ca. 4931 psi, approximating shallow ca. 1500 m or 4921 foot of burial depth:

Pob = P1+ Pt

Pob is total overburden pressure; i is lithostatic pressure; P is fluid pressure; as per Tiab and Donaldson

(2012). However, the P-T emplacement paths of hydrothermal fluids can have more complex

overpressure conditions (Curzi et al., 2022).

6. Conclusion

Five late Neogene to Middle Pleistocene aged celestine crystals are analyzed and characterized for
minerogenesis by applying the SEM-WDS, ICP/OES, XRPD, and IR methods. Their chemical
composition is very similar and fits into the monomineral celestine near-end members in which only 1.6-
4.1 at. % of Sr** contents were substituted by Pb**, Ba**, Ca®* and the vacancies (in three samples). The
results emphasize that the subsurface temperatures were related to the hydrothermal fluids associated with
voluminous intermittent volcanic activities that are the primary cause of the transport of strontium into
the Sirt basin. The investigated celestines were likely formed as a secondary mineral, repositioned into the
gypsum and/or anhydrite layer, at temperatures over ~373K (~100 °C) and pressures over 250 bars. The
subsequent formation of geodes or druses and nodules is further attributed to the clustering of celestine
across sedimentary formations, but under surface conditions (similar to Anenburg et al. 2014). The
constraints on the differently inserted Pb**, Ba*", and Ca®" cations into the structure are characterized as a
secondary factor for the unit-cell parameters expansion, including the observed slight co<bo<as axial
anisotropy variations. We believe that these slight anisotropy variations could serve as effective new
geothermometric tools capable of providing conditions on multiple mineral growth stages. This is of
particular importance in exploring the enigmatic relationships between Sr mineralization and igneous

rocks (for the complex relationships see Zhu et al. 2022, for a discussion).
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Three celestine samples have a greenish-blue to blue color, whereas the other two samples are of
blue-green (cyan) color. In addition, the celestine minerogenesis study of the Jabal Eghei area
corroborated that the coefficients of the regression-R* may represent a very useful accessory tool pertinent

for the mineral’s comparison purposes, or once correlating a variety of available parameters.

Except for the larger vacancy content in sample 5, the most prominent difference in the color
purity ranges between samples 3 and 5. These samples have very similar results, yielded by several
methods used throughout this study. At last, further experiments are necessary to resolve this problem.
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Figure 1. a Geographical relief map of the wider investigated central-southern Libya; b The sketch map showing the
distribution of the four main volcanic provinces in Libya and principal faults delineating the celestine-bearing Sirt
Basin and Jabal Nuqau Volcanic Province (modified after Elshaafi and Gudmundsson, 2016). The Al Haryj
Volcanic Province (#3) is situated on the south-western margin of the Sirt Basin, central Libya. To the south is the
Jabal Eghei or Jabal Nuqau Volcanic Province (#4). Other provinces are (#1) Gharayan Volcanic Province, and (#2)
As Sawda Volcanic Province; ¢ Panoramic view on Jebel Eghei rhyolite volcanic complex (photo taken from
Kovacevi¢ et al. 2013; modified); d at lower left corner are basalts from Jebel Eghei area (Abdusahmin, 2020,
modified); e at upper right corner are basalts from Al Haruj area (photos taken from Vasi¢ and Sheriff, 2007;
modified).
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Figure 2. a Synthetic stratigraphic column constructed after Gumati (2021), Rundi¢ et al. (2012), and Radivojevié
et al. (2015); b Basalt fragments and sedimentary formations (from Abdusahmin, 2020, modified); ¢ Occurrences of
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celestine crystals at the Al Gata member, formation Wadi Thdmat (Coordinates: Lat. 23° 53’ 17”; Long. 19° 02’
317). Photo by J. Kovadevi¢; d Selected 1-5 celestine samples used in the study. Photos by P. Tandié;
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Figure 3. Variations of the temperature (in K) at the ambient pressure for the CltigoAngo-CltosAngos (column

I, left) and the CltiooBrio-CleosBrios (column II, right) solid-solutions series (in mol. %), according to the
recalculated unit-cell parameters (Tables S16 and S17 in the ESM): a & e axis ao (in A); b & faxis bo (in A); ¢
& g axis ¢ (in A); and d & h volume Vo (in A%). Importantly, the proposed method can successfully be used

as a geothermometer;
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Figure 4. Temperature dependence by the relative unit-cell parameters (ap-cyan; bo-red; co-green; and Vo-

purple) of the investigated 1-5 samples, at the ambient pressure conditions;
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Figure 5. Pressure-temperature conditions: (a) Characterized average temperature ranges of ~368-430K (-95-
157 °C) stand for all 1 to 5 investigated samples (green tick marks), having the same ambient pressure (Table
8). The sketch presents 1. temperature remains constant by the pressure increase (orange interrupted lines); 2.
Temperature increases by the pressure increase (yellow full lines with approximate slope); and 3. Temperature
increases by the pressure decrease (pink dotted lines with approximate slope). The presumed temperature
ranges at 250, 500, 750, 1000, and 1250 bars, are represented with blue, red, purple, cyan, and magenta
colors, respectively. The presumed range within sedimentary basins (green full lines) of the investigated 1-5
samples formation (yellow full lines) ranges between (b) 500 and 1000 bars (orange interrupted lines); and (c)
250 and 750 bars (orange interrupted lines). Inset was taken and modified from Hanor 2000 and refers to the

shallow crustal and marine environments.
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Table 1 The resulting WDS analyses of the 1-5 studied samples (in wt. %). Atoms per formula units

(hereinafter apfu; in at. %) are calculated at the 4 oxygen anions basis.

a S S S S S
oxides ample 1 ample 2 ample 3 ample 4 ample 5
5 5 5 5 5
S1O 5.21 4.72 4.93 4.93 4.33
0. 0. 0. 0. 0.
Ca0 07 16 15 24 22
0. 0. 0. 0. 0.
BaO 45 62 42 56 58
1. 0. 0. 1. 0.
PbO 04 94 87 01 94
4 4 4 4 4
SO
’ 3.23 3.57 3.62 3.28 3.93
. 1 1 9 1 1
00.00 00.00 9.99 00.02 00.00
aofi S S S S S
P ample 1 | ample2 | ample3 | ample4 | ample5
5 0. 0. 0. 0. 0.
984 970 973 978 959
Ca 0. 0. 0. 0. 0.
002 005 005 008 007
Ba 0. 0. 0. 0. 0.
005 007 005 007 007
pif 0. 0. 0. 0. 0.
009 008 007 008 008
1. 0. 0. 1. 0.
M 000 990 990 001 981
S 1. 1. 1. 1. 1.
000 003 003 000 006
2. 1. 1. 2. 1.
EM+S 000 993 993 001 987
1. 1. 1. 0. 1.
S/EM 000 013 013 999 025
Y(Pb+Ba)/X 7. 1. 0. 1. 0.
(Ca+X) 000 000 800 875 577
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Table 2 Calculated theoretical ionic radiuses (in A) of the M cations, and calculated occupancies of the
twelve-coordination site (in at. %) at the basis of the determined apfu’s (Table 1).

S S S S S vari
ample 1 ample 2 | ample3 | ample 4 | ample 5 ations

1. 1. 1. 1. 1. 5<2
IS 41696 39680 40112 40832 38096 <3<4<1

0. 0. 0. 0. 0. 1<2
a 00268 00670 00670 01072 00938 =3<5<4

0. 0. 0. 0. 0. 1=3
a 00805 01127 00805 01127 01127 <2=4=5

0. 0. 0. 0. 0. 3<2
b* 01341 01192 01043 01192 01192 =4=5<1

1. 1. 1. 1. 1. 5<3
™ 44110 42669 42630 44223 41353 <2<1<4

1. 0. 0. 1. 0. 5<3
cc.” | 00076 99076 99049 00155 98162 <2<1<4

*-occupancies were calculated by the $rM/1.44A ratios
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Table 3 Determined contents of the trace elements (in mgkg™).

S S S S S
ample 1 ample 2 | ample3 | ample4 | ample 5
1 6. 0. 3. <
r 0.70 60 40 80 0.07
2 1 < 1. 2.
u 0.30 3.70 0.50 30 40
6. 7. 6. 8. 6.
a 96 36 87 24 98
0. 1. 0. 0. 1.
i 71 08 94 83 57
1. 1. 1. 2. 2.
r 61 38 51 25 15
< < 3 2 <
r 0.15 0.15 2.3 8.6 0.15
< 7. 5. < 0.
b 0.71 09 61 0.71 72
4 3 3 4 1
| 7.60 8.60 8.50 5.00 4.10
0. 0. < < 0.
b 046 071 0.040 0.040 044
0. 0. 1. 1. 0.
f 69 34 33 29 42
0. 0. 0. 1. 0.
n 55 83 86 75 56
1 1 8. 5. 2.
e 6.6 1.2 29 53 43
1 8 9 8 8
g 56.0 8.8 5.5 9.9 6.9
< < 1. < <
r 0.31 0.31 15 0.31 0.31
1. 1. 1. 1. 2.
u 86 44 84 16 03
0. 0. < 1. 0.
d 76 16 0.05 06 34
< 0. < < 0.
m 0.50 65 0.50 0.50 82
1. 0. < 0. <
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07 86 0.50 95 0.50
00 0.20 0.20 5.3 0.20
0.50 64 0.50 58 0.50
00 0.25 0.25 0.25 0.25
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Table 4 Calculated StSO4 mole fractions from the observed d(211) inter-planar spacings (Table S1).

S S S S S
ample 1 ample 2 | ample3 | ample4 | ample 5
observed 2. 2. 2. 2. 2.
daii (A) 9708 9698 9704 9737 9708
StSO4 9 1 1 9 9
(mol. %)’ 9.8 00.6 00.2 7.6 9.8

*calculated from the equation by Goldish (1989): 4(211) = 3.1023 — 0.1317 x S, where S is the SrSO4 mole fraction
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Table 5 Calculated unit-cell parameters of the investigated samples in the Prma space group, compared to
the celestine reference data standards; and also between each other

8 0 Sa Sa Sa Sa Sa vari
9-0953 5-0593 | mple 1 mple 2 mple 3 mple 4 mple 5 ations

a 8 8 8.3 8. 8. 8. 8. 2<3

o (A) .359 .359 622(6) 3578(9) 359(1) 3705(6) 361(1) <5<1<4
b 5 5 5.3 5. 5. 5. 5. 2<1

o (A) 350 352 519(4) 3510(5) 353(1) 3568(4) 3528(8) <3-5<4
C 6 6 6.8 6. 6. 6. 6. 2<3

o (A) .869 .866 702(4) 8683(7) 8690(8) 8767(2) 8696(6) <5<1<4
V 3 3 30 30 30 30 30 2<3

o (A%) 07.27 07.17 7.46(4) 7.17(5) 7.36(8) 8.34(4) 7.47(7) <1-5<4

*-The numbers in parentheses in this and further Tables are the estimated standard deviations (hereinafter esd’s) multiplied with Scor (Berar and Lelann, 1991; Table S2 in the ESM),

and refer to the last significant number
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Table 6 The summarized IR results for the investigated samples together with the literature data

Sample Reference
1 *
*’ la* * * 4 * * *
48 49 48 35 40
4
75 |75 |78 |68 |70 |91 71
08 |02 |os 61 | 13-
6 10 | 0-613
14 13 12 09 10 13 14 11 14
6
22 22 32 32 27 20 20
0 64
51 42 45 41 42 42 39 1-644 43 48
55 50 50
9 99
001 | 000 | 98 95 99 74 015 | 90 3-998 93 91 91
105 110
1
089 085 081 10
86-1096
100 | 095 090 095 091
102 115 121
11
130 128 138 130 31-1145 133 138 138
1
152 151 155 150 158 147 150 150
1
189 179
198 | 194 | 195 | 192 200 | 195 11 [197 | 201
90-1207
210 212 205 205
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222

12
242 | 238 | 248 | 240 | 245 40-1250 242 | 248 | 238

References: 1* Ross (1972); 1a* Ross (1974); 2* Guirguis (1987); 3* Omori (1986); 4* Gadsden (1975), 5* Moenke (1956); 6* Kloprogge et al. (2001); and 7% Lane (2007).
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Table 7 Dominant wavelenght (in nm) and the color purity of the investigated samples. The contents of the

organic matter (in wt. %) are also presented

S S S S S
ample 1 ample 2 | ample3 | ample4 | ample 5
Dominant 4 4 4 4 4
wavelenght 81.7 82.5 94.1 80.4 89.1
Purity of the 5. 4, 1. 5. 7.
color 37 64 36 45 16
Organic < < < 0. <
matter 0.05 0.05 0.05 14 0.05
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Table 8 The estimated formation temperature (in K) of the studied samples based on their recalculated

anglesite (Ang) and barite (Brt) contents (Fig. 3)
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Sam Sam Sam Sam Sam vari
ple 1 ple 2 ple 3 ple 4 ple 5 ations
Ilg It Ilg It Ilg It Ilg It Ilg It
mol.% 3<5
: 20 | .65 | .18 | .64 | 40 | 41 | .10 [ .91 | .78 | .52 | <1-2<4
(A) 2<3
b 92 |85 |60 |56 |70 |68 |28 |27 |8 |78 |<5<1<4
o 2<1
bo (A) 73 |78 |61 |70 |86 |87 |14 |18 |87 |85 | <3-5<4
o 2<3
< () 94 |07 |80 |8 |93 |97 |45 |51 |96 |95 | -5<1<4
( ) 2<3
average taxes 87 |90 |67 |70 |83 |84 |29 |32 |89 |8 |<1-5<4
o 2<1
3
Vo (A) 82 |8 |65 |65 [82 |8 |29 [30 |87 |87 |-3<5<4
(all) 2<3
average 86 |88 |66 |69 |8 |84 |29 |32 |88 |8 |-1=5<4
average temperature 2<3
(Ang+Brt) 387 368 384 430 387 | 15w
.. bo<a ao<b ao<b bo<a ao<b
axes variations
0<Co 0<Co 0<Co 0<Co 0<Co
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Table 9 Relative unit-cell parameters of the investigated samples, calculated from the ratio of the data

outlined in Table 5 and Table S20 in the ESM (marked here with ")
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Sam Sam Sam Sam Samp sample
ple 1 ple 2 ple 3 ple 4 le 5 variations
Ia® 1.00 1.00 1.00 1.00 1.001 2<3<5
ol 170 117 144 246 56 <1<4
bo/b’ 1.00 1.00 1.00 1.00 1.001 2<1<3
0 129 112 150 202 46 ~5<4
I 1.00 1.00 1.00 1.00 1.001 2<5<3
colc 149 121 146 214 40 ~1<4
average 1.00 1.00 1.00 1.00 1.001 2<1-3
(axes) 149 117 147 221 47 ~5<4
1.00 1.00 1.00 1.00 1.004 2<1-3
Vol V' 444 350 444 667 48 ~5<4
average 1.00 1.00 1.00 1.00 1.002 2<1-3
(all) 223 175 221 332 2 5<4
ratio of bo<co a0<bo 20<Co bo<co co<bo
axes variations <ag <Co <bo <ap <ag
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