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ABSTRACT
Ye’elimite-larnite rocks in the Hatrurim formation of the Negev Desert, Israel, are natural
analogues of belite sulfoaluminate (‘BSA’) cement clinkers. They have been produced by
ultra-high temperature combustion metamorphism at ambient pressure of a calcareous
sedimentary precursor. Their mineralogy consists of 35-50 vol% B - Ca,;Si04, 15-20 vol%
ye’elimite, 7-15 vol% ferrites; and 15-20 vol% fluorapatite and/or fluorellestadite. A few

grains of hatrurite (Ca3;SiOs) and o' - Ca,SiO4 have been observed as well. The
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composition of a'- and B - Ca;SiO4 polymorphs by EPMA are near Cajge1.9sNago1-
0.02510.96P0.03Al0.0104, Whereas ye’elimite has an approximate composition by EPMA of
Ca3.90Mg0.02Bag.01Nao.02Ko.02Als 73Fe>"0.16S10.1050.97P0.02016. The  Al-content  of
brownmillerite Cay(Fe;xAlx),Os ranges from x =0.20-0.27. Fe-analogue of shulamitite
(CazFe,;TiOg) contains up to 15.1 wt% TiO,. Ye’elimite-larnite rocks were derived from
chalky sediments by burning of combustible gas with a Ty, at 1200-1350 °C. The
mineral content, microstructure and texture/fabric of the ye’elimite-larnite rocks imply that
chalky and/or marly sediments with randomly distributed clay, phosphorite, and gypsum
may be utilised as cheap naturally homogenised and pulverised mixtures for industrial
production of BSA cement clinker, as an environment-friendly alternative to ordinary

Portland cement (‘OPC’).

Key-words: ye’elimite-larnite rocks, sulfoaluminate clinkers, Ca,;SiO4 polymorphs, marly

raw materials, combustion metamorphism.

INTRODUCTION

Belite sulfoaluminate (‘BSA’) cements are generally friendlier to the environment
compared to ordinary Portland cements (‘OPC’) for a number of reasons, notably: (1)
lower CO, emission by about 10-25 wt% assuming alite is nearly completely exchanged
for Ca,SiO4 polymorphs (Senff et al. 2011, Justnes 2012); (2) lower -clinkering
temperatures (1 200-1 350 °C compared to 1 400-1 450 °C in OPC) and thus reduced fuel
demand for burning (Taylor 1997); (3) lower alkali-content of the produced clinker
beneficial for prevention of deleterious alkali-aggregate reaction in concrete (Broekmans
2012); (4) application of industrial wastes and/or by products as valuable mineral

resources, eg. fluidised-bed combustion wastes, low-quality pulverised coal fly ashes,
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gypsum from flue-gas desulfurisation (Zhang et al. 1999, 2012, Quillin 2001, Gartner
2004, Gartner and Li 2006, Cuberos et al. 2010, Idrissi et al. 2010, 2011, Justnes 2012,
Aranda et al. 2013). These environmental aspects also bring additional commercial

advantages, as (re-)use of wastes, by-products and/or less pure natural raw materials is

generally cost-saving.

Raw meal formulations for BSA clinkering as well as composition and performance of the
product clinker constituents have been discussed extensively in the literature, eg. Gartner
and Li (2006), Idrissi et al. (2010, 2011), Carmen Martin-Sedefio et al. (2010), Cuberos et

al. (2010), Pollmann (2010, 2012), among many others. The most challenging lacunas in

current knowledge yet to be resolved comprise:

1. inexpensive formulations for raw meal to obtain optimal proportions of ye’elimite
(CagAls012[SO4], or C4A3STT in CAS cement notation (see Bogue and Steinour,
1961, and Table 1), essential for early strength development in BSA concrete, and

o’ - Ca,Si04 and/or B - Ca;Si04 polymorphs (C,S in CAS notation) delivering good

long term strength.

2. minimize or inhibit formation of non-hydraulic phases like eg. gehlenite (C,AS),
sulfospurrite (CsS,S[1), spineloids (MA), magnesioferrite (MF), and various F

and/or P - bearing compounds notably fluorapatite, fluorellestadite, and cuspidine

etc.

3. the effect of main and trace elements in the raw meal on the phase composition of

the product clinker and stabilisation/destabilisation of individual mineral

constituents.

4, the partitioning of trace elements inherited from raw materials in and among clinker

constituents.
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The combined effect of multiple chemical elements on crystalline clinker phase
stability, melting point position, and hydration behavior is very complicated and
analytically challenging to unravel. Thus, clinker minerals are typically investigated in
experiments with a limited number of well-characterized phases, for various compositions
(Fukuda and Taguchi 1999, Benarchid et al. 2004, 2005, Marinho and Glasser 1984,
Fukuda and Ando 2002).

Ye’elimite-larnite (YL) rocks studied here occur in the Negev Desert (Dead Sea
region), where anhydrous clinker phases have survived due to the extremely arid climate
(Goldreich 2003). They are of natural origin and were formed by decarbonation and
sintering of marine calcareous carbonate sediments with complex initial mineral content
and chemical composition. The chalky and/or marly precursor rocks contain variable
amounts of gypsum, phosphorite, and clays, with variable abundances of minor and trace
elements like eg. P, S, Se, F, Br, Sr, Ba, V, Cd, Cr, Ni, Cu, Ag, Zn, U, and others (Bogoch
et al. 1999, Techer et al. 2006, Fourcade et al. 2009, Sokol et al. 2010, 2012, Fleurance et
al. 2013). Its metamorphic rock product can be regarded as the equivalent of a natural
experiment of BSA clinker production. The relatively coarse grain size allows detailed
petrographic assessment of crystal habits and spatial distribution at microscale, as well as
mineral chemistry and element partitioning between phases. The thermal regimes of
industrial clinker production are compared with combustion metamorphism of sediments
upon natural burning of fossil fuel under geological conditions, by applying Ono’s method
(Ono 1980a, 1980Db) to the ye’elimite-larnite rocks. Improved knowledge of the mineralogy
of these natural ye’elimite-larnite rocks may contribute to the utilization of marl/impure

carbonate rocks as raw materials for industrial clinker production.

GEOLOGICAL AND PETROLOGICAL BACKGROUND
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Industrial cement clinkers are similar to natural carbonate and/or marl sedimentary
rocks subject to changes under high and ultrahigh temperatures at low pressure. These
rocks consist of silicates with high Ca:Si ratios, fully dehydrated and decarbonated, which
belong to the ultrahigh temperature low-pressure spurrite-merwinite-larnite metamorphic
subfacies (Grapes 2011). Unlike industrial technologies, the conditions of high- to
ultrahigh-temperature (up to 1 000-1 500 °C) and low (about ambient) pressure very rarely
occur in nature. At present only two natural heat sources are known to cause
metamorphism of sediments under such conditions. One is basaltic magma that entrains
sedimentary rock fragments on its way to the surface (Reverdatto 1973, Grapes 2011,
Sharygin 2012). The other source is heat released during the large-scale burning of fossil
fuel (coal, oil shale, gas, and oil). Burnt and fused sediments produced by these natural
fires are called combustion metamorphic (CM) or pyrometamorphic rocks (Church et al.,
1979, Gross 1977, Bentor et al. 1981, Cosca and Peacor 1987, Cosca et al. 1989, Sokol et
al. 2005, Grapes 2011, Grapes et al. 2009, 2011, 2013).

The so-called Hatrurim Formation (also known as the Mottled Zone) complexes in
the vicinity of the Dead Sea are an exceptional occurrence where the similarity of
combustion metamorphism to technological clinkering, in both processes and products, is
more obvious than anywhere else. The areas contain abundant and diverse calcium-rich
CM rocks with typical clinker mineralogy found in whole outcrops. Gross (1977, 1984)
and Kolodny (1979) were the first to recognize the similarity of these rocks with cement
clinker. Some minerals (spurrite, larnite, rankinite, wollastonite, parawollastonite,
gehlenite, mayenite, brownmillerite, various Ca ferrites, and fluorellestadite) are
widespread and rock-forming minerals in the Hatrurim CM rocks. Other typical clinker
phases such as nagelschmidtite, ye’elimite, pseudowollastonite (o - CS in CAS notation),

periclase (M), merwinite (C3MS;), hatrurite (alite, CsS), a' - Ca,SiO4 (analogue of type I
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belite), bredigite (C;MSy4), and grossite (CA;) are rare (Table 1) (Fleischer et al. 1978,
Gross 1977, 1984, Sokol et al. 2008, 2010, Kokh 2010, Seryotkin et al. 2012).

Bentor et al. (1963), Kolodny (1979), Burg et al. (1991, 1999), Khoury and Nassir
(1982), Khoury and Milodowski (1992), Khoury (2007) and Techer et al. (2000),
interpreted the Hatrurim Formation complexes as products of in situ combustion of low-
calorific fuel, specifically, disseminated bituminous matter in marine chalk. Gilat (1998),
Vapnik et al. (2007), Sharygin et al. (2008, 2013), Seryotkin et al. (2012), Sokol et al.
(2008, 2010, 2011), attribute CM events within the Hatrurim Formation complexes to local
breakthrough and ignition of high-calorific hydrocarbon gases, mainly methane. It is the
calorific capacity of the fuel responsible for combustion metamorphism of sediments that
is relevant to the current study. Although the origin of the Mottled Zone complexes has
been a subject of much discussion, the larnite-bearing CM rocks are generally agreed to
result from high-temperature (900 — 1 200 °C) solid-state reactions of decarbonation and
sintering (Kolodny and Gross 1974, Gross 1977, 1984, Matthews and Gross 1980, Burg et
al. 1991, 1999, Sharygin et al. 2008, 2013, Sokol et al. 2010, 2011). According to isotopic
and geological evidence, most CM rocks in the Hatrurim basin formed within the time
spans of 2.5 — 3.8, 1.6 — 5.4, and 1.2 — 1.7 Ma (Gur et al. 1995).

The Hatrurim Basin complex (11.3 x 7.3 km; 47.8 km?) is located in the northern
Negev Desert (31°12" N, 35°16" E) in the south-western side of the Dead Sea within Zohar-
Mesada tectonic block (Fig. 1). The Hatrurim Formation rocks were observed at several
levels of the section (mainly in the northern and central part of the area at depths from 30-
40 to 120 m) (Burg et al. 1991, Hirsch et al. 2008). Larnite-bearing rocks occur at several
levels, mainly in the northern and central parts of the area. In the lower part of the section
within 20 m above the base, larnite-bearing rocks are from a few tens of cm to 1-2 meters

thick and closely associated with gehlenite hornfels. Both the larnite and gehlenite rocks
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may grade into so-called pseudo-conglomerates by subsequent hydration (Gross 1977,
1984, Sharygin et al. 2008, 2013). The pseudo-conglomerates consist of “pebbles” and
“cobbles” (1 -2 to 15—-20cm in diameter) of CM relics in a light-coloured matrix of
hydration and/or carbonation products (mainly calcite, aragonite, gypsum, and ettringite,
with lesser amounts of tobermorite, jennite, afwillite, and hydrogarnet; Table 2). The
matrix also contains relic opaque minerals or occasionally grains of gehlenite and
rankinite. The secondary phases form distinct laminated aggregates that coat the pseudo-
conglomerate “pebbles” to form layered shells (Fig. 2). In the upper part of the section,
larnitic rocks occur as isolated mottles (to 10 m across) among strongly altered rocks. On
hilltops, monolithic larnite rocks make up separate isometric massive blocks, slabs or form

cliff scarps, up to 50 m across and 5 m thick.

SPECIMEN PREPARATION AND ANALYSIS

The ye’elimite-larnite rocks were studied by optical thin section petrography, with
scanning electron-microscope (SEM) for additional detail, and/or X-ray powder diffraction
(XRPD) for quantification of main constituents. In-situ mineral chemistry was assessed by
electron-microprobe (EMPA) at the V.S. Sobolev Institute of Geology and Mineralogy —
IGM in Novosibirsk. Bulk whole-rock compositions of main elements were analyzed by
inductively-coupled plasma atomic emission-spectrometry (ICP-AES) at IGM, of trace
elements by synchrotron-radiation X-ray fluorescence (SR-XRF) at the Institute of Nuclear
Physics in Novosibirsk.

Thin sections of YL rocks were prepared using standard equipment and protocol
(eg. Humphries 1992). Polished thin (200-300 um) sections in epoxy resin were used for
optical studies. The thin-section top surface was polished and the sections were studied

with both transmitted and reflected light. Petroleum was used for coolant/lubricant to
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accommodate preparation of hydrophobic materials. Thin sections were finished by
polishing using 0.25 pm diamond paste. Prior to assessment in SEM, polished sections
were sputter coated with ~30 nm gold — Au, for chemical analysis using EMPA as well as
for elemental mapping using SEM with carbon — C.

For mineral identification by XRD all natural sample materials were crushed and
pulverized under iso-propanol. After overnight drying at 50 °C in a covered petri dish and
homogenization, powders were front-loaded in a dimpled sample holder and the surface
finished with a glass slide. Mounted specimen of all the rocks mentioned in the Table 2
were analyzed in a Bourevestnik DRON-3 diffractometer with Bragg-Brentano geometry,
using bulk CuKo radiation with A =1.54178 A. Scans were recorded from 6-60 °20 at
0.05 °26 increments with 5 s scanning time per step. Mineral phases were identified with
Bourevestnik proprietary software using ICDD card file data. From these diffractograms it
is possible to identify the presence and relative amounts of the main crystalline phases:
larnite (C,S), ye’elimite (C4A3ST]), gehlenite (C,AS), fluorapatite (C;oP4 f) or
fluorellestadite (C10$3§3 E) and brownmillerite (C;AF), as well as identify minor
amounts of secondary tobermorite and gibbsite. The obtained phase compositions are close
to those identified by the SEM, EMPA, and optical studies (Table 2).

After then three principal rock samples (YV -410, YV -411, and YV - 412) were
characterized through X-ray powder diffraction in Mines Douai, in Douai, France. XRD
was conducted in a Briiker D8 diffractometer with a Co Ka radiation (1.78 A) source in
10-80 °26 range at 0.05 °260 increments with 5 s scanning time per step range. The pattern
indexation has been carried out using Bruker Diffrac Eva software. Fig. 3 shows the
selected (characteristic) range of the XRD plots for the comparative YL rocks.

Microfabric and phase distribution were assessed in LEO 420 SEM and JEOL

JSM6380LA scanning electron-microscope instruments on both Au- and C-coated polished
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thin sections, at chamber vacuum pressure 10~ Torr (~0.01 Pa). Both instruments were
operated at 10 kV and 2.0 nA beam current (Faraday cup). Images were acquired in both
SE and BE modes.

In-situ chemical compositions of individual mineral grains were assessed using
CAMECA Camebax-Micro and JEOL JXA-8100 microprobe instruments, on C-coated
polished thin sections. Chamber vacuum was kept at 10 Torr (~0.001 Pa) or better. Both
instruments were equipped with a single EDS spectrometer and five WDS spectrometers
with LiF, PET, or TAP crystals. Mineral compositions were analyzed at 20 kV, beam
current of 15-30 nA, acquisition time of 10 s, and beam diameter at the point of incidence
on the specimen surface of 2-3 um. The analyzed grains were > 10 um in size. For the
minerals sensitive to elemental species migration and evaporation upon beam exposure
(particularly ye’elimite and fluorellestadite) the beam was defocused to 5-10 um in
diameter, current reduced to 10 nA, and counting time reduced to 5 s. Measurement of F
was allocated to a WDS-TAP detector at the start of an analytical run, to further minimize
evaporation artifacts (see Morgan and London 2005). Peak overlaps for CaKg-PK, and
SiK,-SrL, were automatically compensated by the instrument software, and matrix
correction using ZAF algorithm was applied to raw data prior to recalculation into major
oxides. Analytical accuracy is within 2 %-relative for >5 wt% elements, and about 5 %-
relative for <2 wt% elements, notably Na, K, CI, and F. Data and net detection limits are
tabulated in wt%. Oxide contents are recalculated into atoms per formula unit — apfu
following routine procedures outlined in eg. Deer et al. (1992) and Papike (1987, 1988).

Samples for bulk whole-rock geochemical analysis were crushed in a jaw breaker to
<0.5 mm and homogenized. Next, ~10 g aliquots were pulverized in a vibratory disc mill
with agate lining, and homogenized. The aliquots were well representative because all

rocks were fine-grained, with uniformly distributed main and accessory phases (see the
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section Sample Materials below and Fig. 5). Exactly 0.2 g of sample powder was mixed
with 0.6 g of lithium metaborate in a platinum crucible. Samples were fused in a muffle
furnace at 1050 °C for 20 min. Each sample was removed from the furnace, placed directly
into 100 ml of 3.5 wt% HNO;, and was mixed on a magnetic stirrer until complete
dissolution (usually 20-30 min). The solutions were then transferred into 250 ml
volumetric flasks and made to volume with deionized distilled water. Each sample was
further diluted prior to analysis by adding 3.5 wt% HNOs. The final solution was fed into
IRIS Advantage (Thermolarrell International Corporation, USA) instrument at IGM
(Novosibirsk) for analysis by ICP-AES. For details of the analytical procedure see
(Shatsky et al. 2006). The trace elements were analysed at the Siberian Synchrotron and
Terahertz Radiation Center (SSTRC) based on the laboratories of Budker Institute of
Nuclear Physics, Novosibirsk, using precise synchrotron radiation X-ray fluorescence
analyses (SR XRF) with EDS (energy-dispersion spectroscopy), at 23 kV and 42 kV
excitation energy (Phedorin et al., 2000). The instrument accuracy of the SSTRC analyser
was previously estimated (Zvereva, 2009) to range from 5 % to 20 %, increasing towards
lower concentrations to the maximum at <10 ppm. The element abundances were measured
in 50 mg fine powder (<20 pum) in samples compressed into 6 mm pellets at 120 —
150 kg/cm®. All measurements were run in triplicate (in three different pellets) and quoted
as the averages. The difference between element abundances within the triplets did not
exceed the relative error of each determination. Data and net detection limits for major
oxides and trace elements are tabulated in wt% and ppm [mg/kg], respectively (Tables 3

and 4).

SAMPLE MATERIALS

10
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Fresh ye’elimite-larnite rocks were sampled from a huge stack of prehistoric
knapped waste and bifacial tools which was discovered by Dr. Ye. Vapnik in 2009 (Vapnik
and Vardi 2013, Vardi and Cohen-Sasson 2012, Zenin 2012). The stone tools, fabricated
mostly from YL rocks or less often from gehlenite-larnite hornfels, were found on the top
of Mount Har-Parsa (31°12'38,71" N; 35°16'57,81 "; h=299.7 m) in the central Hatrurim
Basin. The tool-makers apparently preferred Ca-rich CM rocks to abundant cherts
available in the vicinity. Massive larnite and gehlenite varieties crop out in small but
numerous cliffs upon and near the flat top of Har-Parsa, while ye’elimite-larnite rocks
occur more often as “balls” coated with secondary hydration and carbonation products
(Figs. 2 and 4).

The Har-Parsa fresh ye’elimite-larnite rocks are deep brown, grey to black, fine-
grained, dense, and homogeneous. The YL rocks studied here are compositionally uniform
with least variation in contents (in diminishing order; see Table 3) of CaO, SiO,, Al,Os,
Fe,0s, P,Os, MgO, and TiO,, and significant variation in SO3; (~ 4 x) Na,O (~ 5 x), and
K,0 (> 20 x). Their contents (in diminishing order; see Table 4) in Sr, Ba, Zn, Cr, Ni, V,
Se, and U are generally interpreted as inherited from the sedimentary protolith. The Har-
Parsa YL rocks consist of 35-50vol% larnite, 7-15vol% of opaque minerals
(brownmillerite, Fe''- analogue of shulamitite (C3FT in cement notation),
magnesioferrite); 15-20 vol% fluorellestadite or sulfate-bearing fluorapatite, and 15-
20 vol% ye’elimite (Figs. 5 and 6).

Sample YV-410 is a stone tool manufactured from a homogeneous, massive,
microcrystalline (5-30 um) dark grey and greenish hornfels. The main phases are gehlenite,
larnite, ye’elimite, and fluorapatite. The minerals are uniformly distributed, except opaque
phases (up to 200 pm). Ye’elimite contains larnite, hatrurite, and opaque minerals as oval

inclusions. The sample also contains a few small grains of hatrurite. Some of the ye’elimite

11
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grains has decomposed and gave way to AI(OH); formed in their place. Tobermorite is
present in trace amounts and is identified from the strongest X-ray diffraction line
(20 10.8° (Cuky)). Opaque minerals are fresh and show no indications of
hydration/oxidation.

Sample YV - 411 is a stone tool and YV - 412 is the same rock collected from the
outcrop. The rocks are homogeneous, massive, microcrystalline (5-30 um) with a deep
brown colour and typical hornfels texture. Mineral distributions is relatively uniform
(Fig. 5), with larnite, ye’elimite, fluorapatite (YV -411), and fluorellestadite (YV - 412)
being the rock-forming phases. All minerals (except opaques) host numerous mineral
inclusions and, in turn, may be hosted by any of the other minerals. The rock contains
larnite (P - Ca,Si04) as rock-forming mineral and a” - Ca,Si04 as sporadic grains. Among
the opaque phases, brownmillerite with low Ti is predominant, magnesioferrite is
secondary; Cr - bearing barite is an accessory. Accessories in YV - 412 include periclase,
two rare selenides, namely Cu,Se (berzelianite or bellidoite), eucairite (CuAgSe), and
vorlanite ((CaU®")0y,) or “protovorlanite” CaUQy, recently discovered uranium minerals
(Galuskin et al. 2011, 2012, 2013, Othmane et al. 2013). Slight hydration is evident in
some ye’elimite grains that are replaced by gibbsite (Fig. 6). Trace amounts of tobermorite
is the hydration product of dicalcium silicates.

Sample YV - 413 is a man-made breccia of YL rock artefacts of an unusual origin.
Gallets of larnite-bearing (mainly YL) rocks that have remained stacked at the tool
production site have become cemented with secondary calcite to form monolithic breccias
due to hydration and carbonation during weathering. As a result, each gallet has acquired a
thin coating of fine secondary calcite. Immediately beneath the calcite coating, there is a
thin (0.1-0.2 mm) zone of hydration where larnite has been completely consumed. The

interior of gallets larger than 5 mm are not visibly weathered (Fig. 5).
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MINERAL CONTENT AND CHEMICAL COMPOSITION

Dicalcium silicates. Both a” - Ca;Si04 and B - Ca,S104 (C,S; for CAS notations see
table 1) polymorphs occur in the YL rocks. Larnite (B-Ca,Si04) is a main phase (up to 40-
50 vol%) and is similar in appearance to type II belite from production clinkers (Figs. 6-8)
(Taylor 1997, Campbell 1999). It forms rounded grains, typically 20 to 40 um (rarely up to
50 um) and shows a single set of distinct striations, which are polysynthetic twins after
(100) or (010) arising from a'r - Ca,SiO4 to B - Ca,Si04 transformation (Taylor 1997). In
thin section larnite appears colourless or greyish. Larnite grains are free from zonation,
cracks, pores, or overgrowth structures; in some cases they contain ye’elimite inclusions
and overgrowth brownmillerite and/or an Fe’*- analogue of shulamitite. Silica in the
larnite (32.1-34.5 wt%) is below the theoretical value (34.9 wt%), and is typically
substituted by P (0.45-1.92 wt% P,0s) or less often by Al (0.08-0.29 wt% Al,O3). Sulphur
occurs in a few grains (to 0.14 wt% SOj;) (Table 5). The lack of significant correlation
between Al and S argues against the 2AI’" + S® — 3Si*" substitution inferred for clinker
belite (Taylor 1997). CaO is also below the theoretically predicted amount (63.4-
64.7 wt%) in ideal larnite, because of substitution of Na, K, Sr, Ba and Mg. Sodium
correlates with the whole-rock soda content and reaches 0.62 wt% Na,O, with the rock
containing 0.18-0.47 wt% NaO. Potassium is up to 0.18 wt% K,O. Sr, one of the most
important industrially-used stabilisers of a-, a'-, and B - Ca,;SiOs polymorphs, does not
exceed 0.25 wt% SrO, and its average bulk rock contents are 1 400-2 000 ppm. Barium,
another stabiliser of B - Ca,Si04, was found in a few grains (up to 0.26 wt% BaO), as well
as magnesium and iron (up to 0.31 wt% MgO and 0.41 wt% FeO). V,0s approaches its
detection limit (up to 0.08 wt%). Thus, total impurities in larnite from YL rocks are 2-

3 wt%, which distinguishes them from high-temperature clinker belite (mainly a- and o'-
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Ca,Si04) with typically 4-6 wt% of substitute oxides, usually P,Os, Al,O3, Fe,0; or Na,O
(Taylor 1997, Campbell 1999, Fukuda and Taguchi 1999, Benarchid et al. 2004, 2005).

The phase a’-Ca,;SiQy4, not yet confirmed as a new natural mineral species and
sometimes misnamed bredigite (Ca;Mg[SiO4]4 — C;MS,, see Taylor, 1997 for details), is
extremely rare in the studied YL samples. It was identified on the basis of its rounded
morphology in a single YL sample, YV -413. The round grains have indistinct crystal
faces and show two sets of intersecting lamellae, indicating an affinity to a natural
equivalent of type I belite. Two types of symmetry-related domain structures of f-form are
set in a o' - Ca;Si04 matrix. The striations intersect at an angle of 60 ° or 120 ° in cross-
sections perpendicular to the Cy - axis of the host. In other sections, lamellae cross at 23 °,
15 ° and 27 °. The orientation relationship between the host o' - Ca,;SiO4 and the B - form
lamellae is {1120 }¢ || {100} and <0001> || <010>p. Most B - lamellae show {100}
twining (Fig. 7). The orientation of B - form lamellae in host o' - Ca,SiO4 are identical to
microtextures fixed in cement belites (Ca;Si04 solid solutions) by Fukuda and Maki (1989,
1993) and Fukuda (2001) (Fig. 8). The two sets of lamellae intersect at 60° and have been
generally attributed to the a - Ca,SiO4 to o - Ca;SiO4 inversion that survive only on
quenching at temperatures above 1 280°C (Fukuda 2001). The average composition of the
o’ - Ca,Si04 polymorph determined by EMPA (using a beam diameter of 2 um which
covers an area of <4 um) is (in wt%) 63.6-64.1 CaO, 34.2-35.1 SiO,, 0.38-0.41 Na,O,
0.09-0.14 K0, 0.60-0.99 P,0Os; Mg. Cr, and V are about at their detection limits; S and Sr
are undetected.

Hatrurite (Ca;SiOs — C;S) was identified only (by EDS in sample YV - 410), with
the composition (wt%) 51.8 Ca, 11.1 Si, 1.1 Al, 0.40 Mg, 0.60 P, and 35.0 O (£ =100.0),

coincides well with calculated values for pure the Ca;SiOs of 52.66 wt% Ca, 12.30 wt% Si,
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and 35.04 wt% O (X =100.0). The mineral occurs sporadically as etched grains < 10 um,
too small for analysis with additional methods.

Calcium sulfoaluminate (CasAlgO12SOs — C4A3ST) known as the mineral
ye’elimite, is extremely rare in nature. Until recently, it was found nowhere else but in the
Hatrurim CM rocks where it was originally discovered (Gross 1983, Sharygin et al. 2008,
Sokol et al. 2010, Kokh 2010, Galuskin et al. 2013); subsequently it was found in
metacarbonate xenoliths from the Ettringer Bellerberg volcano in the East Eifel, Germany
(Sharygin 2012). In the analyzed YL samples, ye’elimite is a rock-forming mineral (up to
15-20 vol%) forming colourless rounded grains of 5-50 um diameter (Figs.5 and 6).
Grains with up to 2.90 wt% Fe,O3 in sample YV - 411 have an ochre tint extending from
rim to core. Ye’elimite always contains numerous inclusions of Ca,SiO4 and sporadic
opaque minerals. The mineral commonly remains fresh but sometimes contains
microscopic vugs filled with aluminium hydroxide.

The ye’elimite composition (wt%) differs slightly from its ideal formula
CasAlg012(S04), with 45.6-48.0 AL,O3, 35.2-36.9 CaO, and 11.2-12.7 SOs (Table 6); SiO,
(0.42-1.80), Fe,O3 (1.80-2.90), and SrO (0.20-0.47) are impurities. Occasionally,
ye’elimite may contain (wt%): BaO (up to 0.94), K,O (to 0.43), P,Os (to 0.26), Na,O (to
0.23), and Cr,0s3 (to 0.17); Ti, Mg, and V in all samples, as well as K, Na. Cr, and P in
some samples, are below or about detection limit. No fluorine or chlorine have been found.
By analogy with CasAl.20Fe2xSO16 with Xx=0, 0.2, and 0.5 synthesised by (Idrissi et al.
2010, 2011), the natural mineral may be considered as calcium sulfoaluminate doped with
Fe’" at Xpax ~ 0.1,

Fluorapatite C;P4 F and fluorellestadite C10S;3 S occur as the largest crystals
(from 50 up to 200-400 um) in the YL rocks and are crowded with inclusions of larnite,

ye’elimite, and opaque minerals (Figs. 5 and 6). Small crystals are anhedral. Prismatic
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habits were only noted in a few of the largest crystals. Both minerals are solid solutions
with nearly constant (wt%) CaO of 55.0-56.7 and variable P,Os (10.7-28.3), SO; (7.82—
16.6), SiO, (5.48-14.2), and F (2.52-3.45). The main impurities (wt%) are SrO (0.17-
0.34), V1,05 (0.12-0.58), and FeO (0.04-0.33); Cl was below detection limit (< 0.03). Minor
amounts of ALLOs (up to 0.11 wt%), and Na,O (up to 0.09 wt%) were present in some
grains. Fluorapatite generally contains only slightly more total impurities than
fluorellestadite (~ 1 wt% against ~ 0.7 wt%) (Table 7). Unlike zoned fluorellestadite from
CM rocks of coal fire sites (Zateeva et al. 2007), those from YL rocks are homogeneous.

The opaque minerals in YL rocks are mainly brownmillerite (Cay(Fe;_xAly)205 —
C)ALFix) and an F et analogue of shulamitite (CasFe,TiOg — C5FT). Both minerals are
light- to dark- and red-brown in transmitted light. Brownmillerite is relatively abundant (up
to 10 vol%) and forms irregular or prismatic grains and intergrowths (up to 300 um). The
Fe’" - analogue of shulamitite is rare (1-5 vol%) and form long-prismatic crystals as well
as anhedral grains (up to 20 x 5 um) (Figs. 5 and 6). The mineral was discovered in CM
ye’elimite-larnite rocks (Sharygin et al. 2008, 2013) and in xenoliths in ignimbrite from the
Northern Caucasus, Russia (Galuskin et al. 2011). The compositions (wt %) of the Fe’* -
analogue of shulamitite are CaO (42.2-42.8), TiO, (16.1-17.9), Fe,O5; (30.9-35.1), and
Al,O3 (4.65-5.22), while other major oxides are present as impurities: 0.70-2.67 SiO,, up
to 0.54 MnO, to 0.45 MgO, and to 0.2 Cr,0O;. Grains of the Fe’' - analogue of shulamitite
appear homogeneous in BSE images and are free from reaction or overgrowth rims. It
survives intact akin to water non-reactive perovskite-like phases CaFe;TixOs4 and
particularly CsFT in cement clinkers (Stober et al. 2013).

The composition of brownmillerite Cay(Fe, xAlx)Os varies in a range of X = 0.40—
0.54. Impurities (wt%) are SiO, (0.71-1.93), TiO; (2.12-2.99). Cr,03 (0.19-0.66), and MgO

(0.63-0.86). Concentrations of other oxides are usually less than 0.07 wt% (Table 8). Thus,

16

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

2/26



398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am.2014.4704

brownmillerite from different YL samples is compositionally similar to those from
combustion metamorphic and pyrometamorphic metacarbonate rocks from elsewhere
(Sharygin et al. 2008). They are also close to Al-rich compositions of Ca,(Fe,xAlx)Os solid
solution (0.46< x <0.56) belong to a space group Pnma (Redhammer et al. 2004, Stober et
al. 2013). Whereas solid solutions with higher AI’* concentrations 0.57 < x belong to body-
centered space group I12mb (Redhammer et al. 2004, Stober et al. 2013) have not been
found (detected) in YL rocks.

A typical brownmillerite in ordinary Portland cement clinkers differs markedly
from that of C4AF (in wt%: 46.1 CaO; 21.0 Al,O3; 32.9 Fe,03), contains about 10 wt% of
impurities and has much lower Fe,Os;. Its average composition is
CaAlFey ¢Mgo2Sig.15Tio 0505, being derived from that of C4AF by substituting Mg2+ and
equal amounts of Si*" and Ti*' for Fe’" (Taylor, 1997). In calcium aluminate cements
enriched in TiO; ferrite phases show higher Fe/Al ratios and can uptake large quantities of
trivalent manganese up to % of Fe’* ions in the octahedrally coordinated position (Stober et
al. 2013). Mn®" in brownmillerite from Portland cement clinkers can completely replace
Fe’" or up to 60 %-relative of AI** (Taylor 1997).

An average YL brownmillerite composition is Ca;.96Mgo oaFe;.38Al0.47S10.04Ti0,0805.
Like brownmillerite from cement clinkers, the natural counterparts show little or no
substitution for Ca*". Si, Mg, and Ti in natural brownmillerites are impurities with Mg
mainly concentrated in magnesioferrite and Ti in Fe’" - analogue of shulamitite (Tables 2
and 8). The analyzed brownmillerites have almost no Mn, which is very low in the
sedimentary protolith and YL rocks (0.01-0.26 wt% MnO) (Table 3).

Magnesioferrite occurs interstitially as isolated grains (up to 10 um) and as
intergrowths (up to 40 x 60 um). Fe,O3 is 61.4-64.7 wt% and MgO is 19.8-21.4 wt%;

impurities are CaO (0.45-1.23), TiO (0.33-0.40). Cr,03 (0.8-1.63), MnO (up to 0.46), NiO
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423  (to 0.41), and ZnO (to 0.81). Sample YV -412 also contains oval grains of periclase
424 (=5 pum) with the impurities of 0.95-2.62 wt% FeO, 3.13-3.60 wt% NiO, and 1.85-
425  2.58 wt% ZnO. Barite is found as anhedral grains (up to 30 um) in interstitial areas and
426  contains (in wt%): CaO (0.57-1.05). Cr,O; (0.47-1.01), and SrO (0.47-0.77).

427

428 DISCUSSION

429  Bulk whole-rock compositions of ye’elimite-larnite rocks and BSA clinker

430 Compositions of the YL rocks differ markedly from those of BSA clinker from the
431  Chinese cement industry produced with bauxite known as the TCS series (Zhang et al.
432 1999, 2012), in that they have higher SiO,. CaO, and P,Os contents, and lower Al,Os,
433  TiO,, MgO, and SO; contents. Nevertheless, the YL rock compositions fall within the
434  composition range of BSA cement clinker obtained by sintering homogenised mixtures of
435  pulverised limestone, clay, and gypsum at T =1 150-1350°C (Gartner and Li 2006)
436  (Table 3). According to the patent claim, the optimum phase composition of BSA cement
437  clinker includes 15-35 vol% brownmillerite — calcium aluminatess (C2AxF 1, X =10.2 - 0.8),
438  45-65 vol% belite (both a’- and P - Ca,SiO4), and 20-30 vol% ye’elemite, and lesser
439  amounts of anhydrite, alkaline sulfates, perovskite, gehlenite, and periclase (0.1-10 vol% in
440  total). The mixture also contains boron which promotes the primary formation of o’ -
441 Ca,SiOy.

442 BSA clinkers and YL rocks are similar both in chemistry and mineralogy (Table 9).
443  However, the Har-Parsa CM rocks contain mostly the - Ca,SiO4 polymorph while their
444  industrial counterparts may contain either - or y - Ca,SiO4 forms (Zhang et al. 2012), or
445 o’ - CaySi04 (Gartner and Li 2006). The micro-structure of natural larnite, with a single set
446  of polysynthetic twins, indicates heating in the field of o’ - Ca,Si0y4 stability followed by

447 o’y - CasSiO4 to B - CaySiO4 transformation during cooling (Taylor 1997, Campbell 1999,
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Fukuda 2001). This inference is supported by the presence of a few a” - Ca;SiO4 grains in
the analyzed YL samples and the absence of y - Ca,SiO4.

Generally, the homogeneous and monolithic structure of YL rocks from Har-Parsa,
as well as the fact that early humans used them for making bifaces tools, which have to be
extremely hard and heavy, provides evidence of combustion metamorphism under
conditions especially favourable for the P - Ca,;SiO; stabilization. On the other hand, the
Hatrurim Formation may have originally included Ca-rich CM rocks with y - Ca;SiOy as
well, because slow cooling occurred at temperatures (T < 500 °C) corresponding to the f3 -
Ca,Si04 to v - Ca,Si04 polymorphic transition (Yamnova et al. 2011). The densities of B -
Ca,Si04 (P2/n) and y - Ca,SiO4 (Pbnm) polymorphs are 3.28 g/cm’ and 2.97 g/cm’,
respectively, and the B to y transition is known to cause considerable volume expansion,
the expansion stress being sufficient to shatter or pulverise clinkers (Taylor 1997). As
Zhang et al. (2012) have shown, the pulverisation ratio in a slowly cooling BSA clinker
destabilised with impurities of Fe,O3; and Al,O3 in § - Ca,;SiO4 approached 85 %-relative,
when the P - Ca,SiOy4 to y - Ca,Si0O4 transition ratio was about 40 %-relative; it reached
20 %-relative at as low as 4.8 %-relative y - Ca,Si04 and the ratio p - Ca,Si0y /y - CazSiO4
= 5. Therefore, such self-pulverising rocks obviously should have a very short existence in
the natural environment. Caused by the f§ - Ca,SiO4 to v - Ca,SiO4 transition, the rocks
inevitably decrepitated to powder and were dispersed by wind in the arid desert conditions,
or were carbonated and sulphatised during periods of more humid climate. Whatever the
natural setting, CM rocks that were originally rich in the high-temperature Ca,SiO4
polymorph and then cooled down slowly at T <500°C had no chance to survive intact.
Such a mechanism may explain some of the carbonated retrograde rocks of the Hatrurim

Basin.
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Another point of difference between YL rocks and BSA clinkers is the composition
and percentages of sulphate-bearing phases. The amount of ye’elimite is 75-20 vol% in
BSA clinker but is no more than 20 vol% in YL rocks, being limited by low Al in the
marine chalky protolith. We found neither anhydrite nor alkaline sulphates in the Har-
Parsa samples. On the other hand, biogenic fluorine-bearing apatite in the sedimentary
protolith has given rise to complex calcium fluoride-sulphate-phosphates. The much lower
Al in YL rocks than in the BSA clinker account for lower ye’elimite content (see above),
as well as markedly larger amounts of the perovskite (CaTiO;) endmember in the
Ca(Fe,Al),05-CaTiO; pseudobinary series. Under these conditions, the Fe-analogue of
shulamitite becomes a significant opaque phase in natural rocks. Minerals of secondary
importance and accessories (gehlenite and periclase) in the YL rocks and BSA clinker are

similar.

Element partitioning during formation of natural equivalent of BSA clinker

Calcium is the principal cation which forms eight mineral species in the studied
rocks. Silica mostly resides in larnite and enters fluorapatite-fluorellestadite solid solutions.
The same minerals incorporate some S as sulphate, most of the phosphate P present, and
all F. Larnite (B - Ca;SiOy) is the next most important scavenger of P, and to ever lesser
extent Na, K, and Sr. The characteristic wt% concentrations of B - Ca,SiO4 stabilising
impurities are 0.3 P,Os, 0.3 B,03, 1.0 Cr;03, 1.2 NayO, and 1.5 K,O (Zhang et al. 2012).
Phosphorus is obviously the principal stabiliser of B - Ca;SiOj in the sintering of natural
sediments; in the larnites we studied, P,Os is 0.88-1.56 wt%, which is 3-5 times its
characteristic concentration (Table 5). Na,O (0.33-0.51 wt%) and K,O (0.06-0.11 wt%) are
both within the lower limit of the § - Ca;SiO4 to y - Ca;SiOy4 transition. Chromium is absent

from larnite in the natural BSA analogues, but rather resides in opaque minerals and barite,
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existing as (CrOg4)” -group in the latter to form barite-hashemite solid solution (BaSO4 —
BaCrOy). Iron and aluminium, 0.13-0.17 wt% FeO and 0.12-0.29 wt% Al,Os in natural
larnite, show neither anti-stabilisation or shielding effects (Zhang et al. 2012) nor does it
weaken the P-stabilisation of B - Ca,SiOy.

Al resides in ye’elimite (46-48 wt% Al,O3) and in opaque minerals (5-20 wt%
ALO3;). Iron is mostly present in opaque phases and is also an important impurity in
ye’elimite (2-3 wt% Fe;03) and periclase (0.90-2.25 wt% FeO). Opaque minerals also
concentrate almost all Mg, Ti, and Mn.

Finally, Ba, Sr, and V occur in fluorapatite-fluorellestadite solid solutions. Ni and
Zn in periclase, and the incompatible elements Cu, Ag, Se, U in accessory minerals. They
are the latest phases to form in the YL samples and most likely result from fractionation of
the respective impurities from the growing rock-forming minerals. It suggests relatively

stable growth conditions and long-term high-temperature sintering.

Thermal regime

Based on the mineralogical similarity of the Hatrurim YL rocks and BSA industrial
clinker, we use Ono’s method (Ono 1980a, 1980b, Maki 1994, Campbell 1999) to
reconstruct the thermal regime of the natural CM samples and, more specifically, to
determine relative changes in sintering conditions (Tpax, burning time, and rates of heating
and cooling) (Table 10). Clinker phases from the natural YL rocks show a number of
features, namely: (i) crystal morphology with rounded larnites and prismatic ferrites; (ii)
uniform distribution of minerals, including interstitial opaque phases; (iii) prevalence of
the B - Ca,Si04 form, with few grains of the a” - Ca;SiO4 form; (iv) chemical homogeneity
of larnite, ye’elimite, fluorellestadite, fluorapatite, and opaque minerals; (v) uniform

distribution of impurities and absence of zonation within them. These features provide
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evidence of prolonged heating of sediments at high temperature, below the C4AF melting
point (T <1300 °C) (De la Torre et al. 2011). Inasmuch as all CM rocks studied contain
ye’elimite, the temperature 1 350-1 400 °C above which it decomposes (Idrissi et al. 2010,
De la Torre et al. 2011, Zhang et al. 2012) is probably the upper limit of combustion
metamorphism of YL chalky protolith.

Ono’s method estimates burning time for thermal processes in industrial cement
clinkers of about four hours. Extrapolating this method to the natural setting, it is predicted
that the YL sediment protoliths were subjected to high temperature heating for longer than
four hours and probably for more than a few days. This is consistent with the duration of
natural methane combustion at various CM sites (Grapes et al. 2013). Lack of high
temperature recrystallisation of minerals, and their sizes being similar to phases in ordinary
cement clinkers, although much smaller than in contact metamorphic spurrite-mervinite-
larnite subfacies rocks (Grapes 2011), implies a single, short fuel combustion event at the
Hatrurim Basin.

Preservation of a few grains of o’ - Ca,Si0O4 in theYL rocks suggests quenching at
T> 1280 °C (Maki 1994, Fukuda 2001) (Table 10). Colourless, rounded larnites with
polysynthetic (100) or (010) twins and without exsolved dot-like inclusions, may survive at
quenching temperatures no lower than 1 200°C. Other features, such as a high percentage
of the CaTiO; component in Ca ferrites; relatively abundance of the Fe’™-analogue of
shulamitite; large isolated aluminate and ferrite crystals; presence of pyrrhotite, as well as
Cu and Cu-Ag selenides, attest to burning and rapid quenching at T > 1250 °C under
moderately reducing conditions. The absence of encrustations indicates a dry environment
of sintering.

In conclusion, we note that, in terms of technology, the YL rocks are a high-quality

uniformly sintered clinker (Taylor, 1997, Campbell, 1999) (Table 10), with random and
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uniform spatial and size distribution of its rock-forming minerals. Therefore, the YL rock
protolith of fine-grained non-compacted chalky and/or marly sediments with randomly
distributed clay and gypsum may be utilised as naturally homogenous starting material for
the industrial production of BSA cement clinkers. Compositions can be adjusted by doping
with clay, gypsum, etc., for producing BSA cements of a designed quality. The material is
free from coarse quartz or feldspars which would otherwise produce belite concentration
nests and heterogeneity in the clinker. Bulk composition can be adjusted as necessary by
addition of clay, gypsum, etc. to meet quality requirements for BSA cements. On the other
hand, local enrichment of sedimentary precursor in biogenic apatite would result in the
formation of a considerable amount of fluorellestadite-fluorapatite solid solution phases

(up to 15-20 vol%) in the clinker which would reduce its hydraulic capacity.

IMPLICATIONS

Ye’elimite-larnite rocks from the Hatrurim Basin, Isracl, were produced by
ultrahigh-temperature combustion metamorphism of calcareous marine sediments.
Exposed to near surface chalky sediments were subjected to temperatures of BSA
clinkering temperatures (1 200—1 350°C), under burning conditions of fuel (methane)
excess relative to an oxidiser, which maintained a moderately reducing environment during
annealing. Fine chalky sediments were heated uniformly and devolatilised quite rapidly
(until complete exhaustion of the fluid component), which inhibited the development of a
coarse grain size of the clinker minerals that formed the resultant ye'elimite-larnite rocks.
The structure of the natural clinker and its mineral composition formed rapidly at peak
temperatures during a single combustion event that lasted up to a few days at
1200 °C < Tiax < 1350 °C, followed by rapid quenching. The well-preserved clinker

mineralogy of the YL rocks was due to rapid high-temperature quenching and the
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extremely dry climate of the Negev Desert which prevented the unstable high temperature
anhydrous mineral assemblages being extensively modified by hydration reactions.
Hydration mainly affected rocks adjacent fissures to produce secondary assemblages of
calcite-gypsum-ettringite, which caused expansion and disintegration of the clinkers. The
unweathered hard YL rocks were especially suitable for the manufacture of large artifacts
by prehistoric mankind, arguably the first representatives of Homo who utilise BSA clinker

for practical applications.
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Figure captions
Fig. 1. Location map of the Dead Sea Transform area, modified after Sokol et al. (2010),
showing outcrops of the Mottled Zone near the Dead Sea (a). Generalized geological map
of the Hatrurim Basin (b). Geology simplified after 1:200000 Geological Map of Israel

(Sneh et al. 1998) and (Burg et al. 1991).

Fig 2. Larnite-bearing rocks from Hatrurim Basin.

(a) Typical larnitic rocks that have undergone marginal hydration and carbonation, to
produce so-called pseudo conglomerate; (b) massive fresh larnite (and ye’elimite-larnite)
rocks making up blocks, slabs or cliffed hilltops; (c) weathering forms of ye’elimite-larnite
rocks at Har-Parsa; “balls” of fresh ye’elimite-larnite rocks coated with calcite, ettringite,

and gypsum.

Fig. 3. Selected examples of XRPD diffractograms for ye’elimite-larnite rocks in samples
YV410-413. Bulk Co Ka radiation (1.78 A), characteristic peaks labeled cf. ICDD

numbers.

Fig. 4. Paleolithic stone tool factory on the flat top of Har-Parsa.
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(a) Panoramic view of the Har-Parsa eastern slope; at the back: a cliff-like outcrop of
larnitic rocks; in the front: a flat surface where stone tools were fabricated, with stacks of
blanks, chips, and half-finished tools (see hammer as a scale among the YL rock debris);
(b) typical Prehistoric bifacial stone tools with weak surface abrasion made from
ye’elimite-larnite rocks; (c) man-made breccia composed of ye’elimite-larnite rock gallets

and cemented by secondary calcite (sample YV - 413).

Fig. 5. Photomicrographs of ye’elimite-larnite rocks and elemental (Ca, Si, Al, S, P, Fe, Ti,
Na) maps. Sample YV-413. Ap=fluorapatite, Brm= brownmillerite, Lrn= larnite,

Shu = Fe-analogue of shulamitite, Yel = ye’elimite.

Fig. 6. Ye’elimite-larnite rocks. General view.

a, ¢: Photomicrographs in polarised transmitted light showing uniformly distributed rock-
forming minerals (a) and a large fluorellestadite (ElS) crystal crowded with inclusions of
ye’elimite (Yel) and brownmillerite (Brm); b, d: BSE images. Other abbreviations as in

Fig. 4.

Fig. 7. Two sets of intersecting lamellae in a natural o - Ca,SiO4 polymorph indicating its

affinity to a natural equivalent of type I belite. SEM image. Sample YV - 413.

Fig. 8. (a) and (b) Optical photomicrograph of belite from an industrial clinker, showing

the so-called “striation”, as termed in the cement industry, consisting of several sets of

lamellae intersecting each other. Transmitted plane-polarized light.

38

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

2/26



3D
g T / -/ H32°
Nahal Ayalon g
Kefa/rUriyya. y Maale Adumml.r: ) |
Belt Sahur S\ ﬂ%?gb?ﬁ;g‘“" qu
< Har-Parsa X< _
) g \ Nahal {. / [ ‘0‘0:0,0"0}
/ \Tarqumlya < “‘
—._..—m:——' ’ ‘
o '0’0‘00’:‘ S |
\ p Kk K ' ":”"0’0‘
| o KK .
5 Kt
/ \ /Z_”_ % Kakk
-___,_-",”’ ol [ < — o\

KaC3
G
b

3°

-
L/
- \
/ |/ . a
50 km

|I| Mottled Zone complexes within 10 km2

II Mottled Zone complexes from 10 to 100 km

Oil, gas, and asphalt occurrences

and bitumen impregnation in sandstone
Observed (a) and inferred (b) faults
Flexures Gurim anticline
@ Stratigraphic boundaries

Pleistocene sand, carbonate, and clay
marine sediments (Q)

LEGEND
Kom

2 K,k
Kot

(K:m)

Maastrichtian organic-rich marine chalk

Campanian (K,k), Santonian (K,kk), and
\ Turonian (K.t) limestone, chalk, and dolomite
with chert and phosphorite intercalations

Cenomanian (K.c,, K.,c,) limestone, dolomite,
and chalk

Hatrurim Basin area







o Ye'elimite
00-033-0256

Larnite
00-033-0302

Gehlenite
01-082-1498

YV 411 Brownmillerite

01-089-2827

Fluorapatite
it oMk e P 010708135
I Fluorellestadite
00-045-0009

00-036-0129

| —— njlld .L.ﬂ.ahl.,u_ii.ju. o
87 6 5 4 3 2 1918 17 16 15







'













Table 1. Minerals occurring in the Ca-rich combustion metamorphic rocks of the Hatrurim Formation in Israel, and

their CAS notations

Mineral Chemical formula Symmetry CAS notation
Silicates
Hatrurite Ca;Si0s trigonal CsS (Alite)
0'-Ca,Si04 (unnamed) 0'-Ca,Si04 orthorhombic C,S (Type 1 belite)
Larnite B-Ca,Si0Oy4 monoclinic C,S (Type II belite)
Calcioolivine v-Ca,Si04 orthorhombic v-Ca,Si0,4
Rankinite Ca3Si,0, monoclinic CsS,
Pseudowollastonite 0-CazS1;09 monoclinic o-CS
Wollastonite B-CazSi;Oq triclinic B-CS
Parawollastonite Ca3Si309 monoclinic CS
Bredigite Ca;Mg(SiOy)4 orthorhombic C/MS,
Merwinite Ca;Mg(SiOy), monoclinic CsMS,
Monticellite CaMgSiO,4 orthorhombic CMS
Gehlenite Ca,Al,Si10, tetragonal C,AS
Polyanionic minerals
Nagelschmidtite® Ca;Si,P,05 hexagonal C,S,P,
Spurrite Cas(S104)2(COs) monoclinic CsS,C
Ye’elimite® CasAlg01,5(S0y) isometric, CiA;S
tetragonal,

orthorhombic
Cuspidine Cay(Si,0/)F, monoclinic CsS, F,
Fluorapatite Calo(PO4)6F2 hexagonal CioPs F 2
Fluorellestadite Cayo[(Si04),(POy),(SO4)]6F2 hexagonal C10S:S5F,
Fluormayenite CapAl1403[(H,0),F,] isometric C,A-H, F,
Aluminate
Grossite CaAl,O, monoclinic CA,
Multiple oxides
Brownmillerite Cay(Fey xAly)Os orthorhombic C4AF
Shulamitite® Ca;TiFe’ AlOg orthorhombic C,FTA
Fe-analogue of shulamitite® Ca;Fe,TiOg orthorhombic C;FT
Perovskite CaTiO; orthorhombic CT
Magnesioferrite MgFe3+204 isometric MF
Spinel (Mg,Fe)AlLO4 isometric MA
Simple oxide
Periclase MgO isometric M

Notes: * nagelschmidtite formula according (Taylor 1997); ° symmetry of CasAls01,(SO4) polymorphic modifications
according (Idrissi et al. 2010); “description of Fe-analogue of shulamitite is given in (Sharygin et al. 2013). CAS
notation for Fe-analogue of shulamitite cf. Stober et al. (2013), all other notations cf. Bogue and Steinour (1961) and

P6llman (2012).




Table 2. Mineral assemblages of ye' elemite-larnite combustion metamorphic rocks, Hatrurim Basin complex

Sample/ Rock type Main phases Minor and accessory phases Alteration products Locality

YV-410 Gehlenite, Y€ elimite, AI(OH); after ye elimite, Paleolithic "factory" on the eastern
Gehlenite-larnite Larnite, Hatrurite (alite) Tobermorite (tr) slope of Har-Parsa.
hornfels Fluorapatite, Fe-analog of shulamitite

Brownmillerite Magnesioferrite, Pyrrhotite
YV-411 Larnite, Magnesioferrite Gibbsite after ye elimite Palealithic "factory" on the eastern
Y € elimite-larnite rock Y€ elimite, Fe-analog of shulamitite Tobermorite (tr) slope of Har-Parsa.

Fluorapatite Magnesioferrite, Barite

YV-412 Larnite, Periclase (Fe, Ni, Zn), Gibbsite after ye elimite Cliff-like outcrop LY rock located
Brownmillerite- Y€ elimite, Berzelianite or bellidoite, near top of Har-Parsa.
ye elimite-larnite rock Fluorellestadite, Eucairite,

Brownmillerite Vorlanite

YV-413

The sample is man-made
breccias composed of

ye dimite-larnite rock
artifacts.

M4-218

Shulamitite- mayenite-
larnite rock (Sharygin et
al. 2008, 2013).

M5-31
Y € elimite-larnite rock
(Sharygin et al. 2008)

M5-30
Y€ elimite-larnite rock
(Sharygin et a. 2008)

H-201
Y€ elimite-larnite rock
(Sharygin et a. 2008)

M4-217
Brownmillerite-

ye elimite-larnite rock
(Sharygin et al. 2008)

Brownmillerite-
ye dimite-larnite rock
(Gross 1984)

Brownmillerite-
ye dimite-larnite rock
(Gross 1984)

Larnite,

Y€ elimite,
Fluorapatite,
Fluorellestadite,
Brownmillerite

Larnite,

Mayenite (F),
Shulamitite

Larnite,
Y€ elimite,
Brownmillerite

Larnite,
Y€ elimite,

Larnite,
Y€ elimite,
Brownmillerite
Fe-Mg spinel

Larnite,
Y€ elimite,
Brownmillerite

Larnite,

Y€ elimite,
Fluorapatite-
Fluorellestadites
Brownmillerite

Larnite
Brownmillerite
Fluorellestadite

Y€ elimite

Magnesioferrite
Fe-analog of shulamitite
a'-Ca,Si0Oy

Fluorapatite
Y€ elimite,
Magnesioferrite
Cr-bearing spinel,
K-Fe sulfide (Cu,Ni-rich)

Ellestadite

Fe-analog of shulamitite

Cr-bearing spinel

Ellestadite

Fluorellestadite

Fe-analog of shulamitite

Magnesioferrite

Fluorellestadite

Calcite after larnite

Hillebrandite,
Afwillite, Katoite,
Fashagite, Pornlandite,
Hematite

Aragonite, Calcite,

Vaterite, Gypsum, Ca-Al-

and Ca-Si-hydrates,
Portlandite,
Ettringite, Hdlite,
Xanotlite, Clays

Aragonite,
Calcite, Gypsum,
Ca-Al-hydrates,
Halite

Paleolithic "factory" on the eastern
slope of Har-Parsa

Isolated cobble from pseudo-
conglomerate. Western Hatrurim
Basin.

Isolated cobble from pseudo-
conglomerate. Western Hatrurim
Basin.

Isolated cobble from pseudo-
conglomerate. Western Hatrurim
Basin.

Isolated cobble from pseudo-
conglomerate. Western Hatrurim
Basin.

Isolated cobble from pseudo-
conglomerate. Western Hatrurim
Basin.

Cobbles from pseudo-conglomerate
exposed along Arad-Sedom road and
the nearby wadies, southeastern
Hatrurim Basin.

Cobble (~ 15 cm in diameter) from
pseudo-conglomerates,
southeastern Hatrurim Basin.

Notes: Main phases (> 10 vol%), minor phases (5-10 vol%) and accessories (< 3 vol%).




Table 3. Bulk compositions of natural ye'elimite-larnite rocks and industrial belite-based calcium sulfoaluminate clinkers,
compared (Wt%)

Rock Larnite-ye'elimite rock BSA clinker

Number 1 2 3 4 5 6 7 8 9
Sample LLD M4-217 M5-30 M5-31  YV-41l  YV-412  YV-410

SiO, 0.25 25.9 24.6 25.6 21.9 21.0 23.0 15.0-25.0 15.0-25.0 16.5-17.6
TiO, 0.10 0.38 0.39 0.43 0.41 041 0.42 - <3.00 0.30-0.40
Al O3 0.25 11.7 11.7 12.1 10.4 9.88 11.9 9.00-22.0  9.00-22.0 15.8-16.9
Fe,03 0.20 4.49 4.55 5.81 5.00 4.32 4.80 3.00-11.0  3.00-11.0  6.90-7.80
FeO 0.20 n.a. n.a. n.a. b.d. b.d. b.d. - - -
MnO 0.01 0.15 0.14 0.14 0.05 b.d. 0.26 - - -
MgO 0.20 0.93 0.82 0.82 1.37 0.81 1.13 - 1.00-4.00 0.20
CaO 0.25 51.9 52.6 50.8 53.0 56.0 51.1 50.0-61.0  50.0-61.0  50.1-52.5
Na,O 0.05 0.30 0.15 0.72 0.47 0.25 0.18 0.20-1.00  0.10-2.00  0.10-0.70
K,0 0.05 0.45 0.09 0.48 0.35 0.13 243 0.20-1.00  0.10-2.00  0.10-1.10
P,05 0.03 2.25 2.31 2.07 1.92 1.34 1.82 - <4.00 0.00-1.00
s> 0.05 b.d. b.d. b.d. <0.10 0.14 <0.10 - - -
SO3 0.05 1.35 2.20 1.39 3.29 4.97 2.17 - 4.00-8.00  4.30-6.10
CO, 0.06 0.62 0.89 0.08 0.86 0.76 0.49 - - -
B,0; n.a n.a. n.a. n.a. n.a. n.a. n.a. 0.20-2.00 <2.00 0.00-1.40
H,0" 0.05 n.a. n.a. n.a. 0.22 0.10 0.10 - - -
Total - 100.4 100.4 100.4 99.2 100.1 99.8 — — —

Note: 1-6 = ye'elimite-larnite rocks, Hatrurim Basin complex, Israel (see Table 2 for details); 7-9 = compositions of belite-based
calcium sulfoaluminate clinkers (according to Gartner and Li (2006)); 7 = range of optimal compositions (additional doping
components CaF, and CaCl, up to 1 wt%); 8 = range of preferable compositions (additional doping components CaF, and CaCl, up
to 3 wt%); 9 = range of experimental compositions; b.d. = below detection; n.a. = not analyzed.




Table 4. Trace-element composition of ye'elimite-larnite rocks (ppm)

Sample M4- M5- M5-  YV-  YV-  YV-
LLD 217 30 31 410 411 412
v 2.0 49 40 53 82 112 40
Cr 1.5 95 182 377 175 243 224
Ni 1.0 129 152 205 214 151 240
Cu 1.0 35 103 66 40 58 96
Zn 1.0 249 59 426 333 343 244
Ga 0.7 8 9 9 12 9 8
Ge 0.2 2 2 1 3 1 1
Se 0.2 23 b.d. b.d. b.d. 10 96
Rb 0.2 12 3 10 3 8 5
Sr 1.0 2203 2903 2050 1407 1502 2009
Y 0.2 69 35 35 53 52 37
Zr 0.5 77 69 80 69 67 69
Nb 0.2 11 6 8 10 9 9
Mo 0.2 7 9 19 3 10 16
As 0.8 9 22 13 19 15 13
Sb 1.0 1 b.d. 2 b.d. bd.  bd
Ba 1.0 128 24 441 1459 2010 451
La 2.0 50 26 21 n.a. n.a. n.a.
Ce 1.0 42 32 28 n.a. n.a. n.a.
Pb 0.8 3 b.d. 9 9 47 19
Th 1.0 8 b.d. 12 9 9 11
U 1.0 2 b.d. 27 14 26 24

Notes: b.d. = below detection; n.a. = not analyzed; Ag Cd In Sn Te I Cs
<I ppm.




Table 5. Composition of larnite and o'-Ca,SiO, modification (wt%)

Sample YV-411 YV-412 YV-413 Casios
average average average average theor.

Phase LLD Larnite n=19 Larnite n=20 Larnite n=7 a'-Ca,SiOy n=4

SiO, 0.03 335 33.6 34.1 335 329 33.0 335 332 335 32.8 339 34.4 33.8 342 345 342 343 349

TiO, 0.02 0.08 010 0.06 0.07 0.08 0.08 0.08 0.07 0.39 0.08 0.07 0.05 0.12 0.06 0.05 0.08 0.06

Al O; 0.02 0.12 0.13 0.08 0.12 0.18 0.21 0.27 0.29 0.30 0.27 0.21 0.04 0.19 0.66 0.04 0.06 0.25

FeO-total 002 0.13 029 0.12 0.14 0.10 0.20 0.13 0.13 0.41 0.07  0.11 b.d. 0.17 0.08 0.02 0.05 0.05

MgO 0.02 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.08  0.08 031 0.06 0.12 0.10 0.04 0.03 0.06

V5,05 0.03 0.04 0.05 b.d. 0.04 b.d. b.d. 0.03 b.d. 0.04 0.08 b.d. b.d. b.d. b.d. 0.09 b.d. b.d.

BaO 0.05 b.d. 0.07  0.05 b.d. b.d. b.d. b.d. b.d. 0.08 b.d. 0.26 b.d. 0.09 b.d. b.d. 0.04 b.d.

SrO 0.04 b.d. 0.25 0.11 0.14 0.09 b.d. 0.23 0.17 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

CaO 0.01 634 636 634 63.7 64.5 64.3 64.7 64.3 63.9 643 636 645 64.0 627 641  63.6 63.5 65.1

Na,O 003 062 036 046 0.51 0.59 0.59 0.22 0.44 0.23 0.51 033 0.20 0.33 033 038 044 0.38

K,0 0.01 0.13  0.10 0.08 0.11 0.07 0.07 0.03 0.06 0.09 0.18 012 0.05 0.11 0.06 013 0.14 0.11

P,0s 0.02 1.92 1.27 1.02 1.56 1.76 1.45 0.63 1.20 0.72 130 089 045 0.88 051 099 096 0.82

SO; 0.03  0.06 b.d. b.d. b.d. 0.04 0.05 0.14 0.10 b.d. 0.07  b.d. b.d. 0.04 0.15 b.d. b.d. 0.06

Total - 100.0 998 995 99.9 100.3  100.0 100.0  100.0 99.7 99.7 998  99.8 99.9 98.9 1003 99.6 99.6 100.0

Cations calculated on the basis of 4 oxygens M,[TO,], in apfu

Ca 1.94 1.96 1.95 1.96 1.97 1.98 1.99 1.98 1.97 1.98 1.95 1.98 1.97 1.94 1.95 1.96 1.95 2.00

Na 0.03  0.02 0.03 0.03 0.03 0.03 0.01 0.02 0.01 0.03  0.02 0.01 0.02 0.02  0.02 0.02 0.02

K 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.01 0.00  0.00 0.00 0.00  0.00  0.00 0.00

Mg+Fe+Sr+Ba 0.00  0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.02 0.01  0.02  0.00 0.01 0.01  0.00 0.00 0.00

Z[M] 1.98 1.99 1.99 1.99 2.01 2.02 2.01 2.01 2.00 202 200 2.00 2.00 1.96 1.98 1.99 1.98

Si 095 097 098 0.96 0.94 0.95 0.96 0.95 096 095 097 099 0.97 099 098 098 0.98 1.00

P 0.05  0.03 0.02 0.04 0.04 0.04 0.02 0.03 0.02 0.03  0.02 0.01 0.02 0.01 0.02  0.02 0.02

AHSHTiIH+V 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.00 0.01 0.03 0.00 0.00 0.01

2[T] 1.01 1.00 1.01 1.00 0.99 0.99 0.99 1.00 .00 099  1.00 1.00 1.00 1.02 1.01 1.01 1.01

Notes: b.d. = below detection; n.a. = not analyzed; n = number of analyses.




Table 6. Composition of ye’elimite (wWt%)

Sample YV-411 YV-412 YV-413
average average average
LLD n=3 n=10 n=6

Si0, 003 091 076 0.88 0.85 1.80 048 042 0.54 0.81 0.70 073  0.77 0.73
TiO, 0.02  b.d. 0.04  0.06 0.04 0.04  b.d. b.d. b.d. b.d. 0.03 005 bd 0.03
Al O4 0.02 456 469 469 46.5 462 47.6 480 478 47.4 479 473  46.0 47.1
Fe,Os-total ~ 0.02  2.71 290 276 2.79 229 217 211 1.93 2.13 1.80 2.14 1.83 1.92
MgO 0.02  b.d. b.d. b.d. b.d. 0.04 b.d. b.d. b.d. b.d. 0.08 0.07 0.07 0.07
V,0s 0.03 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.06 0.08 b.d. 0.05
BaO 005 094 066 0.71 0.77 0.13 007 013 0.18 0.13 026 026 0.34 0.29
SrO 0.04 020 047 029 0.32 037 032 030 046 0.36 b.d. b.d. b.d. b.d.
CaO 001 352 355 356 355 369 360 360 363 36.3 355  36.0 355 35.7
Na,O 003 023 015 0.19 0.19 0.17 012 0.11 0.16 0.14 0.05 0.07 0.15 0.09
K,0 001 073 012 0.12 0.32 0.06 0.04 0.04 0.05 0.05 0.12  0.10 0.20 0.14
P,0s 002 020 030 0.23 0.24 0.09 0.03 0.06 0.08 0.06 026 023 0.18 0.22
SO; 0.03 12.5 11.2 11.7 11.8 12 121 120 122 11.9 1.8 121 127 12.2
Total - 992 99.0 994 99.3 99.3 989 992 99.7 99.3 98.6 99.1 977 98.5
Formula based on 16 oxygens My[Ts01,][XO4], in apfu

Ca 394 399 3098 3.97 413 401 4.00 4.02 4.04 395 4.00 3.99 3.98
Ba 0.04 0.03 0.03 0.03 0.01 000 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Sr 0.01 0.03 0.02 0.02 0.02 002 0.02 0.03 0.02 0.00 0.00 0.00 0.00
Na 0.05 0.03 0.04 0.04 0.03 002 0.02 0.03 0.03 0.01 0.01 0.03 0.02
K 0.10 0.02 0.02 0.04 0.01 001 0.00 0.01 0.01 0.02 0.01 0.03 0.02
2[M] 4.14 410 4.08 4.10 420 406 4.05 4.09 4.10 400 4.05 4.07 4.04
Al 562 580 576 5.73 568 584 587 583 5.80 587 578  5.69 5.78
Si 0.10 0.08 0.09 0.09 0.19 0.05 0.04 0.06 0.08 0.07 0.08 0.08 0.08
Fe** 021 023 022 0.22 0.18 0.17 0.16 0.15 0.17 0.14 0.17 0.14 0.15
V+Ti+Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.01 0.01
3[T] 593  6.11  6.08 6.04 6.05 6.06 6.08 6.03 6.05 6.10 6.03 592 6.02
P 0.02 0.03 0.02 0.02 0.01 000 0.01 0.01 0.01 0.02 0.02 0.02 0.02
S 098 0.89 0091 0.93 0.88 094 094 094 0.93 092 094 1.00 0.96
2[X] 1.00 091 093 0.95 0.89 095 094 095 0.93 094 096 1.02 0.98

Notes: b.d. = below detection; n.a. = not analyzed; n = number of analyses.




Table 7. Composition of fluorellestadite and fluorapatite (wt%)

Sample

Phase
SiO,
TiO,
ALO;
FeO-total
MgO
V205
BaO

SrO
Cr,03
CaO
Na,O
K,0
P,05

SO;

F

Cl

Total
O=(F,Cl),
Total

Ca

Sr

Fe
Mg
Na
I[M]
Si

Ti
Al
Cr

\Y%
2[Z]
F

Cl

YV-411 YV-412 YV-413
average average
LLD Fluorapatite n=8 Fluorellestadite n=11 Fluorellestadite Fluorapatite
0.03 5.64 5.48 9.11 6.52 14.2 14.0 13.9 14.0 9.56 9.44 10.5 6.81 8.20
0.02 b.d. b.d. b.d. b.d. 0.07 b.d. 0.07 0.06 0.05 0.06 0.05 0.06 0.03
0.02 0.05 b.d. b.d. b.d. 0.10 b.d. b.d. 0.03 0.06 b.d. 0.11 b.d. b.d.
0.02 0.07 0.10 0.33 0.13 0.10 0.07 0.07 0.10 0.16 0.18 0.16 0.04 0.11
0.02 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.06 b.d. 0.04 b.d. 0.06
0.03 0.56 0.58 0.45 0.52 0.14 0.12 0.15 0.16 0.31 0.43 0.32 0.45 0.49
0.05 0.06 0.06 0.08 0.06 b.d. b.d. b.d. b.d. 0.23 0.11 0.10 b.d. 0.15
0.04 0.17 0.24 0.24 0.24 0.19 0.26 0.34 0.26 n.a. n.a. n.a. n.a. n.a.
0.02 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.02 0.19 0.20 0.19 0.10
0.01 56.0 56.2 56.0 56.2 56.7 56.5 56.5 56.5 55.3 55.0 55.7 55.6 55.0
0.03 b.d. b.d. b.d. b.d. 0.07 0.06 0.07 0.06 0.06 0.09 0.04 0.07 0.04
0.01 0.02 b.d. b.d. b.d. 0.02 b.d. 0.02 b.d. b.d. b.d. 0.03 0.03 0.03
0.02 283 28.1 21.2 26.3 10.7 11.5 11.2 10.9 19.4 19.4 17.1 25.6 21.7
0.03 8.20 7.82 11.5 9.01 16.5 16.4 16.6 16.3 12.2 11.9 13.17 8.38 11.0
0.06 2.72 2.68 2.88 2.82 2.85 2.52 2.77 2.83 3.15 3.45 3.11 2.90 3.06
0.01 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.03 b.d. 0.02 0.03 0.03
- 101.8 101.3 101.8 101.8 101.6 101.4 101.7 101.2 100.6 100.3 100.7 100.2 100.0
- 1.14 1.13 1.21 1.19 1.20 1.06 1.17 1.19 1.33 1.46 1.32 1.23 1.30
- 100.7 100.1 100.6 100.6 100.4 100.4 100.5 100.0 99.3 98.8 99.3 98.9 98.7
Cations calculated on the basis of 10 Ca atoms M9[Z04]sX, in apfu
9.94 9.93 9.90 9.92 9.93 9.94 9.91 9.92 9.90 9.89 9.90 9.91 9.90
0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.03 0.02 0.01 0.01 0.00 0.01
0.01 0.01 0.05 0.02 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.01 0.02
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.02
0.00 0.00 0.00 0.00 0.02 0.02 0.02 0.02 0.00 0.00 0.01 0.01 0.01
9.96 9.96 9.97 9.97 9.98 9.99 9.98 9.98 9.97 9.94 9.95 9.94 9.95
0.93 0.90 1.50 1.07 2.32 2.29 2.28 2.29 1.60 1.58 1.74 1.13 1.38
3.96 391 2.96 3.66 1.47 1.60 1.55 1.51 2.75 2.75 2.40 3.59 3.08
1.02 0.97 1.42 1.11 2.02 2.02 2.04 2.00 1.53 1.50 1.64 1.05 1.39
0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00
0.01 0.00 0.00 0.00 0.02 0.00 0.00 0.01 0.01 0.00 0.02 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.03 0.02 0.01
0.03 0.03 0.03 0.03 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.00
5.96 5.82 591 5.88 5.85 5.92 5.89 5.82 5.90 5.88 5.83 5.81 5.87
1.42 1.40 1.50 1.47 1.47 1.31 1.43 1.47 1.66 1.83 1.63 1.52 1.63
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.01
1.42 1.40 1.50 1.47 1.47 1.31 1.43 1.47 1.67 1.83 1.64 1.53 1.63

Z[X]

Notes: n.a. = not analyzed; n = number of analyses.




Table 8. Composition of opaque minerals (Wt%)

Sample YV-411 YV-412 YV-413
Mineral LLD 1 2 3 4 5 6
SiO, 0.01 n.a. 2.67 1.93 0.71 0.70 b.d.
TiO, 0.01 0.33 17.9 2.99 2.12 16.1 0.40
AlLO3 0.02 16.4 4.7 9.09 10.3 5.22 19.3
Fe,O;-total ~ 0.02  58.8 30.9 40.9 40.6  35.1 55.8
MnO 0.02 046 0.54 b.d. b.d. n.a. n.a.
MgO 0.02 19.8 045 0.63 086 0.21 214
NiO 0.02 0.41 n.a. n.a. n.a. n.a. n.a.
ZnO 0.03 0.81 n.a. n.a. n.a. n.a. n.a.
Cr,0; 0.02 0.8 b.d. 0.66 0.19  0.06 1.63
CaO 0.01 1.23 428 42.8 446 422 045
Na,O 0.03  0.09 n.a. n.a. 0.07 0.16  0.07
K,0 0.01 b.d. n.a. n.a. 0.04 0.04 b.d.
P,04 0.02 b.d. n.a. n.a. 0.04 b.d. 0.03
Total - 99.1  100.0 99.0 99.5 99.8 99.1

Notes: b.d. = below detection; n.a. = not analyzed; 1, 6 = Magnesioferrite, 2, 5 = Fe-analog of
shulamitite, 3, 4 = Brownmillerite




Table 9. Comparison of typical compositions of calcium sulfoaluminate (CSA), belite-based calcium sulfoaluminate
(BSA) cements and natural ye’elimite-larnite rocks (vol%)

CSA (Mehta 1978,

CSA (Zhang et al. 1999) 1980) BSA (Gartner and Li 2006) YL rocks

Phase Low ferrite ~ High ferrite Ve elimite-rich Optlrr}all Composition Composition

percentages  percentages composition range range

. 45-65

Ca,SiO, 15-30 15-35 45 o’ -Ca,SiO, 40-70 35-50
Ye’elimite 55-75 35-55 20 20-30 15-35 15-20
Caleium 3-6 15-30 15 15-35 525 7-15
alumoferrites
Anhydrite - - 20 - - -
Fluorapatite -
Fluorellestadite B B B B a 15-20

Other phases - - - 0.1-10 0.1-10 2-10




Table 10. Thermal history reconstruction for ye’elimite-larnite rocks

Evidence from natural YL rocks

Interpretation after Campbell (1999) and
references therein

Phase reactions during combustion metamor phism (melting or solid-state)

Dense structure of rocks; closed pore system; scanty ropes

Uniformly distributed main phases, including prismatic brownmillerites and Fe-
analogs of shulamitite

Subhedral larnites and ye’elimites, rather uniform in size (10-30 um)

No larnite (belite) clusters, dense or tightly packed with very little interstitial
material

No small, satellite larnites (belites) formed by partial melting

No dendritic crystals of both larnite (belite) and Ca ferroaluminate

No typical eutectic intergrowths of ferrites and/or aluminates

Predominant f - Ca,SiO, polymorph

Homogeneous and rather coarse larnites, ye’elimites, fluorellestadites, and
fluorapatites; no chemical zonality; uniformly distributed Fe, Al, Na, K, and P
impurities

Prismatic ferrites

Rounded f - Ca,SiO, grains

No larnite (belite) nests

Relatively coarse (up to 45 pm) larnites (belites)

No or few a” - Ca,SiO, grains

Relatively low chemical impurities in § - Ca,SiO4 (2-3 wt% in total) unlike the
primary o - Ca,SiO4 polymorph which can concentrate up to 7 wt% of
impurities; no zoned crystals with coexisting different Ca,SiO4 polymorphs (o-
or o’ - Ca,SiO, in core and B - Ca,SiO, in rim)

Cooling rate
Preserved o” - Ca,SiOy,

Alite (hatrurite) decomposed into CaO and Ca,SiO,; corroded alites

No large ragged belites

No belite overgrowths

Clear belites (of roughly 20 pm), no exsolved dotlike inclusions
Rounded belites without lamelli

Structureless belites

Larnites (belites) with polysynthetic twins after (100) or (010)

Colorless larnite (type II belite) with parallel striations; polysynthetic twins after
(100) or (010)

Large isolated ferrite and aluminate prismatic crystals

Redox regime of heating and cooling

No K-bearing sulfates; potassium incorporated into ye’elimite

High percentage of perovskite (CaTiO;) endmember in ferrites; relatively
abundant Fe-analog of shulamitite

Large isolated ferrite and aluminate prismatic crystals

K and Fe sulfide, pyrrhotite and Cu and Cu-Ag selenides

Brown or grey color of densely burned clinker

No crustified structures

No evidence of melting

Solid state reactions

Densification below T, of the whole rock
No liquid at the time of larnite precipitation

Moderate to slow cooling rate within the
range of extreme temperatures (1420 —
1300 °C)

Prolonged heating below liquid-formation
temperature (about 1400 °C)

Relatively low heating temperatures, fast
quenching

Quenching above 1280 °C
Tempering (quenching)

Fast cooling
Rapidly cooled clinker

Extremely rapid quenching as in lab

Normal cooling rate as in Portland cement
clinker production (~ 20° /min at 1200 °C)

Primary Ca,SiO4 held at o - form; heating
below 1420 °C; fast cooling

Moderate cooling rate
Reducing conditions of heating

Heating under extreme reducing to reducing
conditions

Heating under reducing conditions, cooling at
> 1250 °C under reducing conditions, further
cooling in air

Heating under dry conditions

Raw material (protolith): grain size and homogeneity

Small hatrurite (alite) (< 15 um) crystals with inclusions

Randomly distributed belites; no nests
No belite clusters, dense or tightly packed with very little interstitial material

Fast heating of very fine (<50 pum) raw
material at relatively low temperatures

No relatively coarse quartz and/or feldspar
grains (> 44 pm); well mixed raw materials
High-quality uniform heating of clinker
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