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ABSTRACT

Ludwigite from the type locality, Ocna de Fier, Banat, Romania, was re-investigated in order to establish undocumented
chemical and physical properties. The mineral occurs in boron-bearing magnesian skarns, in a restricted association that includes
calcite, forsterite (fayalite 0.92-2.60%, tephroite 0.75-1.26%), magnetite (magnesioferrite 18.48—46.31%) and clinohumite (X,
=0.59%, Xr = 40.91%). The host skarns are developed at the contact between an intrusive Upper Cretaceous “banatitic” body,
which is mainly granodioritic, and metasomatized Mesozoic limestones. Ludwigite from Ocna de Fier is closer to the magnesian
end-member than previously reported. The analyzed samples are compositionally variable, with vonsenite ranging from 4.41 to
14.27 mol.%, minor azoproite [up to 0.10 mol.% (Mg, Fe?"),(Ti** Mg)(BO3)05], and less than 6.55 mol.% (Mg, Fe?*),Al(BO3)O,
in solid solution, and with minor Sn, Sb, Cr, Ni, Co, Mn and Zn. Cell parameters [a 9.225(8) — 9.290(6), b 12.233(9) — 12.334(6),
¢3.033(4) - 3.057(3) A] are influenced by both Fe?* and Al contents. The mean reflectance is approximately 11%, and the mean
index of refraction is 1.95. A strong magnetic anisotropy is observed; the maximum of susceptibility (12511.76°10° e.m.n.) was
measured along a direction coincident with fiber elongation. The Méssbauer spectroscopy indicates the superparamagnetic
behavior of the mineral. The splitting of internal vibrational modes of BO; group in the infrared spectra is consistent with a Cs,,
or Cs point symmetry of the BO3 group, which is characteristic of magnesian ludwigite. Heated in air, the mineral is stable up to
1000°C. The compositional data, combined with information on the experimental synthesis of borates, indicate a temperature of
crystallization at 600-650°C and oxygen fugacities of 1078 — 10-1* atm.

Keywords: ludwigite, magnesian skarns, X-ray data, thermal behavior, magnetic behavior, Méssbauer spectroscopy, infrared-
absorption data, crystal chemistry, Ocna de Fier, Romania.

SOMMAIRE

Une nouvelle étude de la ludwigite provenant de la localité-type, Ocna de Fier, Banat, en Roumanie, a été entreprise pour
metire en évidence quelques caractéres chimiques et physiques ignorés jusqu’a présent. Le minéral apparait dans des skarns
magnésiens minéralisés en bore; il fait partie d’un assemblage restreint, 2 calcite, forstérite (fayalite 0.92-2.60%, téphroite 0.75—
1.26%), magnétite (magnésioferrite 18.48-46.31%} et clinohumite (X, = 0.59%, Xg = 40.91%). Les skarns hotes sont développés
au contact d’un massif intrusif d’age Crétacé supérieur, de composition granodioritique (“banatitique”), avec des calcaires
métasomatisés d’age mésozoique. La ludwigite de Ocna de Fier est plus proche du pdle magnésien qu’on a prétendu
antérieurement. Les échantillons analysés ont une composition variable, avec une proportion du composant vonsénite entre 4.41
et 14,27% (base molaire), peu d’azoproite (jusqu'a 0.10% de (Mg,Fe?)»(Ti**,Mg)(B03)0,), et jusqu’a 6.55% de
(Mg Fe),Al(BO3)O; dans la solution solide, et contiennent des teneurs mineures en Sn, Sb, Cr, Ni, Co, Mn et Zn. Les paramétres
de la maille réticulaire [a 9.225(8) — 9.290(6), b 12.233(9) — 12.334(6), ¢ 3.033(4) — 3.057(3) A] sont influencés également par les
teneurs en Fe?* et Al Le pouvoir réflecteur moyen se situe autour 11%, et 1’indice moyen de réfraction, autour de 1.95. Une
puissante anisotropie magnétique peut étre mise en évidence; une valeur maximale de susceptibilité (12511.76¢10° u.e.m.) a été
mesurée le long de 1’allongement des fibres. La spectroscopie de Mossbauer montre un comportement superparamagnétique du
minéral, La dégénérescence des modes internes de vibration du groupe BOj; dans les spectres infrarouges est compatible avec une
symétrie ponctuelle Cs, ou C, de ce groupe, ce qui est caractéristique de la ludwigite magnésienne. Chauffé dans 1’air, le minéral
est stable jusqu’a 1000°C. Les données de composition, combinées avec celles issues des synthéses expérimentales des borates,
indiquent des températures de cristallisation de 600-650°C pour des fugacités d’oxygéne de 10718 — 10714 atm,

Mots-clés: ludwigite, skarns magnésiens, données de diffraction X, analyse thermique, comportement magnétique, spectroscopie
de Mdssbauer, spectrométrie d’absorption infrarouge, chimie cristalline, Ocna de Fier, Roumanie.

¥ E-mail address: marincea@ns.igr.ro

-



1344
INTRODUCTION

Ludwigite is a quite widespread oxyborate mineral
with an extended general formula of (Mg, Fe?",Mn?*,
Ni)o(Fe**,AlTi,Sb>*,Sn**,Cr** Mn** Mg)(BO3)O, type.
It was first described by Tschermak (1874) from Ocna
de Fier, Banat, Romania, formerly known as Moravicza,
Vasko or Eisenstein. Tschermak (1874) gave the first
chemical and optical data on the new mineral, and Mal-
lard (1887) provided crystallographic data.

In subsequent studies of ludwigite, authors made use
of material from the type locality to compare it with
ludwigite from several other occurrences, resulting in
additional chemical (Schaller 1911), optical (Larsen
1921, Capdecomme 1946), X-ray (Shabynin 1955),
infrared (Aleksandrov et al. 1965) and structural data
(Bonazzi & Menchetti 1989) on ludwigite from Ocna
de Fier. Two monographic studies carried out by
Codarcea et al. (1957) and Koch (1960) provided valu-
able information concerning its composition, optical
properties and mineral associations, and a broader study
by Kissling (1967) added new morphological, optical,
thermal (DTA), chemical and diffractometric data, and
a detailed paragenetic analysis.

In order to complement the existing data, a detailed
study was undertaken using reflectance, electron micro-
probe, inductively coupled plasma - atomic emission
spectrometry (ICP-AES), inductively coupled plasma
— mass spectrometry (ICP-MS), X-ray diffraction, sus-
ceptibility, Mossbauer, thermal and infrared absorption
analyses. The new data are important in view of the
widespread occurrences of ludwigite in magnesian skarn
deposits (Aleksandrov 1982, Pertsev 1991).

GEOLOGICAL SETTING

As described by Kissling (1967), ludwigite at Ocna
de Fier occurs as lenses hosted by the dolomitic marble
developed in the outer zone of a skarn complex located
in the western part of the South Carpathians, approxi-
mately 12 km northwest of Resita, the major city in the
area. A pronounced zonation of the ludwigite-bearing
lenses shows that these are in fact small metasomatic
bodies consisting of an assemblage of ludwigite, mag-
netite, forsterite, clinohumite and products of their
alteration.

Both skarn and marble are developed in the contact
area of an intrusive body named “the Ocna de Fier —
Dognecea granodioritic pluton” by Russo-Sandulescu et
al. (1986). This body is generally considered to repre-
sent a sonthward continuation of the Bocsa massif, a
major composite pluton of Upper Cretaceous age
(Russo-Sandulescu et al. 1986). In general, such mag-
matic bodies are described by the collective term
“banatite”, after von Cotta (1864), who first described
at the locus tipicus, Banat, a consanguineous series of
compositionally intermediate intrusive rocks of Late
Cretaceous — Paleogene age. The Ocna de Fier —
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Dognecea body seems to have been emplaced at a rela-
tively shallow depth, during the third phase of intrusion
of the calc-alkaline magmas in the area (Bocsa 3
according to Russo-Sandulescu et al. 1986). U-Pb
radiometric analyses on zircon indicate 79.6 + 2.5 Ma
for the Bocsa 3 phase, whereas the Ocna de Fier gra-
nitic rocks yield U-Pb zircon ages of 75.5 + 1.6 Ma
(Nicolescu 1998), indicating that the two magmatic
bodies may be coeval. The intrusive body at Ocna de
Fier consists mainly of granodiorite and granodiorite
porphyry with subordinate quartz monzodiorite and
melanocratic diorite (Russo-Sandulescu et al. 1986).

Skarns from Ocna de Fier occupy extensive zones
within the contact area. Their protolith consisted of
micritic limestones with intraclastic levels and calcare-
ous sandstones of Upper Jurassic — Lower Cretaceous
age, deposited in the Ezeris — Carnecea zone of sedi-
mentation. They form discontinuous bands, irregular or
tabular bodies and metasomatic veins, and display an
obvious metasomatic zoning, essentially exhibiting an
inner Ca-rich skarn zone with mainly andraditic garnet,
and an outer zone with Mg-rich skarns, developed near
the dolomitized marble. Cioflica & Vlad (1973)
described these features as typical of the Ocna de Fier
“skarn type”.

The magnesium-rich skarns are mainly diopside- or
tremolite-rich, with lesser amounts of phlogopite and
subordinate forsterite and clinohumite; the latter are
generally serpentinized. Dolomitized marbles hosting
ludwigite are invariably adjacent to this type of skarn,
being separated from them by a thin zone of serpentine.
Spatially they are disposed around Danilii Hill, between
Terezia quarry (in the north) and Iuliana quarry (in the
south; Fig. 1). The most important occurrences of
ludwigite are those in Magnet, Arhangheli, Iuliana,
Terezia and Delius quarries, as well as in some old
mines, e.g., Jupiter and Reichenstein (Kissling 1967).
Only the first four sites of mining activity are still
accessible. The locus tipicus for the mineral approxi-
mately corresponds to an old pit that was removed dur-
ing the exploitation of the Magnet quarry.

ANALYTICAL METHODS

A brief description of the main analytical methods
used during this study is given below. More detailed
information about methods of sample preparation and
analytical techniques is available in Marincea (1998).

Electron-microprobe analyses were performed in
wavelength-dispersion mode, on standard polished thin
sections. The apparatus used was a CAMECA SX-50
electron microprobe set at an accelerating voltage of
15 kV (except 5 kV for B), a beam current of 10 nA,
and a beam diameter of 5 wm (10 pm for B, on separate
spots). Natural diopside (Si, Mg and CaKa), synthetic
hematite (FeKa), natural orthoclase (K and AlKa), natu-
ral pyrophanite (Ti and MnKa), synthetic fluorine
(FK) and boron nitride (BKa) were used as standards.
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Fic. 1. Geological sketch of Ocna de Fier —
Dognecea area (redrawn from Ilinca 1998).
Symbols in the legend represent: 1 Pre-
cambrian metamorphic rocks (Bocsita—
Drimoxa Formation) in the Bocsa nappe,
2 Middle Paleozoic metamorphosed rocks in
the Moniom nappe and Upper Paleozoic —
Mesozoic sedimentary formations in the Resita
nappe, 3 marble, 4-6 “banatites” (4 gabbro—
diorites, 5 granodiorites, 6 lamprophyres),
7 marble and hornfels, 8 skarn bodies,
9 Pliocene — Quaternary sedimentary cover,
10 occurrences of ludwigite.
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Counting time was 20 s per element. Data reduction was
done using the PAP correction procedure (Pouchou &
Pichoir 1985). The scanning electron microscopy study
(SEM ) was performed separately, using a JEOL JSM—
840 apparatus set at an acceleration voltage of 15 kV
and a beam current of 10 nA.

Wet-chemical analyses of ludwigite samples from
Ocna de Fier were done after a careful separation, which
used the technique recommended by Vlisidis & Schaller
(1974). Carefully hand-picked and pulverized material
was first etched with cold 1:3 nitric acid, then purified
using both the Franz magnetic separator and heavy lig-
uids in separatory funnels. Prior to analysis, separates
of ludwigite were decomposed by melting with Na,CO3
in nickel crucibles, then removed with water. Except for
boron, whose concentration was determined by induc-
tively coupled plasma — atomic emission spectrometry,
the concentration of the cations was determined by stan-
dard methods of quantitative analysis (gravimetry, colo-
rimetry and absorption spectrometry) following
techniques recommended by Maxwell (1968) and Iosof
& Neacsu (1980). The Penfield method was used for
water determinations.

The values of reflectance were measured using an
Opton Microphotometer equipped with a HTV photo-
multiplier and an MSP-21 analogous digital converter.
Conditions used were: 25 W at 6 V as power supply for
the source (a WFG illuminator), 50 X magnification and
0.8 numerical aperture for the objective, lamp aperture
of 0.5, 60 pm diameter for the diaphragm. The mea-
surements were made against a SiC reflectance standard.

Mossbauer spectra of ludwigite samples were
obtained using a constant acceleration, mechanically
driven, Mossbauer spectrometer. The spectra were taken
with a ¥Co rhodium-matrix source (with initial activity
of 5 mCi), with both source and absorber at room
temperature (22°C). Data were accumulated in 512
channels, which covered the Doppler velocity range of
+15.0 mm/s. The spectra were fitted by least-squares
method assuming Lorentzian lines, and the velocity
scale was normalized with respect to the center of the
spectrum of metallic iron at room temperature.

X-ray powder-diffraction patterns were obtained
using an automated Siemens D-5000 Krystalloflex
diffractometer, with graghite-monochromatized CuKa
radiation (A = 1.54056 A), at 40 kV and 30 mA. The
data were collected over the 26 range 5-90°, using a
step size of 0.04°26 and a 2 s counting time at each step.
Synthetic spinel (a = 8.0835 A) was used as an internal
standard.

Thermal curves were drawn using a MOM 1500 D
derivatograph used with a Pt — PtRh thermocouple. They
were obtained by heating the sample at 10°C/min. in
the range 20° to 1000°C, with a continuous air supply
of 50 mL/min. Because the danger of iron diffusing into
platinum at low fugacities of oxygen (Larson &
Chipman 1954), followed by the destruction of the
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apparatus, the heating was stopped before the fusion of
ludwigite. The material used for analysis was separated
from the powders used for chemical analysis, after con-
ventional magnetic and heavy-liquid separation, but
before chemical treatment.

The infrared absorption spectra were obtained using
a SPECORD M-80 spectrometer and a standard pressed
disk technique. Samples were prepared by diluting the
ludwigite powders in KBr, in ratios of about 1:500, and
compacting under 2500 N/cm? pressure.

ASSOCIATED MINERALS

Results of an extensive analysis of the associated
minerals, including the carbonate phases, was given by
Marincea (1998). The list of these minerals, restricted
to the species occurring in the ludwigite-bearing zones,
includes magnetite, forsterite, clinohumite, szaibelyite,
calcite, dolomite, ankerite, antigorite, lizardite,
clinochlore, pyroaurite, goethite, lepidocrocite, pyrite,
pyrrhotite, arsenopyrite, chalcopyrite, sphalerite, galena,
marcasite and covellite. Because only the first three
minerals show paragenetic relations with ludwigite, and
because szaibelyite and the serpentines occur by direct
alteration of primary minerals, only these species will
be investigated below.

Magnetite is the only spinel phase found in the
samples investigated. Franklinite, mentioned by Koch
(1960), was not found in any of them. At Ocna de Fier,
magnetite may occur as monomineralic bands of opti-
cally unzoned grains or as isolated grains interstitial to
silicates (i.e., forsterite, clinohumite) or to ludwigite.
The cell parameter calculated for three different samples
by least squares, using 13-14 X-ray powder reflections
in the 20 range of 10 to 100°, varies between 8.383(4)
and 8.400(2) A. These values are close to that given by
Basta (1957) for stoichiometric magnetite (a = 8.396 A).
Paragenetic relations between borates and the spinel
indicate two generations of magnetite, in equilibrium
with ludwigite and szaibelyite, respectively. It is to be
expected that magnetite I, which cocrystallized with
ludwigite, will have higher contents of Mg than magne-
tite IT, which replaces ludwigite and cocrystallized with
szaibelyite, because the magnesium is preferentially
fixed by szaibelyite. Results of electron-microprobe
analyses (Table 1) confirm this hypothesis. The magnet-
ite does exhibit a bimodal distribution with respect to
its Mg content: between 18.48 and 46.31 mol.%
magnesioferrite may be deduced in magnetite [, as com-
pared to 11.23 mol.% in the only analyzed sample of
magnetite II. The magnetite grains belonging to the
same generation are remarkably homogeneous within
the limits of the same crystal and of the same sample.
This level of homogeneity represents a characteristic
feature of all the analyzed phases, including oxides, sili-
cates and borates. Consequently, the results presented
in Table 1 are representative of crystals in the same thin



LUDWIGITE FROM OCNA DE FIER, ROMANIA

TABLE 1 RESULTS OF ELECTRON-MICROPROBE ANALYSES OF SELECTED
SAMPLES OF MAGNETITE ASSOCIATED WITH LUDWIGITE*

SAMPLE 1168 1799 1867 1975 2073 2218 2219 2221 1168
TYPE  mgtl I I mgt] mgtl] mgti met] mgt] mgthh
No. 7 3 5 3 4 4 5 8 3
TiO, 0010 0015 0016 0028 0000 0044 0071 0027 0030
ALO; 0047 0005 0154 0017 0301 0068 0079 0024 0045
Fe,0, 71218 70.729 71518 72256 70786 73466 71122 71326 69950
FeO® 23767 25272 21742 20069 24547 16911 23872 23257 27315
MnO 0605 0642 1467 1410 0318 0833 0444 0846 0593
MgO 4259 3208 5080 6190 3998 8591 4400 4491 1981
Ca0 0094 0039 0023 0030 0050 0087 0012 0029 0086

TOTAL® 10000 100.00 100.00 100.00 100.00 100.00 100.00 100.00 10000
NUMBER OF I0NS ON THE BASIS OF 24 CATIONS
Ti 0002 0003 0003 0006 0000 0016 0016 0006 0007
Al 0016 0002 0054 0006 0106 0023 0028 0008 0016
Fe* 15980 15092 15040 15983 15894 15.957 15940 15980 15970
Fe" 5926 6350 5385 4933 6126 4082 5946 5791 6931
Mn 053 0163 0368 0351 0080 0204 0112 0213 0152
Mg 1893 1477 2243 2712 1778 3697 1954 1993 0896
Ca 0030 0013 0007 0009 0016 0027 0004 0009 0028

* Results expressed in wt %,

(1) nuraber of point analyses

(2) as deduced from FeOr, after the adjustment of the ferric/ferrous ratics in order to
fulfill the charge balance

(3) totals recalculated to 100 %

section. A late-stage partial alteration of both genera-
tions of magnetite produced goethite and lepidocrocite,
which may occur on fractures and fill cavities in the
masses of magnetite.

Forsterite was identified in almost all the analyzed
samples. It occurs as disseminated crystals or, more
commonly, in irregular aggregates of euhedral or
subhedral crystals, enclosed by the massive ludwigite
and partially serpentinized. Optically, the mineral is bi-
axial positive with a very high 2V angle (86 < 2V < 88°),
which indicates a high forsterite content (Troger 1969).
The high forsterite content is also supported by the
X-ray powder-diffraction data. On the basis of the posi-
tion of the (130) spacing [d(130) in the range 2.764 to
2.767 Al and using the relation proposed by Schwab &
Kustner (1977):

Fo (mol.%) = 100 -
d (130))21¢100 (%)

[7.522 — 14.907 (3.020 —

all the investigated samples contain between 97.5 and
100.0 mol.% forsterite.

Results of electron-microprobe analyses of represen-
tative magnesian silicates associated with ludwigite
(Table 2) confirm that forsterite from Ocna de Fier has
a low content of Fe and Mn: between 0.92 and 2.60
mol.% fayalite, and between 0.75 and 1.26 mol.%
tephroite are indicated.

Clinohumite in the borate-bearing skarns occurs
most commonly as discrete subhedral to euhedral grains
in the matrix of ludwigite and magnetite, but it is also
found as clusters of crystals where it coexists with
forsterite. Normally, the crystals are polysynthetically
twinned on (001). The mineral is biaxial positive, with
71 < 2V < 78° and extinction angles c:a in the range
9-11°. The weak pleochroism (colorless along vy and B,
light yellow along o) and the relatively low birefrin-
gence are consistent with the chemical data in Table 2,
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TABLE 2. RESULTS OF REPRESENTATIVE ELECTRON-MICROPROBE
ANALYSES OF SILICATES ASSOCIATED WITH LUDWIGITE*

Sample 1168 1891 2073 2218 2219 1873 1866 2218 1975

Mmersl_Fo©__Fo~___Fo©_Fo__ Fo_Cmo_ La0 Lo Ago
Nom 4 3 3 5 [ 5 3 5 2
Si0, 42056 42241 43222 42554 42.094 37436 38401 38335 41291
TiO, nd. 0.001 0.083 0040 0014 0.079 nd nd nd
ALO;, 0017 nd 0.011 nd nd nd. 1644 1534
B0, na na na na na nd nd 1253 nd

MgO 54.539 55298 54931 54.400 55449 55579 38517 39304 37.704
FeO® 2596 1169 0906 1753 1478 0586 2895 2637 3.205
MnO 0767 1.190 0833 1233 0929 029 0093 009 0061
Ca0 0025 0101 0014 0020 0036 0032 0015 0022 0193
F na na na na, na. 2467 ad nd. nd
HO0® na na. na na na 1688 nec nc ne
Total __100.00 100.00 100.00 100.00 100.00 98.163 83116 83,285 83988
NUMBER OF IONS ON THE BASIS OF N* OXYGEN ATOMS
Si 1000 1000 1018 1008 0997 4017 3776 3734 4.002
Ti 0000 0000 0001 0001 0000 0006 - - -
Al 0.000 0000 0000 0000 0000 0000 0370 0189 0175
B - - - - - 0.000 0000 0211 0.000
1932 1950 1927 1921 1957 8893 5646 5708 5448
Fe** 0052 0023 0018 0035 0029 0053 0238 0215 0260
Mn 0015 0024 0017 0025 0019 0027 0008 0007 0.005
Ca 0001 0003 0000 000! 0001 0004 0002 0002 0020
F - - - - - 0.837 - - -
{OH) - - - - - 1209 ne. n.c. ne,
* Results expressed in wt.%.
(1) number of point analyses.
(2) all Fe was considered in divalent state of oxidation
(3) as calculated in order to fulfill the balance
(4) 4 () for forsterite, 16 (O) and 13 cations for clinok 14 (O) for serp

(5) Fo: forsterite, Chu: clinohumite, Lz: llmrdﬂcAtg anugome
Other abbreviati n.a.: not analyzed; n.c.: d; n.d.: not detected

which indicate an iron-poor [Xp. = 100Fe**/(Fe** + Mg)
= 0.59] hydroxyl-clinohumite [Xg = 100<F/(F + OH) =
40.91].

Lizardite typically occurs as a rim on forsterite or
clinohumite or, more commonly, in pseudomorphic
mesh-textures after forsterite. Non-pseudomorphic tex-
tures of interpenetrating type occur rarely and consist
of antigorite (identified on the basis of X-ray powder
data, using the scheme of Whittaker & Zussman 1956).
All the pseudomorphic textures have mesh-centers of
forsterite or “serpophite” (lizardite-17 according to
Wicks & Zussman 1975). Optically, the mesh-rims have
negative elongation, which characterizes an a-serpen-
tine sensu Wicks & Zussman (1975). Taking into
account that the o-mesh-rims consist mainly of lizardite-
17 (Wicks & Zussman 1975, Wicks & Whittaker 1977,
Cressey 1979), lizardite is inferred to be present in all
the samples examined. This inference is supported by
the X-ray powder-diffraction study, because all of the
analyzed samples behave as lizardite according to the
criteria of Whittaker & Zussman (1956): they show a
high- intensity line at a d value of 2.499-2.503 Aanda
strong pair of lines at 1.501-1.503 A and 1.534-1.537
A, whereas the strong line of antigorite around 1.563 A
is absent. Note that the chemical differences between
lizardite and antigorite (Table 2) obey the trend pointed
out by Whittaker & Wicks (1970).

Szaibelyite occurs as bunches of small needle-like
crystals, near the limits of optical resolution. It forms
polycrystalline pseudomorphs after ludwigite, being
generally intergrown with strings of magnetite 1. The
average unit-cell parameters, deduced by least-squares
refinement of three sets of X-ray powder data, are a
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TABLE 3. RESULTS OF ELECTRON-MICROPROBE ANALYSES OF
SELECTED SAMPLES OF SZAIBELYITE

Sample 1167 1168 1415 1799 1866
No.® 10 10 3 4 6
Bz05 41008 41101 42096 41444 41226
ALO; 0111 0074 0019 0301 0034
MgO 46976 46919 46457 45374 46903
MnQ 0336 0362 0302 0253 0315
FeO® 0847 0815 0573 2080 0852
Ca0 0029 0039 0022 0029 0016
H,0® 10792 10666 9722 10071 10570

F 0040 0067 0058 0049 0025
Total 100139 100.043 99249 99601 99941
NUMBER OF IONS ON THE BASIS OF 2 B AND 40

B 2000 2.000 2.000 2,000 2.000

Al 0004 0002 0001 0010 000!
Mg 1978 1972 19066 1891 1965
Mn 0008 0009 0007 0006 0008
Fe?* 0020 0019 0013 0049 0020

Ca 0001 0001 0001  000F 0000
(OHY 2022 2002 1852 1920 1987

F 0.004 0006 0005 0004  0.002

COMPOSITION IN END-MEMBERS (MOL. %)
szaibelyite 9855 9855 9891 9712 9860
sussexite 040 045 036 031 040
Fe*"s(B,0,0H)(OH)  1.00 095 0.68 2,52 1.00
"sibirskite" 0.05 005 005 0.05 0.00

{1) number of point analyses.
(2) total iron as FeOQ
(3) as calculated in order to fulfill the charge balance.

12.545(4), b 10.388(9), ¢ 3.135(8) A, B 95.68(27)°.
Results of electron- microprobe analyses (Table 3) show
that the szaibelyite is poor in Mn + Fe and contains as
usual a very low content of Ca. Up to 0.45 mol.%
sussexite (the Mn end-member) and 2.52 mol.%
Fe,(B,0,0H)(OH) may be deduced, and the “sibirskite”
component amounts to 0.05 mol.%. It is worth noting
that the ferrous component is always greater than the
manganoan one, a feature that appears to characterize
all the szaibelyite pseudomorphs after ludwigite in the
Romanian deposits (Marincea 1998).

MORPHOLOGY OF THE CRYSTALS

At Ocna de Fier, ludwigite generally occurs as ir-
regular bands of randomly oriented crystals. These
bands (“Liesegang bands” according to Kissling 1967),
3 to 20 cm wide, predominantly consist of ludwigite and
alternate with magnetite bands having approximately the
same thickness. They exhibit a texture that obviously
results from a metasomatic process. Occasionally,
ludwigite aggregates occur as nests or veins, usually
enclosed by the magnetite mass. Generally, ludwigite
in these aggregates forms fibrous masses with a silky
luster and pitch-black to olive-black color. The compo-
nent crystals are fibrous and form parallel, radiating or
interwoven aggregates, which give to the mass a felt-
like appearance. Coarser radiating or fan-like aggregates
are scarce; they contain bunches of crystals of up to 35
mm long (reported up to 60 mm by Koch 1960) and up
to 2 mm thick.

The SEM study shows that the individual crystals
have a restricted number of forms. Prisms {#k0} are
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identified as {110} and {120}. No terminal faces can
be distinguished. The frequency of subparallel and par-
allel intergrowths makes a complete morphological
study difficult.

The SEM and reflected-light studies document a
curved appearance of some bunches of ludwigite crys-
tals. The individual crystals that compose these aggre-
gates are commonly truncated by narrow fractures,
oriented perpendicular to [001]. Fractures of this kind
may be observed in Figure 2A. This system of fractures,
locally filled with szaibelyite and secondary magnetite
(Fig. 2B), progressively changes the orientation of
bunches of ludwigite crystals, which appear curved. The
extensive system of longitudinal fractures, called “sepa-
ration lines” by Koch (1960) and always filled by mag-
netite and szaibelyite, are considered to be the result of
the unequal expansion in volume caused by the forma-
tion of szaibelyite.

OPTICAL AND PHYSICAL PROPERTIES

The study of thin sections emphasizes the practically
opaque nature of ludwigite from Ocna de Fier. Only
some fine needle-like crystals have a translucent rim,
visible where they are embedded in the carbonate mass;
in these cases, the mineral shows a weak pleochroism
in dark brown to reddish brown shades. The directions
of vibration cannot be specified, but may be inferred by
comparison with the data in the literature (i.e.,
Capdecomme 1946, Leonard ez al. 1962), which specify
that the dark colors correspond to +y. This behavior is
consistent with a low Al content of a magnesian mem-
ber of the ludwigite — vonsenite series. The indices of
refraction of sample 1168, measured in immersion and
by comparison with standard Sovirel glasses, using ob-
lique illumination and sodium light (A = 589 nm) are
2.03(2) and B (= @) 1.90(2). These values are in good

TABLE 4, PHYSICAL PARAMETERS OF SELECTED SAMPLES OF
LUDWIGITE FROM OCNA DE FIER

Sample M 7 D; Ko D\ 5, K 1{(KeWKo)
1167 197.832* 345537 3801 02528 3.730 1.961 02482 0.018
1168 198 607* 347.078 3780 02516 3748 1951 02495 0008
1168  204219° 347078 3906 02507 3761 1979 02414 0037
1415 199393* 346670 3819 02498 3775 1.954 02470 0011
1417 197.672* 346448 3789 02521 3740 1955 02490 0.012
1418 197.924* 345780 3789 02516 3748 1.953 02490 0010
1439 200534* 346664 3841 02509 3758 1964 02456 0021
1439 199911° 346664 33829 02498 3775 1956 02463 0014
1798  198,530% 346188 3808 02510 3757 1956 02477 0013
1799 199209° 346927 3813 02523 3738 1962 02474 0019
1866 197942 346281 3.796 02503 3767 1950 02485  0.007
1867 198795% 346345 3811 02485 3795 1947 02475 0004
2218 200.478° 346435 3.842 02525 3.735 1.970 02455 0.028

(1) molecular mass, * s calculated on the basis of wet-chemical analyses; * as
calculated on the basis of eleciron-microprobe analyses,

(2) unit-cell volume (in A?), as deduced from least-squares refinement of X-ray
powder data.

(3) caleulated according to Gladstone-Dale law, by using the mean index of
refraction (; =1,943), and the chemical molar refractivity (Kc)

(4) nx=Dy-Kc+1

(5)Kp= (n - 1)/Dx
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FiG. 2. Scanning electron micrographs showing truncated crystals of ludwigite in a felt-like aggregate (A) and a magnetite
octahedron disposed on a fissure in ludwigite (B). Scale bar = 10 wm.

agreement with those reported by Palache er al. (1951)
for ludwigite from the type locality: vy 2.02(2) and
B (= @) 1.85(1). Data in Table 4 show that the mean
indices of refraction, calculated according to the
Gladstone—Dale rule using the calculated densities and
the molar refractivities (K¢) derived from chemical com-
positions, fit well with the resulting mean index of
refraction [7 = (o + B + v)/3 = 1.943].

Polished sections show that, in plane-polarized light,
Iudwigite from Ocna de Fier is distinctly bireflectant in
pinkish gray (|| Z) to dark greenish gray (L Z) tints.
Under crossed nicols, it shows a strong anisotropy in
yellowish brown (|| Z) to bluish violet gray (+ Z) colors.
No internal reflections were observed.

The minimum (R;;) and the maximum (R ,,y) val-
ues of reflectance were measured in air, at wavelengths
of 498, 553, 590 and 650 nm, in sections of maximum
anisotropy because of the difficulty in obtaining oriented
sections, for two different samples. The observed val-
ues are listed in Table 5, whereas the reflectance curves

TABLE 5. OPTICAL PARAMETERS OF SELECTED SAMPLES OF
LUDWIGITE FROM OCNA. DE FIER
| SAMPLE 1167 (IULIANA QUARRY)

Wavelength (nm) 488 553 590 650 Mean
Aceeleration voltage (V) 791 795 802 756
Rewm  1132(12) 1056(9) 983(11) ©35(12) 1027
Reflectance Reuax 14.96(13) 13.79(12) 13.12(11) 13.01(10) 13.72
R 13.14 1218 11.47 1118 1199
AR =R - R 3.64 323 329 3.66 3,46
Birefl (AR%) 2770 26.52 28.68 3274 28,86
Indices Dt 185 189 194 1.97 1.91
of B 1.70 174 1.76 1,77 1.74
refraction Theving L78% 182 185 1.87 183
2. SAMPLE 1168 (IULIANA QUARRY)
Wavelength (nm) 488 553 590 650  Mean
Acceleration volage (V) 823 823 823 735

R 10.85(10) 9.08(10) 888(11) 8.20(11) 925

Reflectance | Rux  12.78(9) 1136(11) 11.89(11) 1098(9) 11,75
Pasiim 11,82 10.22 10.39 9.59 10.50

AR = Ry~ R 1.93 228 3,01 278 250
Bireflectance (A R %) 16.33 2231 28,97 2899 24,15
Indices s 187 199 201 207 1.69
of Do 178 1.84 182 1 86 1.83
reftaction Thiia 1.83 1.92 1.92 1.97 1.91

drawn for one of the samples are given in Figure 3. Each
value in Table 5 represents an average of 1000 mea-
surements. The mean reflectance values are generally
higher than those reported by Uytenbogaardt & Burke
(1971) (R in the range 8-10%), but closely approximate
the 10% value. In fact, these values are similar to those
documented in some other examples of ludwigite by
Strona (1964) (R = 9.4 %) or Leonard et al. (1962) (R in
the range 9.5-11.4%).

On the basis of the measured values of reflectance, a
calculation of the indices of refraction may be
attempted, using the Fresnel equation in the form that
assumes an absorption coefficient k = 0. The translu-
cency of some crystal rims suggests that k£ may be
neglected; it results that n = (1 + R+ 2\/R) /(1 -R).
The indices of refraction that were obtained are listed in
Table 5. The mean values (s, in the range 1.74-1.83,

- R max k

15

R (%)

10

5t1|-|||:|||||||||||||||||u|

400 500 660 700
Wavelength (nm)
FiG. 3. Reflectance curves drawn for a selected sample of
ludwigite from Ocna de Fier (sample 1167).
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and 7may in the range 1.91-1.99) are lower that the mea-
sured values given before, but the maxima compares
well with the data of Palache er al. (1951).

The density of a representative sample of ludwigite
(sample 1168), measured by suspension in Clerici
solution diluted with water, is Dy, = 3.80(3) g/cm?. It
compares well with the calculated densities in Table 4,
derived from chemical compositions and cell volumes,
assuming Z = 4 (Takéuchi et al. 1950). The calculated
densities, as well as the measured one, are very similar
to the values reported by Aleksandrov (1968) for
Al-poor ludwigite with up to 25 mol.% vonsenite in
solid solution: 3.74 < D < 3.86 g/cm?,

The compatibility indices 1 — (Kp/K) in Table 4, as
derived from Gladstone-Dale calculations, using the
specific molar refractivities of oxides given by
Mandarino (1976) except for a revised one for B,O3
[kpao3 = 0.241, as calculated by Mandarino (1981) for
boron oxide], may all be classified as excellent or supe-
rior (Mandarino 1981). This result is excellent consid-
ering the chemical variability of the analyzed samples,
for which a constant index of refraction was assumed.

MAGNETIC SUSCEPTIBILITY

Previous studies concerning ludwigite (i.e., Tilley
1951, Leonard et al. 1962, Uyeda et al. 1963) led to the
conclusion that the mineral behaves as a magnetic phase,
being probably (weakly) ferromagnetic. This property
explains the attraction to the hand magnet reported by
Vlisidis & Schaller (1974), but may also be due to con-
tamination by magnetite. A preliminary measurement
of the magnetic susceptibility of fine-grained powders
prepared by careful hand-picking and heavy-liquid sepa-
ration indicates, on the basis of the attraction exerted by
the Franz isodynamic separator, that the value of sus-
ceptibility is always greater than 6000¢10° e.m.u. This
value indicates a magnetic phase, but the magnetic sus-
ceptibility (MS) must be anisotropic. The study of MS
anisotropy on a cube 2 cm on an edge cut from an ap-
parent monomineralic mass of ludwigite was conse-
quently undertaken. The instrument used was an
ac-bridge KLY/2; Hrouda (1982) described the tech-
nique that was followed.

AMS measurements are approximated by the sec-
ond-rank tensor kj;, which may be thought of as a com-
bination of the effects induced by all the magnetic grains
within a sample. The three main components of the kj
tensor give the susceptibility values kj (maximum), k;
(medium) and k3 (minimum). The values recorded for
the measured sample (1168) are k; = 12511.76°10°
em.u., ky = 11727.8510° e.m.u. and k; = 9060.39+10°
e.m.u., the mean susceptibility being k = 11100+10°
e.m.u.. The k;; anisotropy obtained on the basis of these
values is characterized by the following factors (nota-
tions after Uyeda eral. 1963): P=Xk; /ky=1.381;L =k
/ k, =1.067 et F = ky / k3 = 1.294. The ellipsoid that
approximates this effect is clearly oblate; Uyeda et al.
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(1963) found a nearly prolate ellipsoid. The maximum
value of susceptibility (k;) was found to be parallel to
the fibers, as reported by Uyeda et al. (1963). Ludwigite
thus is (ferro)magnetic and behaves as a sum of mag-
netic needles; magnetite grains preferentially disposed
along the “separation lines” described earlier induce
most probably the weak ferromagnetism as well as the
shape effect of anisotropy. This last hypothesis is sup-
ported by the fact that magnetite was identified by X-
ray diffraction in the powder that resulted from grinding
the cube used for measurements.

The data collected here do not allow any conclusion
to be drawn about the magnetic behavior of ludwigite
itself. A Mossbauer study was undertaken to solve the
problem.

MOSSBAUER SPECTROSCOPY

Maéssbauer spectra were recorded for two represen-
tative samples of ludwigite from Ocna de Fier. The
Mossbauer parameters evaluated from both spectra are
listed in Table 6, whereas Figure 4 gives the most com-
plex spectrum. The spectra obtained may be described
in terms of two or three Zeeman sextuplets (I, II and HI
in Fig. 4) and of two quadrupole doublets (IV and V in
Fig. 4).

The first two Zeeman sextuplets are clearly attribut-
able to the admixed magnetite. Their internal magnetic
fields (IMF), calculated with respect to the IMF (330
kOQe) of the outermost Zeeman splitting of metallic iron,
are Hy = 480-500 kOe and Hy = 440455 kOe, respec-
tively. They are compatible with the values reported by
Bauminger et al. (1961) for the IMF of ferric (I) iron in
octahedral (B) and ferrous (II) iron in tetrahedral (A)
structural sites of a perfectly ordered magnetite.

The third Zeeman sextuplet has an internal magnetic
field of 410-420 kOe, which is not compatible with any
IMF reported for other possible admixed magnetic
phases, such as amorphous iron oxides (445-508 kOe
according to Murad & Schwertmann 1980), goethite
(380-390 kOe according to Bonnin et al. 1982) or
maghemite (488-499 kOe according to Shinno &

TABLE 6. MOSSBAUER HYPERFINE PARAMETERS, RELATIVE
TRON DISTRIBUTIONS (I) AND SITES ASSIGNMENT FITTED TO

THE LUDWIGITE SPECTRA
No. Sample Location of 1 (%) A & I
iron (/) (mn/s)®  (mm/s)®
Fe”Fe’;,0, 17.70 - = -
1 1168 M1 +M2 13.80 - - -
M3 21.70 2.07 1.00 0.36
M4 46,80 1.09 0.30 037
Fe¥Fe',0;  8.00 = - =
2 1798 M1 + M2 0.00 - - -
M3 19.60 215 0.91 0.33
M4 72.40 134 0.29 038
(1) quadrupole splitting,
(2) isomer shift

(3) width of the over-all lines,




LUDWIGITE FROM OCNA DE FIER, ROMANIA

1351

COUNTS f :

1.050 10°

1.000 10°

9.500 105 -

9.000 10° -

T T T il

8.500 10°

VELOCITY (mm/s)

FIG. 4. Room-temperature ’Fe Méssbauer spectrum of a selected sample of ludwigite
trom Ocna de Fier. Zeeman sextuplets and quadrupole doublets are indicated above the

spectra.

Maeda 1989). Kan ez al. (1984) found such a Zeeman
sextuplet in the Mdssbauer spectrum of synthetic
vonsenite, taken at liquid nitrogen temperature. This
third sextuplet thus seems to belong to the ludwigite.
Crystal-structure refinements reported by Takéuchi
et al. (1950), Mokeyeva (1968), Mokeyeva & Alek-
sandrov (1969) and Irwin & Peterson (1999) show that,
in ludwigite, the octahedrally coordinated iron may oc-
cupy three different structural sites, namely M3 (very
regular octahedra), M4 (irregular or very distorted octa-
hedra) and M1-M?2 (partially distorted octahedra, in
which iron is subordinate to Mg). As supposed by Kan
et al. (1984), and on the basis of peculiarities of the
paramagnetic domain of the spectra, the third Zeeman
sextuplet may be assigned to the iron in M1-M?2 sites.
This assumption raises the problem of the super-
paramagnetism of ludwigite. In the Mossbauer spectra
reported by Yermakov et al. (1969), Malysheva et al.
(1971), Kurash er al. (1972) and Kan et al. (1984), as
well as in the second spectrum (Table 4), the sextuplet
IIT does not occur. One can expect that the very fine
particles of ludwigite obtained after fine grinding and
etching with nitric acid (the technique used to obtain
the initial powder) will behave superparamagnetically.

The outermost quadrupole doublet in the central
(paramagnetic) part of the spectra (IV in Fig. 4) is
widely split in comparison with the other doublet (V in
Fig. 4). As the quadrupole splitting (A) is sensitive to

the distribution of cations in the surrounding sites, and
as the presence of distorted octahedral sites imply val-
ues of A <2 mm/s (Hawthorne 1988), the recorded A
value, 2.07-2.15 mmy/s, is consistent with the iron being
located in the most regular octahedron in the structure,
namely M3. The isomer shift 8 recorded for this doublet
(0.91-1.00 mm/s) is characteristic of ferrous iron.

The innermost doublet has a lower quadrupole split-
ting A (1.09-1.34 mm/s) and isomer shift & (0.29-0.30
mm/s), which appear to be consistent with octahedrally
coordinated ferric iron in the major distorted octahedral
site, M4. The low values of 8 as compared with those
reported by Kurash er al. (1972) and Swinnea &
Steinfink (1983) for vonsenite, in which Fe* occupy
the attenuated eccentric octahedra, are indicative of
ludwigite.

The values of the hyperfine parameters, as well as
the sites assignment for the central part of the spectra,
are closely similar to those found for natural and syn-
thetic ludwigite by Yermakov et al. (1969), Malysheva
etal. (1971), Kurash et al. (1972) and Kan et al. (1984).

CHEMICAL DATA

Critical review of previous data

All the existing chemical data on ludwigite from the
type locality (Tschermak 1874, Schaller 1911, Codarcea
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TABLE 7. RECALCULATION OF PREVIOUSLY REPORTED CHEMICAL DATA
ON LUDWIGITE FROM OCNA DE FIER

Sample* 1 2 3 4 5 6 7 8 9
B,0; 16.09 1506 17.029 1750 16.13 1682 1683 1746 1564
Fe,0; 3992 39290 3567 3306 4185 3927 3659 3820 3667
FeO 1246 17.67 1584 1639 1268 1076 1102 1048 1845
MgO 3169 2691 2888 2855 2968 3476 3517 33.83 2918
CO, - = 0.90 = = - . - -
Si0, = = 0.36 . 036 033 039 « -
H,0" 5 = 0.82 1.50 s E - = 0.01
H,O - = 051  3.00 = - 5 . <
Total  100.16 9893 100.00 100.00 1007 1019 1000 9997 9995

0 4 0
PROPOSED NORMATIVE COMPOSITIONS (WT.%)

ludwigite 100.16 9893 ©00.17 8341 0986 101.17 9909 9997 0985

serpentine - - 0.83 - - - - - -
siderite - - 2.37 - - - - - -

szaibelyite - - 6.63 1359 - = - - 0.10

forsterite = = = = 084 077 091 = =
H0 - - 051  3.00 - - - - -

DEDUCED COMPOSITIONS OF LUDWIGITE (WT.% OXIDES)"™
B,0; 16.064 15223 15528 13.607 16.153 16.625 16.985 17.465 15.622

Fe,0,  39.857 39.715 39.951 41.938 41908 38.816 36926 38211 36.721
FeO 12440 17.861 16.094 10062 12.698 10.636 11.121 10.483 18476
MgO  31.639 27.201 28427 25.393 29241 33923 34.968 33.841 29.181

CATIONS ON THE BASIS OF 5 (O)
B 0962 0940 00950 0861 0973 0981 0997 1.021 0957
Fe** 1.040 1069 1065 1157 1100 0998 0945 0974 0981
Fe* 0.361 0534 0477 0585 0370 0304 0316 0297 0548
Mg 1636 1451 1501 1388 1521 1728 1772 1709 1.544
VONSENITE CONTENT IN THE SOLID SOLUTION (MOL.%)
reported”)  17.75 27.00 2445 1932 2436 1467 1495 1477 3250
corrected 18.07 2690 2412 2965 1957 1496 1513 1481 2620

* Analyses given as follows: 1 and 2 by Tschermak (1874), 3 by Schaller (1911), 4 by
Koch (1960), 5-9 by Codarcea et al. (1957) and Kissling (1967).

(1) - deduced by difference;
(2) - totals recalculated to 100%;

(3) - excepting 4 (calculated without subtraction of impurities), values given by Kissling

(1967).

et al. 1957, Koch 1960, Kissling 1967) were obtained
by wet-chemical analysis. These results indicate a low
content of vonsenite in solid solution (up to 30 mol.%).
None of the data, not even those which permitted
Tschermak (1874) to deduce the correct formula, are
stoichiometric, i.e., with a MeO:Me,03:B,03; molar
ratio of 4:1:1. Some of the previously reported compo-
sitions (Table 7) contain small quantities of Si0,, H,O",
and CO,, which are consistent with the presence of ad-
mixed minerals (e.g., szaibelyite, serpentines, forsterite,
carbonates, and hydrated oxides of iron). As can be seen
in Table 7, none of the existing compositions take into
consideration the presence of Al, Ti and Sn, for
example. Ludwigite is, however, a chemically complex
mineral, with a large number of possible substitutions;
a structural formula may be represented by
(M1-3),M4(B0O3)0O,, with M1-3 representing Mg and
Fe?* but also Ni and Mn?*, and M4 representing Fe>*,

Al, Ti*, Sn*, Cr¥*, Mn*, Sb** but also Mg or Fe?*
(where coupled with cations with higher charge).
Ludwigite may contain large quantities of Al; aluminian
ludwigite, with 10.97-12.70 wt.% Al,O3, was described
by Schaller & Vlisidis (1961), Pertsev & Aleksandrov
(1964), Kanishchev & Pertsev (1969). It may also
contain Ti; Konev ef al. (1970) described a sample of
titanian ludwigite containing 7.35 wt.% TiO,.
Subtracting stoichiometric minerals in order to elimi-
nate Si0O; (in forsterite and serpentines), H,O (in
serpentines and szaibelyite), CO, (in siderite), it is pos-
sible to derive chemical compositions corresponding to
“pure” ludwigite. It is of note, however, that in spite of
the lack of determinations for Al, Sn, Ti, Sb, Mn, many
of the ludwigite samples in Table 7 are Fe**-oversatu-
rated; Fe>* exceeds 1 atom per formula unit (apfu), re-
gardless of whether the formula is calculated with
respect to cations or a fixed number of oxygen atoms
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TABLE 8. RESULTS OF WET-CHEMICAL ANALYSES OF SELECTED
SAMPLES OF LUDWIGITE FROM OCNA DE FIER*

Sample 1167 1168 1417 1418 1439 1798 1982 2037
Si0; 035 043 049 046 060 062 094 038
TiO; 067 012 005 006 007 022 012 021
B:0; 1721 1774 1743 1788 1774 1760 1748 1720
AlLOs 022 050 062 031 061 045 049 042

Fe;0s 3821 3818 3900 3780 3790 3693 3733 3877
FeO 323 473 317 418 714 4.88 521 501
MgO 3855 3776 39.12 3822 3589 3804 3722 3695
MnO 034 025 033 012 012 022 011 012
Ca0 009 014 011 008 014 015 006 036
H,0" on 02[ 015 027 021 032 050 024
HO 0.07 - - 033 - 018 008 021
TOTAL 9905 10006 10047 9971 10042 9961 9954 9987
PROPOSED NORMATIVE COMPOSITIONS (WT.%)
lndwigite 98.17 9828 9934 6701 9821 9679 9533 9533
magnetite & = - & - - - 233
serpentine  0.81 099 1.13 1.06 1.38 143 217 038
szaibelyite - 079 - 1.31 083 121 1.96 112
H,0 0.07 - - 033 - 018 0.08 021
DEDUCED COMPOSITIONS OF LUDWIGITE (WT.% OXIDES)**
B0 1753 1772 1756 1787 1766 1767 1749 1756

TiO, 068 012 005 006 007 023 013 022
Al Oy 022 051 062 032 062 047 051 044
Fe;03 3892 3B85 3926 3896 3859 3815 3916 3898
FeO 329 481 319 431 727 504 547 4S50

MgO 3892 3760 3888 3828 3553 3806 37.06 3779
MnO 035 025 033 012 012 023 012 013
Ca0 009 014 011 008 014 015 005 038
CATIONS ON THE BASIS OF 5 (0)
B 099 1011 0997 1016 1018 1008 1003 1002
Ti 0017 0003 0001 0001 0002 0006 0003 0005
Al 0009 0020 0024 0012 0024 0018 0020 0017
Fo© 0964 0966 0972 0966 0969 0949 0979 0970
F* 0091 0133 0088 0119 0203 0130 0152 0124
Mg 1910 1853 1007 1880 1768 1875 1835 1863
Mn 0010 0007 0009 0003 0003 0006 0003 0004
Ca 0003 0005 0004 0003 0005 0005 0002 0013
ISOMORPHISM IN Mi-M3 SITES —
ludwigite 9545 9330 9559 0405 8970 93.10 9235 93.76
ite 455 670 441 595 1030 690 765 624
ISOMORPHISM IN M4 SITES
Indwigite 9737 0768 0749 9867 U739 9753 970 97.78

Mg,AIBOs 091 202 241 123 241 185 200 171
azoproite 172 030 010 010 020 062 030 0351

* results expressed in wt.%
** totals recalculated to 100%

(5 Oin Table 7). The presence of admixed magnetite or
hematite—maghemite can explain this finding. For the
samples that are Fe>*-depleted, the molar ratio Me?*O/
B,0; is very high, which also indicates the presence of
oxide impurities. The previous analyses were thus made
on impure material, which supports the idea that the
proportions of the vonsenite component reported so far
for the ludwigite from Ocna de Fier are inexact. New
analyses were thus deemed necessary for a better char-
acterization of the mineral.

Results of new wet-chemical analyses

The primary results of new wet-chemical analyses
are given in Table 8. They show the persistence of small
quantities of SiO,, H,O and, in some cases, a higher
concentration of Fe than necessary for the stoichiom-
etry, owing to the presence of impurities such as
forsterite, serpentines, szaibelyite and magnetite. Sub-
traction of constituents to compensate for these miner-
als in order to eliminate SiO, and H,O is easy, but the
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presence of iron in excess imposes that all other ele-
ments are relatively depleted upon recalculation of the
formula. It is, however, possible to quantify a correc-
tion, admitting that stoichiometric magnetite may be
subtracted in a straightforward manner, to obtain more
accurate MeO:Me;05:B,03 proportions. A proposed
normative composition is then given for all samples in
Table 8.

The derived compositions in Table 8 represent in fact
mean compositions at the scale of a sample. As the
chemical composition of ludwigite within individual
samples is rather uniform (see below), the compositions
in Table 8 are considered to fit well with the composi-
tions of the individual grains. The corresponding chemi-
cal-structural formulae were calculated on the basis of
five atoms of oxygen. The formulae indicate that: (1)
ludwigite from Ocna de Fier is closer to the magnesian
end-member than previously reported. It contains mo-
lar percentages of vonsenite ranging from 4.41 to
10.30%. (2) The very low contents of Mn (up to 0.010
apfu) and Ca (up to 0.013 apfu) compare well with simi-
lar data in literature (Aleksandrov 1961, 1982, Leonard
etal. 1962, Vlisidis & Schaller 1974). (3) The composi-
tional variation in the M4 structural position appears to
be insignificant. The occupancy of these sites by Fe3* is
between 97.37 and 98.67%, with low contents of Ti (cf.
azoproite) and Al (¢f. Mg,AIBOs), up to 1.72 and 2.41
mol.%, respectively.

The numerous possible substitutions within the
ludwigite group necessitated chemical investigations of
the concentrations in Sn, Sb, Cr, Ni, Co, and Zn. The
concentration of Sb (¢f: chestermanite) and Sn was de-
termined by inductively coupled plasma — mass spec-
trometry, and that of Ni (¢f. bonaccordite), Co, Zn and
Cr, by inductively coupled plasma — atomic emission
spectrometry. Between 3.7 and 12.0 ppm Sn, 68.6 and
123.4 ppm Sb, 8.7 and 13.3 ppm Ni, 23.9 and 65.1 ppm
Co, 190.1 and 880.1 ppm Zn, and 11.4 and 60.1 ppm Cr
were detected in various samples, which appears to not
exert a significant influence on the mineral chemistry.
It is of note, however, that the most distinctive feature
of the Ocna de Fier ludwigite is the higher content in Sb
and the lower content in Sn than in other examples of
ludwigite in Romania (Marincea 1998).

Electron-microprobe analyses

Electron-microprobe analyses of selected samples of
ludwigite from Ocna de Fier were made in order to com-
plete the chemical data. Representative results are sum-
marized in Table 9. The variation in composition of
individual crystals in the same specimen being negli-
gible, compositions in Table 9 are given as average re-
sults of random spot analyses. It is of note that the
back-scatter electron detector does not indicate any
chemical zoning of the analyzed grains. The amount of
Fe,03 has been calculated with the assumption that the
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TABLE 9. RESULTS OF ELECTRON-MICROPROBE ANALYSES OF SELECTED SAMPLES OF LUDWIGITE FROM OCNA

DE FIER®
Sample 1168 1415 1439 1799 1866 1867 1891 1975 2073 2218 2219 2221
No®@ 9 7 11 10 15 10 6 10 3 10 7 11
B.0; 16900 17.813 17.749 17425 17923 17672 17775 17771 17.723 17.192 17.496 17.690
TiO, 0034 0017 0014 002 0017 0040 0042 0011 0040 0092 0038 0049
ALO, 0663 0343 0308 0424 0349 1652 1600 1417 0457 0412 0467 0.699
Fe,0:” 38817 37590 37656 39.685 37.803 36.645 36468 36984 37.437 30958 38222 37.008
FeO® 9925 6619 7102 4564 4938 6715 6381 5767 7319 5562 7253  7.803
MgO 33.430 37421 37038 37671 38703 37.000 37.368 37.735 36.809 36565 36.302 36491
MnO 0.185 0163 0105 0.8 0242 0276 0314 0294 0181 0197 0.102 0170
Ca0 0.046 0034 0028 0021 0025 0000 0052 0021 0034 0022 0120 0000
Total 100.00  100.00  100.00 100.00 100.00 100.00 100,00 100.00 10000 100.00 100.00 100.00
CATIONS ON THE BASIS OF 5 (0)

B 0991 1020 1019 0997 1019 1009 1013 1012 1018 0990 1009 1.017

Ti 0.001 0000 0000 0001 0000 0001 0001 0000 0001 0002 0001 0001

Al 0.027 0013 0012 0017 0014 0064 0062 0055 0018 0016 0018 0.027
Fe* 0993 0939 0943 0990 0937 0912 09506 0918 0938 1.003 0961 0930
Fe* 0282 0184 0.198 0127 0136 018 0176 0159 0204 0155 0203 0217
Mg 1694 1851 1.837 181 1901 1825 1839 1855 1827 1819 1807 1813
Mn 0.005 0005 0003 0005 0007 0008 0009 0008 0005 0006 0003 0.005
Ca 0.002  0.001 0.001 0001 0001 0000 0002 0001 0001 0001 0004 0.000

ISOMORPHISM IN M1-M3 SITES
ludwigite ~ 85.73 9096 9027 9361 9332 9075 9127 9211 899 9215 8990 8931
vonsenite 1427 904 073 639 668 925 873 789 1004 785 1010 1069
ISOMORPHISM IN M4 SITES

ludwigite ~ 97.26 9863 9874 9821 9853 9335 9350 9435 9801 0824 9806 97.08
MgAIBOs 264 137 1.26 1.69 147 655 640 565 189 157 184 282
azoproite 010 000 000 010 000 010 010 000 010 020 010 0.0

(1) Results expressed in wt.%. Samples from Magnet (1415, 1439,

Iuliana (1168, 1866) quarries.
(2) number of point analyses.
(3) as calculated.

molar ratio B,O3/(FeO + MgO + MnO + CaQ) is equal
to 1/4, after assigning all Mg, Ca and Mn to fill the sites
M1-M3. Using this method, most of the analyzed
samples of ludwigite are found to be Fe3*-depleted,
which is consistent with the presence of Al, Ti**, Sb™*,
Sn**, Cr* at the M4 sites.

In all cases, the ludwigite is very magnesian, rang-
ing in composition from 85.7 to 93.6% of the end mem-
ber. The ludwigite at Ocna de Fier thus shows only a
limited proportion of the vonsenite component. As
shown by the wet-chemical data, it contains low levels
of the azoproite and Mg, AIBO5 components: up to 0.20
mol.% and up to 6.55 mol.%, respectively.

X-RAY PowDER-DIFFRACTION DATA

X-ray powder-diffraction patterns were obtained for
several samples of ludwigite from Ocna de Fier. The
main observed (hkl) reflections, as well as the cell
parameters refined using the least-squares computer
program of Appleman & Evans (1973), as revised for
microcomputer use by Benoit (1987), are listed in Table
10. Marincea (1998) provided the complete set of
X-ray data.

1799, 2218, 2219, 2221), Arhangheli (1867, 1891, 1975, 2073) and

As observed by Aleksandrov (1968, 1982) for natu-
ral samples of ludwigite and by Xie er al. (1985) for
synthetic material, the position of the lines of a ludwigite
X-ray pattern is strongly dependent on the ratio Fe**/
(Fe**+Mg) of the analyzed samples. It is evident that
the advance of the substitution of Fe?* for Mg causes a
significant shift toward higher values of d. As can be
seen in Table 10, a direct correlation between the d val-
ues and Xp, = Fe**/(Fe**+Mg) may be observed, but is
very poor for the analyzed samples of ludwigite.
Another factor, namely Al-for-Fe3* substitution, exerts
an opposite influence on the position of the reflections.
Bonazzi & Menchetti (1989), discussed the importance
of the factor X, = Al/(Al+Fe**) on the cell parameters.

Note that the unit-cell parameters in Table 10 are in
close agreement with those already in the literature for
magnesian ludwigite with low contents of Al. The val-
ues previously reported by Bonazzi & Menchetti (1989)
for ludwigite from Ocna de Fier [e.g., a 9.252(2), b
12.315(2), ¢ 3.038(1) A for samples VA and MO] are
also in very good agreement with the values in Table
10. Authors of previous studies (i.e., Aleksandrov 1968,
1982, Xie er al. 1985, Bonazzi & Menchetti 1989)
showed that chemical parameters, and particularly Xr.,
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TABLE 10, DIFFRACTOMETRIC VERSUS CHEMICAL PARAMETERS OF OCNA DE FIER LUDWIGITE®

Sample

d(201) d(211) d(241) d(331)

d(341) d(a41) d(561) d(712)

aB) A A FA) Xen Xu k

1167*
1168*
1415°*
1417%
1418*
1439%
1798*
1799°*
1866°
1867*
1872*
2218*

1.5783
1.5793

2.5347 24951 19524 -

2.5470 24959 19582 19143
2.5493 2.4961 19584 19178
25354 - 19564 19131
2.5368 - 19570 19134
25376 - 19583 19142 1.7732
25470 25342 19558 19117 17714
25524 25099 - 1.9168 ~

2.5436 24946 - 19146 -

25486 24950 19592 19166 17657 1.5801
2.5597 24951 1.9535 1.9095 - 1.5767
2.5540 2.4960 1.9600 1.9167 1.7711 1.5754

1.7691
1.7730
1.7655
1.7749
1.7735

1.5791
1.5792 1.2515
1.57%6

1.5773
1.5807

12513

12498 0.9980 9.233(8)
12515 0.9980 9.263(6)
15816 1.2522 09976 9.290(6)
1.2517 0.9982 9.260(4)

- 09978 9.260(4)
15780 12514 0.9973 9.256(7)
0.9976 9.236(7)
12517 0.9994 9.276(9)

- 09970 9.258(9)
1.2505 0.9978 9225(8)
1.2510 09975 9.247(6)

345537 0.046 0009 9.639
347.078 0.067 0020 9.550
346.670 0.090 0014 9254
346.448 0.044 0024 93824
345780 0.060 0.012 9.532
346.664 0.103 0.024 9234
346.188 0.069 0.019 9519
346.927 0.064 0.008 9.448
346.281 0.067 0.015 9495
346.345 0.093 0.066 9.79%
345.991
346.435

12.243(9)
12.317(5)
12.234(8)
12.334(6)
12.321(5)
12.326(5)
12.233(9)
12.301(8)
12.242(8)
12.255(8)
12.267(9)
12.259(8)

3.057(3)
3.042(3)
3.050(2)
3.033(4)
3.034(5)
3.037(2)
3.057(3)
3.053(3)
3.049(3)
3.053(3)
3.057(3)
3.056(2)

9.250(7)

0.079 0.016 9.386

(1) Chemical computations were carried out on the basis of wet-chemical (*) or electron-microprobe (*) analyses. The (obsetved) d spacings are

given in A

exert an important influence on the cell dimensions. The
parameters a and V depend especially strongly on the
extent of Mg-for-Fe?* substitution (Aleksandrov 1968,
1982), and increase with Xg., but they are also sensitive
to the extent of Al-for- Fe’* substitution (Marincea
1998). A discussion of the behavior of the cell volume
as a function of chemical variability may be useful in
understanding the dispersion of values in Table 10.

Taking into account the differences in ionic radii
among Y"Mg, YIFe?*, VIFe* and VIAl, it is evident that
the substitution of Fe?* for Mg will increase the cell
volume, whereas the substitution of Al for Fe3* will
decrease it. One may use the comprehensive factor k as
an expression of the difference in the steric hindrance
between the cations entering the octahedral sites in the
structure, as proposed by Bonazzi & Menchetti (1989).
The value of k may be calculated as:

k= {2[r(MFe?) — r(MMg)1(1 - Xre) + [r(VIFe™) -
r(VTAD]*X a1} *100 (%).

Using the ionic radii given by Shannon & Prewitt
(1969) for the four cations [+(YFe**) = 0.770 A, /(VMg)
=0.720 A, r(V'Fe**) = 0.645 A and n(VAl) = 0.535 A],
the k value may be calculated as: k (%) = 10 + 11 Xy, —
10 Xre.

The values obtained for samples from Ocna de Fier
are given in Table 10. As shown in Figure 5, and in
perfect agreement with the data of Bonazzi & Menchetti
(1989), a poor inverse correlation between k and V is
established, which best explains the variability of the V
values. A similar correlation may be established be-
tween k and ¢, whereas a less regular behavior is ob-
served for a and b parameters.

THERMAL BEHAVIOR

Data concerning the thermal behavior of ludwigite
are scarce because the mineral is expected to have a high
melting point (up to 1000°C), and no structural changes
can be expected below this temperature. Note that a

.

thermal analysis of “ludwigite” was reported by
Hang (1957) and is mentioned by Smothers & Chiang
(1966), but it was obviously made on impure (mainly
szaibelyite-bearing) material, as proven by the chemi-
cal data provided. The admixed szaibelyite is clearly
responsible at least for the strong endothermic effect at
725°C observed by Hang (1957).

Taking into account the data reported above, it is
surprising that Kissling (1967), on the basis of a DTA
curve for a sample of ludwigite from Ocna de Fier,
stated that the mineral breaks down to kotoite, magnet-
ite and hematite at a temperature below 1000°C. Com-
plete sets of thermal curves were consequently recorded
for many samples of ludwigite from the type locality,
using the same operating conditions as Kissling (1967).
DTA and DTG curves are reproduced in Figure 6.

The sole effect attributable to the ludwigite itself is
the flat exothermic peak centered at about 650°C.
Because endothermic effects are not to be expected, the
main effects of this type were assigned to different ad-
mixed minerals by analogy with data on pure materials

3475
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Fic. 5. Correlation between cell volume and & chemical fac-
tor, as established for ludwigite from Ocna de Fier.
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DTG CURVES

SAMPLE

1167

1168

1417

1418

1439

1167

1168

1417

1418

1439

400 500

800 700 800 900 1000

TEMPERATURE (°C)

Fi6. 6. Thermal curves recorded for selected samples of ludwigite from Ocna de Fier:
differential thermogravimetric (top) and differential thermal analysis (bottom).

reported for hydrated ferric oxides of gel type (Gheith
1952, Ammou-Chokroum & Pianelli 1970), goethite
(Kauffman & Dilling 1950, Ammou-Chokroum &
Pianelli 1970), antigorite (Caillere 1936), szaibelyite
(Watanabe 1953, Shabynin 1955) and calcite (Kauffman
& Dilling 1950), taking into account the slight shifts in
temperature due to the admixture (Todor 1972). The
assignment of the main thermal effects, together with
the losses in weight recorded on the TGA curves, are
given in Table 11. The presence of the admixed phases
given in the table, supported by optical and diffrac-
tometric data, raises the problem of the correct assump-

tion of the broad exothermic effect mentioned before.
The most probable structural cause of this exothermic
effect is the oxidation of the ferrous to ferric iron, but it
is not possible to specify if this iron pertains to ludwigite
or to admixed magnetite. Kissling (1967) mentioned a
similar effect, but it was not assigned to any structural
change. In magnetite, the analogous effect occurs
between 625 and 675°C, and corresponds, according to
Gheith (1952) and Schmidt & Vermaas (1955), to the
change of y-Fe,03 (maghemite) to a-Fe,O (hematite).
A first exothermic effect, marking the superficial oxi-
dation of magnetite, which produces maghemite over
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TABLE 11. THERMAL DATA FOR ADMIXED MINERALS IN HAND-

PICKED LUDWIGITE
Sample Type of Temperature of Loss in Revealed mineral
effect the effect (°C)  weight on
onDTA on DTG the TGA
curve (wt.%)
1167 exothermic 655 - - magnetite
dothermic 670 660 1.75% szaibelyite
1168 exothermic 655 - - magnetite
endothermic 680 670 1.55% szaibelyite
1417  endothermic 235 220 120 hydrated ferric oxide
endothermic 420 410 235 goethite
exothermic 660 - - magnetite
dothermic 695 680 0.30* szaibelyite
1418 endothermic 220 210 050 hydrated fermc oxide
endothermic 395 380 155 goethite
exothermic 630 - - magnetite
endothermic 665 655 0.35* szaibelyite
dothermic 800 790 120 calcite
1439 endothermic 230 220 125 hydrated ferric oxide
endothermic 620 590 225% antigorite
exothermic 660 - - magnetite
endothermic 670 660 120* szaibelyite
lothermic 790 780 030 calcite
Kissling endothermic 230 - - hydrated ferric oxide
(1967) _exothermic 678 - - magnetite

* reduced by the increase in weight due to the magnetite oxidation

the interval 280-375°C, according to Gheith (1952) and
Schmidt & Vermaas (1955), may be inhibited in
samples with large particle sizes, such as those used in
this study (Egger 1963). On the other hand, taking into
account the thermal behavior of vonsenite, which breaks
down to hematite and amorphous Fe;B,0s at 764°C
(Galan et al. 1981), one can expect that below this tem-
perature, ludwigite remains unchanged. It thus seems
that the exothermic effect centered at about 650°C can
be assigned to the oxidation of magnetite.

A supplementary investigation of the thermal behav-
ior of ludwigite was undertaken by recording the XRD
pattern as heating in air progressed up to 1000°C. The
main reflections of this mineral may be clearly recog-
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nized in the powder patterns recorded at 200, 400, 600
and 800°C. A broadening of peaks occurs at 1000°C,
proving an incipient fusion and the amorphization of the
mineral. Marincea (1998) listed the complete set of dif-
fraction lines. The assertion of Kissling (1967) concern-
ing the breakdown into kotoite, magnetite and hematite
should be considered with caution.

INFRARED ANALYSIS

Infrared absorption spectra of selected samples of
ludwigite from Ocna de Fier were recorded between 250
and 4000 cm™, before and after heating at 1000°C. In
the spectra given in Figure 7, the high-wavenumber
domain between 1700 and 4000 cm™is not reproduced
because of the anhydrous character of ludwigite. A com-
plete list of absorption bands recorded for many samples
is given in Table 12.

As expected, the most significant absorption bands
in the mid-wavenumber region (600 to 1350 cm™') may
be assigned to vibrations belonging to the (BO3) group.
These absorption bands (cm™) are assigned as follows:
1300-1335 and 1260-1268: asymmetric stretching;
920-940: symmetric stretching; 704-708: out-of-plane
bending; 622-630: in-plane bending. The latter should
in principle be doubly degenerate, but the band at 560
570 cm™! could not be unequivocally assigned because
the theoretical superposition of the Fe**~O stretching.
The band assignments given above are coincident with
those reported for ludwigite by Aleksandrov et al.
(1965), Nekrasov & Brovkin (1966) and Xie et al.
(1985). An analysis of the factor-group splitting show
that the splitting of both asymmetric stretching and in-
plane bending is consistent with a Cs, or C; point sym-
metry of BO3 (Duval & Lecompte 1952, Steele &
Decius 1956), which implies that this molecular group

TABLE 12 POSITIONS AND ASSIGNMENTS OF THE INFRARED BANDS RECORDED FOR SELECTED
SAMPLES OF LUDWIGITE FROM OCNA DE FIER*

T Siingle A
(962" 1167 1168 1417 1418 1439|798 1866 1982 2037 2218
1630 1630 1618 1630 1616 1635 l6lz 1620 1610 1630 1630 5 H0
- 1460 1440 1390 1432 1420 1436 1420 1420 1420 1430 8 H20
1300 1320 1305 1305 1300 1310 1300 1300 1300 1340 1335 v3 BO;
1265 1264 1264 1268 1268 1266 1268 1260 1268 1268 1262 vy'BO;
- 940 938 935 935 935 935 920 935 920 920 vi BO;
a 795 794 795 795 800 798 795 790 794 798 B-0-"' Me(?)
701 706 704 704 704 704 708 704 706 704 704 v BOy

625 626 620 626 625 630
. 610 - 620
520 565 564 570 565 570
- 538 530 520 535 525
510 - - - 510

480 484 480 490 485 490
440 438 430 432 440 442
415 402 392 408 410 410
@ 342 330 340 330 330

- 320 318 318 318 320
- 300 295 295 295 300
- 272 2713 260 275 270

628 630 622 630 622

v; BO3
620 620 615 = B-0-""Me (7)

560 560 560 566 570 vé BO3 ()
- 535 540 » -

520 522 525

480 476 486 480 495

435 40 436 432 432 Mainty

410 404 402 410 415 IMe-0

330 330 320 330 330
318 320 - 312 318
290 295 208 305 305
275 272 274 280 278

* wavenumbers in cm’
(1) as given for a sample of ludwigite from Ocna de Fier, of unknown composition.
(2) not recorded below 400 cm™,
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FiG.7.  Infrared spectra of selected samples of ludwigite from Ocna de Fier before (A) and

after (B) heating at 1000°C, in air.

is non-planar. As this kind of behavior is characteristic
for (magnesian) ludwigite, in opposition with vonsenite,
in which BOj has a clear D3, (planar) symmetry
(Aleksandrov et al. 1965, Nekrasov & Brovkin 1966,
Xie et al. 1985), the infrared analysis confirms the low
contents in ferrous iron reported earlier. Note that the
effect of composition does not appear to be evident in
details of band positions and intensities in the recorded
spectra.

The spectra of heated ludwigite (Fig. 7) are similar
in all respects with those of unheated samples, which
indicates the same basic structure. Minor differences do

occur, however, in the low-wavenumber region (250 to
600 cm™), and consist in the broadening of the back-
ground of the continuum of bands in this region. The
partial oxidation of the admixed magnetite must displace
the Fe**—0O vibrations toward lower wavenumbers, as at
the transition magnetite — hematite. As observed by
Liese (1967), the main absorption band (probably the
Fe3*-0 stretching) is centered near 570 cm™! in pure
magnetite, and around 530 cm™! in pure hematite,
whereas in mixtures of magnetite and hematite, the cor-
responding band may be found between 530 and 570
cm!. After heating, the absorption bands correspond-
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ing to stretching and bending modes of Fe**—O bonds
in magnetite should be reduced in intensity, vanish or
decrease in wavenumber, which should give rise to com-
posite, broad bands toward the low-wavenumber part
of the spectra. Broadening of the component bands
should normally lead to a decrease in intensity of their
background, which can be observed in the B series of
spectra in Figure 7.

The recorded spectra also show that oxidation and
hydration occur after heating. In the spectra in Figure 7,
the definite presence of a band near 1630 em™!, also
reported in spectra of ludwigite by Moenke (1962),
Plyusnina & Kharitonov (1963), Nekrasov & Brovkin
(1966) and Franz et al. (1981), is completely consistent
with the hydration of the samples. This band, which
becomes more intense after heating, may be attributed
to H-O-H bending, which implies that adsorbed H,O
was present in both the initial materials (in which the
corresponding stretching mode occurs as a broad band
centered at about 3360 cm™!) and in heated ones. In
heated samples, two intense narrow bands, which ap-
pear at about 3240 and 3560 cm™!, indicate that both
strongly bonded and weakly bonded hydroxyl groups
coordinate with iron in hydrated compounds that result
from the breakdown of magnetite.

DiscussioN

Given the above information, one can make several
statements concerning ludwigite in general. (1) Ther-
mal, X-ray powder and infrared data on the mineral
show that the hand-picked material still contain mineral
impurities; it seems worthwhile, therefore, to inquire a
little more carefully into the question of the vonsenite
content in solid solution. (2) The strong effect of shape
in the magnetic anisotropy is induced by the presence
of impurities (i.e., magnetite); ludwigite itself behaves
superparamagnetically. (3) The unit-cell dimensions of
ludwigite are not strongly related to Fe?* content,
because of the opposite influence of aluminum; even
small contents of Al may balance the influence of
increasing contents in Fe?*. (4) Ludwigite is thermally
inert up to 1000°C.

The mineral-composition data presented here, com-
bined with experimental synthesis of borates, allow a
reconstruction of the T—f{O;) history. As stated by
Kravchuk et al. (1966), magnesian ludwigite needs the
highest temperatures of synthesis: about 700°C for the
magnesian end-member and 500-650°C for ludwigite
with Xp. =0.25. The chemical composition of ludwigite
from Ocna de Fier provides information on mineralogi-
cal constraints, implying a crystallization temperature
of about 600-650°C. It compares well with the mini-
mum temperatures of 600°C estimated from carbonate
geothermometry (Marincea 1998), and thus indicates the
minimum prograde temperature near the contact. In the
same way, on the basis of chemical compositions and
taking into account the stability fields established by
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Aleksandrov & Pertsev (1968) and Nitsan (1974), the
oxygen fugacity during forsterite and ludwigite crystal-
lization is inferred to have been relatively high (fO, ~
10718 to 107** atm). The most likely source for constitu-
ents other than magnesium is the Ocna de Fier intrusive
body. Initial post-skarn alteration took place at tempera-
tures above or near 300°C, with a basic pH required by
the crystallization of szaibelyite and serpentines.
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