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Abstract

Larnite (b-CaSiOy) is a rare, little known compound. However, despite its scarcity, larnite is found in different natural settings, almost
always under thermodynamic conditions of around 0.2—-1 kbar and 1000=C1D8arnite can also be formed artificially, especially during
the synthesis of high technology refractory and ceramic materials, and as a mineral component of some industrial slags and portlan
cements. This work describes the analysis and compositional properties of larnite-rich ultrarefractory materials, cataloged as possibl
meteorite specimens, from the collection of the “Museo Nacional de Ciencias Naturales” (Madrid). Larnite is associated with metal oxides
and sulfides, native iron and copper, and calcium-aluminium silicates. Bulk chemical composition was determined by XRF (specific
standards and analytical routines were designed). Minor and trace elements (including rare earths) were analyzed by the combination
INAA, ICP-MS and ICP-AES. Larnite occurs as imperfectly developed tabular crystals, mainly displaying rhombic shapes of around 25 mm
x 35mm. SEM and microprobe analyses indicate its chemical composition closely matches the theoretical foenCéadsSio.0s04),
although significant amounts of Al (Alo—Aloss), Fe (F@o1—F&y.14), Mn (Mngo1—Mngo3) and Mg (Mg 01—Mdo.02) have also been
detected in some crystals. PIXE analyses display high Fe and Ba values, ranging from 3.9 to 8.4wt.%, and from 1058 to 1530 ppm
respectively.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Canadian Arctic Archipelagd3]; (c) Haughton impact
crater, Canada, where high-temperature interactions have
Larnite (3-C&SiO4) forms part—along with forsterite  occurred between molten silicates and carbonpigs(d)
(Mg2SiOy), fayalite (FeSiOy), and tephroite (MpSiO)— Carneal and Scawt Hill areas (Ireland) as mineral associa-
of the monticellite and knebelite series (general group tions developed by metamorphic and metasomatic reactions
of olivine). It has been found in different geological set- [5]; (e) in the Hatrurim Formation (Israefp]; (f) the ore
tings, almost always under thermodynamic conditifitls deposit of Koktenkol, central Kazakhstdd]; (g) in the
of around 0.2-1kbar and 1000-11G@D These settings ultramafic alkaline Gardiner Complex (East Greenland)
include kimberlitic magmas, carbonatites, skarns and ore [8], and (h) as small grains (3 mm) associated with wollas-
mineral deposits. Thus, larnite occurs, among others, in: (a)tonite and andradite in dark inclusions in the Bali (CV3)
the Oldoinyo Lengai volcano (Tanzania) associated with carbonaceous chondrif@]. Very recently, it has been pro-
wollastonite, combeite and melilifg]; (b) nephelinites and  posed that larnite could have formed in the vapor plume
basanites from the Freemans Cove area, Bathurst islandfollowing the Cretaceous-Tertiary (K-T) impact and have
neutralized enough acid to make water safe for freshwa-
ter species within hours of the blgdi0]. Larnite can also
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a mineral component of some industrial slags and Portland2.1. X-ray fluorescence analysis

cementq11].
This work describes the in-depth study of the first oc-  X-ray fluorescence analysis of fused glass discs is among
currence of unusual larnite-rich rocks from Spalig( 1). the most common methods for determining the major- and

These rocks come from the mineral collection of the “Museo minor-element compositions of silicate, carbonate and ox-
Nacional de Ciencias Naturales” in Madrid. Besides the in- ide materials. There are many natural standards, with high
terest of the singularity of their mineral paragenesis, these silicium, calcium and iron contents, which can be used for
larnite-rich rocks are of utmost importance and are labeled, establishing the calibration curves as a function of the com-
“rocks of possible meteoritical origin”, in relation with the positional characteristics of the samples. Nevertheless, due
well documented 1994 impact in the area of Getafe (a town to the relative amounts of these elements in the larnite-rich
south of Madrid)[12—14] These materials exhibit a com- ultrarefractory material, the use of specific standards and
plex assemblage involving native, oxide and silicate miner- their mixture was necessary to obtain a matrix composition-
als (mainly native iron, wustite, larnite). ally similar to the problem samples. A classic procedure
The study of this unusual larnite-rich ultrarefractory ma- involves mixing pure chemical compounds; this requires
terial provides: (a) a detailed account of the sample fu- either the previous weighing of very low quantities of some
sion, calibration, instrumentation methods for the analysis of these compounds, or the preparation of a high quan-
of whole-rock major elements by X-ray fluorescence (XRF). tity of each standard. There is a problem with this second
XRF specific standards and analytical routines were de- procedure related to the representative homogenization of
signed. Several aspects of sample preparation and instrumenthe sample before the preparation of the fused glass discs.
performance which are important considerations for accurateln this work, we have obtained new calibration standards
analysis are also discussed; (b) the chemical results obtaineadombining pre-existing standards at different relative pro-
from this analysis, (c) whole-rock determinations of minor portions. The main advantages of this procedure are that
and trace elements (including rare earths) by the combinationa previous homogenization is not necessary as it occurs
of INAA, ICP-MS and ICP-AES) further chemical informa-  during fusion and less number of weighing is required.
tion regarding the concentration values of trace elements in The preparation procedures of glass discs work well for
larnite and their principal associated mineral phases. many materials. The samples were ground<@200 mesh,
dried at 110C. A 0.30+ 0.02 g aliquant is weighed accu-
rately and mixed with 5.50 g of spectroscopic grade lithium
tetraborate flux (LiB407), which has been previously dried
2. Compositional characteristics at 400°C for 6 h. 0.10g of LiBr is added as a non-wetting
agent. The mixture is then fused in a covered Pt (95%)—Au
The larnite-rich materials consist of metallic inclusions (5%) crucible for 10 min[15]. The fusion is performed
of native iron embedded in a very fine grain matrix rich within a Philips-Soled PERL’X2 automatic bead machine.
in silicates (mainly larnite and melilite, of gehlenite type) During the fusion, the crucible is rotated off-axis to ensure
and oxides (mainly wustite and small amounts of chromite) mixing of the melt. The molten mixture is then poured into a
(Fig. 2A-B. Pt (87%)—Au(10%)—Rh(3%) mold which is heated red-hot,
Minor grains displaying spinel- and perovskite-type com- and allowed to solidify without quenching.
positions (closely associated with melilite as a dark, ap- A preliminary analysis was made using the classic calibra-
parently glassy groundmass), and minute grains of troilite, tion routine for silicate rocks to determine the concentration
corundum, and native copper were also detected within theranges of the larnite-rich materials. These routines use natu-
matrix. Although it is difficult to establish a clear crystal- ral standards (granite, basalt, andesite, soils and sediments).
lization sequence, ore textures seem to reflect a combina-The first results (in wt% oxides) were CaO: 33,68: 26,
tion of several processes including: rapid cooling and rapid SiOy: 16, Al,O3: 11, MnO: 5 and MgO: 4. $0s, TiO2 and
growth (quenching) from a liquid (proved by the presence K;O were below 1%. Subsequently, specific standards were
of acicular, dendritic and spherulitic textures), varying pro- prepared covering the following concentration ranges: CaO:
portions of melted and crystallized zones and, probably 20-40%, FeO3: 20-35, SiQ: 10-20 and AJOs: 5-15.
recrystallization. Standards directly used were artificial basic slags
Larnite and wustite, are the main components of the ma- (BCS381, BCS382, BCS382/1 and BCS174/2), and a natural
trix. Larnite occurs as imperfectly developed mainly rhom- silicate-rich rock (NBS-688). NBS-688 is a finely powdered
bic tabular crystalsKig. 20 of around 25.m x 35mm. basalt rock that was obtained from a Cenozoic basalt flow
Holes and small cracks are common within some crystals. near Jackpot, NV (USA). In addition, BCS382, BCS382/1
Apart from the individual textural characteristics of the and BCS174/2 standards were mixed with FER1, FER2
different mineral phases described further, the most pecu-and FER4. The mixing ratio BCS:FER was 2:1. FER1 was
liar texture of the larnite-rich materials involves chromite obtained from a bed of magnetite-quartz iron-formation at
(or chromite-melilite) cores and flower-type wustite rims Austin Brook near Bathurst, New Brunswick. These miner-
(Fig. 2PB. als comprise 55 and 30%, respectively, of the volume of the
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Fig. 1. Typical specimen of larnite-rich rocks. Note its semi-oriented shape displaying smooth (A) and rough surfaces (B) and its scoriaceoGslmxand textural differences exist between surface
(melting patina) and interior. Black (C) and milky (D) glassy droplet-globules are found scattered on the surface of this ultrarefractory material.
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Fig. 2. SEM pictures representing the paragenetic associations of the larnite-rich materials and displaying the main mineral phases andtiensural re

(A) Rhombic crystals of larnite associated to wustite (white globular and irregular grains) and chromite (light gray) in the dark, apparently glassy
groundmass of melilite (gehlenite type). (B) Irregular grains and unmixing blebs, rods and lamellae of wustite associated with the euhedfal grains o
larnite. (C) Euhedral crystal of larnite. Note the presence of intracrystalline small fractures and cracks. (D) Irregular grain of nativeailigrriparted

by wustite. (E) Skeletal crystal of chromite displaying an apparent preferential growth towards the apices (cruciform type). (F) The mosegeraliar t

of these larnite-rich materials involves chromite (or chromite-melilite) cores and flower-type wustite rims.

sample. The hematite content is about 3%. FER2 is from Table 1displays the bulk chemical composition of the
an iron-formation bed occurring in greywacke in the north standards and mixtures. Major elements are measured with
pit of the Griffith Mine at Bruce Lake, Ontario. Magnetite a Philips PW-1404 sequential spectrometer with a Sc/Mo
forms about 25% of the sample by volume. Amphibole and source tube, using the counting conditions listedable 2
quartz are the major gangue constituents. FER4 is from Four analyzing crystals were used for the detection of the
the Sherman Mine property at Temagami, Ontario. This Ka intensities: LIF (200) for Ti, Fe, Mn, Ca and K, PET
standard was taken in the south pit from a cherty mag- for Si and Al, PX1 for Mg and Ge for P. In the calibra-
netite iron-formation containing chloritic tuff. Quartz is the tion procedure, the samples are weighed according to both
most abundant mineral present. Hematite occurs as dustycompositional uncertainties and counting statistical errors,
inclusions in the quartz, but as micro-laminae in jasper using York's (1966) linear least-squares fitting procedure.
layers. The calibration data presented in this paper were obtained
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Table 1
Bulk chemical composition of the artificial and natural standards and mixtures
BCS381 BCS174/2 BCS382/1 BCS174/2 BCS382 BCS382 BCS382/1  BCS382 NBS688
+ FER1 + FER1 + FER4 + FER2

Sio, 8.78 11.20 13.03 13.20 18.65 19.50 25.38 29.40 48.35
Al,03 0.67 0.77 3.79 0,69 5.18 7.51 3.09 6.73 17.35
Fe03) 19.02 22.73 28.45 40.44 34.40 13.67 32.27 22.18 10.34
MnO 3.16 3.80 7.96 2.61 6.21 9.20 5.37 6.17 0.17
MgO 1.03 4.63 3.73 3.19 7.23 10.70 2.96 7.83 8.46
CaO 49.00 43.20 40.10 29.90 23.10 33.00 27.48 22.72 12.17
Table 2 characteristics of the minerals were determined on the basis
Counting conditions for the main major elements of a large data series of electron microprobe analyses (Jeol
Element Collimator Crystal 2 L UL Superprobe JXA-8900M), bulk and channel—sglectgc_i (TAP,

_ _ PETJ, LIF, PETH) X-ray spectra search and identification
Si Fine PE 109.165 35 85 routines. Natural standards and synthetic crystals from the
Al Coarse PE 145.035 34 82 lecti fthe “Servicio de Mi 5@ Electronica Llui
Fe Fine LiF200 57 535 42 79 collection of the “Servicio de Microscép Electronica Lluis
Mn Fine LiF200 62.980 45 75 Bru”, Complutense University, Madrid were used.
Mg Coarse PX1 22.880 30 85 Microprobe analyses of larnite euhedral crystals and
Ca Fine LiF200 113.155 35 75 anhedral mineral grains indicate they closely match the

Sc/Mo target, 40 kV, 70 mA. K lines first order. Flow proportional counter  theoretical formula X = Cay 96Sio.9804), although signif-

with 90% Ar, 10% CH, vacuum path. Filter out. Samples rotated. LL:  icant amounts of Al (Ad19-Aloss), Fe (F@o1—Fe&.14),

lower level, UL: upper level. Mn  (Mngp1—Mnggo3) and Mg (Mg o1—Mdoo2) have
been detected in some crystals. These elements broadly

using nine reference material§g. 3shows typical calibra-  conform to the following average general formula:

tion curves for Ca, Fe and Si, respectively. Cay 60Al 0.34F€0.09MN0,03MJ0.01Si0.9004.
The exact chemical analysis of the larnite-rich materials ~ The microprobe analyses of the other major and minor
is (in wt% oxides) CaO: 34.78, £®3: 26.55, SiQ: 16.27, minerals occurring in the larnite-rich materials show na-

Al203: 10.73, MnO: 5.69, MgO: 3.37,4®s: 0.61, TiG: tive iron displaying a relatively pure composition. Some
0.57 and KO: 0.02. As previously defined, chromite occurs minor (Mn, Mg, Ca) and trace (Cl, Cr, Si) elements were
as an accessory mineral by which an additional calibration found, up to around 6 wt.%. The average composition is:
for Cr was also carried out giving a result of 1.42wt.% FeO: 92.15, MnO: 4.57, MgO: 1.78, CaO: 0.97. Wustite
Cr03. This completes an extremely accurate total analysis contains small amounts of Mn, Mg and Ca. The average
of 100.01. formula is F@77Mng 15Mgo.11Ca&.020, with values of al-
most pure Fe (Rg2). Melilite does not closely match
the theoretical formula. Small amounts of Ti, Fe, Mn
3. Trace elements and chemistry of minerals and Mg are always present. Erratic traces of Ir (around
0.10wt.%) were also detected in some grains. The aver-
Trace elements (including REE) were determined by a age formula is CagsAl2.0oFen.20MNo.03Sip 8607. Chromite
combination of INAA, ICP-MS, ICP-AES and AAS. Small displays variable composition. The average formula is
guantities of base metals were detected: Zn: 332 ppm, Cu:Cr (Cro.99—Cri54), Al (Alg33-Alg75), Fe (F@az—Feyas)
170 ppm, Sn: 40 ppm and Pb: 12 pp. The refractory elementsand Mg (Mg 35—Mdo.47). Spinel and perovskite occur
Zr, Nb, Sr and Ba are extremely high (168, 66, 174 and associated as mixed mineral grains. However, whereas
2118 ppm, respectively) and Y and V are 6 and 400 ppm; perovskite matches the theroretical formula (Ca&liO
Sc is low: <1 ppm, and the light REE (La, Ce) are 10 and Cay.10Tio.72Al0.14F&n 12Si0.03Cr0.0303 (although there are
118 ppm. The heavy REE are, in broad terms, less enriched.substitutions of Al by Ti: CagsAl1.12Si0.08F€0.0303),
The Ni content is 18 ppm. spinel displays compositional variations. In general terms,
The chemical characteristics of larnite and its associatedit matches the average formula: 1AkMgo.50Fen.45Ca0.10
minerals were studied using scanning electron microscopy Mng 14Sip 04Crp.0204. As previously defined, minute grains
(SEM) and electron microprobe. For SEM studies the of corundum, native copper and troilite were also detected
specimens were coated with gold (20nm) in a Bio-Rad within the matrix of the larnite-rich materials. Corundum
SC515 sputter coating unit. General SEM observations contains small amounts of Fe (AdiFep 0703). Both native
were made in a Philips XL20 SEM at accelerating volt- copper and troilite display very pure compositions.
ages of 20-30kV. Energy-dispersive X-ray microanalyses Specific Proton Induced X-ray Emission (PIXE) probe
(EDX) were obtained using a Phillips EDAX PV9900 with analyses were also carried out on 18 selected mineral tar-
a light element detector type ECON. The crystal-chemical gets (3 larnites, 6 on native iron, 2 metalxide (wustite)
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Fig. 3. Calibration curves for Ca, Fe and Si. Intensity vs. concentration. Squares: standartb(ee®; circle: larnite-rich ultrarefractory material.

blebs and 7 melilites). The PIXE data presented for 16 ele- rare earths (REE), are not present at a level significantly
ments add a further dimension to the electron probe analy-above the quoted minimum detection limits. A more sensi-
ses. The first general findings do not concern the presence otive method, such as the ion microprobe (SIMS) would have
elements, but instead, the absence of certain groups whictbeen required to detect PGE in metals or REE in melilites.
were specifically expected for their chemical affinity. Ele- Generalized minimum detection limits for elements are as
ments, such as the platinum group elements (PGE) and thefollows: In metal; Ru, Rh, Pd and Ag (7 ppm), Re, Os, Ir, Pt
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and Au (20—40 ppm, declining from Re to Au), Ge and Se lidge (ISOTRACE), J. Izquierdo and F. Montero (IBER-

(10 ppm), Te (15 ppm) and Hg, Tl, Pb and Bi (20-30 ppm). In DROLA), A. Formoso, A. Gomez-Coedo and®M. Dorado

silicates; Rb (3 ppm), Te (25 ppm), Cs (50 ppm), La (30 ppm (CNIM, CSIC), J.M. Fernandez-Navarro (ICV, CSIC), and

in larnite, 80 ppm in melilite), U and Th (8 ppm). A. Rodriguez-Mufioz and J.L. Baldonedo (UCM). Special
PIXE analyses of three single larnite crystals displayed thanks to Paul Gibling.
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