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unheated aragonite samples from difierent locations, both of inorganic and
organic origins, do not show Mn * ESR spectra, whereas calcite, including
calcite transformed from aragonite, does show an Mn"* spectrum. single aragonite
crystals show'a different Mn2* spectrum, but only after heating above B0o'c. AII
powdered samples, after heating above 800'c, show the Mn?* spectrum cha.racter-
istic of calcite. There is a strong correlation between the intensity of the ESR
Mn+ spectrum characteristic of calcite and the amount of the calsite which has
been transformed from aragonite, as determined by X-rays. It is zuggested that
there is a reaction of Mnq -> Mnh occurring at temperatures above 800"c in
aragonite crystals containing manganese.

INrnolucrrox

The polymorphic modifications of calcium carbonate, calcite, and
aragonite have received a great, amount of attention. Their trans-
formation is complex and depends on many parameters, such as pres-
sure, temperature, impurities, and grain size. The problem has recently
been reviewed by Fyfe and Bischoff (196b). More recent work and
references can be found in the publications of Boettcher and rvyllie
(1968) andTaft  (1967).

It, is now well established that aragonite is metastable at room
temperature. Aragonite transforms spontaneously into calcite at
about 400oC as determined by Faust (1950); and at even lower tem-
peratures under higher pressures. Fyfe and Bischoff show that certain
ions inhibit the transformation to calcite, whereas other ions speed up
the transformation. These authors indicate that ions which inhibit
the growbh of calcite by absorption or coprecipitation on the calcite
cause aragonite to dominate. No study has been made of the effects of
paramagnetic impurities on the transformation.

Most minerals contain a number of paramagnetic ions. calcite, in
particular, usually shows traces of divalent manganese. Mnz* in calcite
has been intensively studied by spin resonance techniques (Hurd. et al.,
1954; Kikuchi, 1955; McOonnell, t9b6; Kikuchi et al.,196O; Matar-
rese, 1961). No comparable study exists of Mnr- in aragonite.
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We have measured. the paramagnetic resonance spectrum of Mnz"
in heat-Jreated aragonite, and its relation to the aragonite-calcite
transition.

Tsnonv

In the calcite structure (space group -B3c) the calcium ions are
surrounded by six COr'- ions which form an approximate octahedron.
The structure can be visualized as consisting of alternating planes of

triangular COr'- ions. These are two non-equivalent positions of the

cations.
The spin Hamiltonian that corresponds to this symmetry is given by

JC : BH.g.S * Brooro I Booono * Bn"on" * (Bn"on")*

f  s .A . r  s :5 /2

Bn^ are phenomenological crystal field parameters.

on^ are operators which represent linear combination of Legendre

polynonomials.
g is the tensor characteristic of the Zeeman splitting.

B is the Bohr magneton.
H is the external magnetic field.

S, I are the electronic and nuclear spins respectively.

A represents the hyperfine tensor.

The nomenclature is the usual one used in spin resonance' The most

significant parameter is D : 3820, a measure of the axial splitting'

and is of the order of 40 gauss. The parameter B+3 is very small and

the complex number of (B+'O+')* indicates the non-equivalence of

the two cations. This shows up as doubling of the spectrum when the

magnetic field is directed along an arbitrary axis. -d and B, the com-

ponents of the hyperfine interaction, are approximately equal and

about 93.9 gauss, characteristic of the highly ionic character of calcium

(Van Wieringen, 1955).
The spin resonance spectrum of Mn2' in aragonite (space group

Pnm"a) has not been measured previously. The immediate nearest

neighbors of the calcium are 9 oxygen ions, of which 3 are bridging

to adjacent calcium ions and 6 are non-bridging ions.

The structure has 4 cations per unit cell which are related to each

other by screw axes and glide planes. we shall denote the crystal-

lographic axes by a,,b, c, and the magnetic axes by fr,U,2. These two

axes are related, as shown by experiment, by a rotation of the magnetic

axes of 31o around b, so that g is left parallel to b. The r' z axes ate

in the 'o,, c plane and make an angle of 31o with these. If the magnetic
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field is along the b crystallographic axis, all the ions are magnetically

equivalent urrd orr" ..u. on. pu[tern of the Mn2* spectrum' If the field

is along the c or o axes, there will be two distinct patterns, which will

behave very differently from those found in calcite.
The spin Hamiltonian could, in principle, comprise all operators

of the order 2 and 4, such as

5C : p]l:^.c-S * Brooro * B""or' I Bnoono I Bo'on" * Bn"on"

* Bnnono + S.A.r.

In general, there are 30 permitted lines of a,M = +1, Lm = O tran-

specirum.
we shall assume in the following, and this is born out by experi-

ment, that the fourth ord.er parameters are small compared with the

second order parameters.
The spectrum then can be approximated by the Hamiltonian

3C :  BH.g .S *  Brooro  *  Br 'Or '+  s 'A ' I  (3 )

* higher order terms.

We find experimentally that

3 B 2 o : D : 2 2 I * l g a u s s

B " ' : E - 4 9 =  2 g a u s s

and, therefore, the fine structure separation is very different from that

of calcite. The g tensor and A, the hyperfine tensot, are also slightly

different from that of Mn'* in calcite. Hence, the powder spectrum of

Mn'* in aragonite will differ from that of Mn'* in calcite.

ExppnrltnrtAl RESUT,TS

Al1 spectra were taken on a Varian 3 cm spectrometer and at room

temperatures. The spectrum of manganese in calcite (Iceland-spar)

is shown in Figure 1 taken at room temperature and with the magnetic
field directed along the magnetic a axis. Figure 2 shows the powder

spectrum of manganese of the same crystal of calcite. The outer

weaker lines in the powder spectrum are indicative of the fine struc-

ture (term 3B2o in the Hamiltonian). For very good crystals, such as

those shown in Figure 1 and 2, all the lines are sharp and the line
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Frc. 1. The ESR spectrum of Mn'* in single crystals of calsite (Iceland spar).
The spectrum is taken at 3 cm wavelength and with the magnetic field parallel
to magnetic a axis. The lines in Iceland spar are particularly sharp.

widths less than I gauss. For crystals of poorer quality, or with high
Mn2* concentration, or with Mn2* in the presence of high concentra-
tions of other paramagnetic impurities such as Fe3*, the Mn,* lines are
either considerably broadened or superimposed on a large background

3000 32so 3500 3  7sO

Frc. 2. The ESR spectrum of Mn'* spectrum in powered calcite samples (Ice-
land spar). The six intense hyperfine lines correspond to the six strong hyerfine
lines in Figure 1. It is to be noted that they are double. The doubling arises
because of the magnetic inequivalences of the two ions. The weaker outer lines
arise from the remnants of the fine structure lines shown in Figure 1. The main
six hyperfine lines are shifted in Figure 2 from those of Figure t, because of the
different setting of the operating frequency of the spectrometer.
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line. The outer lines are often washed out. We shall be concemed with
the cr.rmparison of aragonite and calcite crystals, in which the back-
ground line is not very strong or is absent, and in which the manganese
concentration is relatively small, in general less than L part in 104.

Aragonite single crystals were from Aragon, Spain; Sicily, Italy;
and Somerset, England. Most of the work reported here was done on
crystals from the first two localities. Powdered samples of aragonite
were obtained either from these crystals, gtound to fine powder (mesh
400), or from Tiran, Israel, or from coralline aragonite of recent
Acropora sp. from Eilat, Israel. In addition synthetic aragonite was
prepared by A. Starinsky of the Department of Geology, The Ilebrew
University. The aragonite was identified by its characteristic X-ray
pattern. Powdered samples were put into standard quartz tubes,
weighed, and inserted into a fixed length at the center of the cavity.
None of the single crystals nor any of the powder showed any spin
resonance spectrum at room temperature. Similarly, many of the other
samples from different locations showed no detectable Mn2* spectrum
(less than 1 part per million). On the other hand all calcites obtained
from various locations, including calcite crystals or powdered samples
whose origin, according to petrological evidence (Schneidermann,
1969), is from the aragonite-calcite transformation, showed the dis-
tinct Mn2* spectrum similar to Figure 1 or Figure 2.

On heating single crystals of aragonite to a temperature of 300oC
for a few hours (about 4 hours, typically), a distinct spectrum ap-
peared which can be described by equations 2'or 3 and is therefore

Fra.3. The ESR spectrum of Mn'* in single crystal aragonite (Aragon, Spain).
The crystal was heated to 300'C for a few hours. The magnetic field is along the
magnetic e axis. Compare with Figure 1. The spectrum consists of 60 lines; 30
lines spread over approximately 2,000 gauss and 30 lines fall approximately within
the six intense hyperfine lines within 600 gauss.
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assigned to Mn2* (in aragonite) with the experimentally determined
parameters mentioned above, The intensity of the spectrum depended
on the time that the crystals were heated at 3fi)'C' The spectrum is
shown with the magnetic field along the magnetic a axis (Figure 3).
It is clear that it differs considerably from that of calcite (see Figure
1). The spectrum is also shown along the crystallographic b axis,
where all the cations are equivalent (Figure 4).

Detailed inspection of the spectra of pow-der prepared from pre-
viously heaL-treated single crystals of aragonite and that of.powdered
calcite show the following differences: (a) in the position of the
weaker outer lines, characteristic of the fine structure; (b) in the
separation of the doublets, characteristic of the existence'of two non-
equivalent sites; (c) in a slighily different spacing of the six main
hyperfine lines; and (d) in a small shift of the center of gravity of
the spectrum which arises from a difference in the g factors.

The single crystal spectrum is consistent with the Hamiltonian in
equation (3). One can, therefore, conclude that the spectrum is due to
Mn2* in aragonite. The angular dependence of the 30 lines and the
existence of only two non-equivalent sites is strong evidence that the
Mn2* takes the plaee of the Ca2- in aragonite. X-ray analysis indicated
that no caleite was present in the heated aragonite samples.

Heating single crystals to temperatures above 380oC caused dis-
integration of the crystal. Most probably the onset of the phase trans-
formation was the cause of the disintegration.

When the powdered aragonite sample (either untreated crystals that
were ground to powder or natural powdered samples) were heat
treated, the Mnz* spectrum typical of calcite powder samples was
generally obtained. Standard samples were prepared and heated to
different temperatures. Below 300"C, no Mn2'was observed and X-ray
analysis did not show any transformation to calcite. From 300'C to
450oC, the Mn2* spectrum of calcite was observed. The intensity of
the spectrum depended on the temperature to which the powder was
heated. The spectrum of Mn2* in aragonite was also present at 300oC
but was relatively weak. When'heated for only a few minutes to
400oC or higher, the calcite spectrum reached nearly a maximum in-
tensity. X-ray analysis indicated that a large fraction of aragonite
had transformed to ealcite, roughly in proportion to the intensity of
the manganese ESR signal. Further heating slowly increased the
calcite concentration and the intensity of the Mnz* spectrum.

Since it is difficult to heat, a standard sample to different tempera-
tures for a fixed time, because of the time lag in the heating process,
we measured the calcite concentration and the ESR signal height of



ESR OF Mn'z* 1N AkAGONITE ttzl
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Frc. 4. The ESR spectrum of Mn * in aragonite with the magnetic field along

the crystallographic b axis. Note that all the inequivalent sites coincide and

only 30 lines are to be seen.
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Frc .5 . (a ) .Theconcent ra t ionofca lc i te ,asdeterminedbyX- rays inaragon i te
samples, as a function of heating time at 430'c. (b). The intensity of the Mn',*
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Mn2* for different heating times when the samples were kept at a
constant temperature of 430"c. Figures ba and 5b show the intensityl
of the ESR spectrum (an arbitrary scale) and the calcite concentra-
tion as a function of the time. A comparison of these two figures shows
a striking resemblance, although the curves are not quite identical.
Both curves indicate that after 20 minutes, the amount of qalcite and
the amount of Mnz* reached saturation. Furiher heating slowly in-
creased the concentration of calcite. The intensity of the ESR spec-
trum, however, did not increase significanily.

The same behavior was obtained for aragonite samples of organic
origin. The only difference was the slighily greater rinewidth in the
Mn2* calcite spectrum. This is evidence for the poorer quality of the
calcite crystals.

DrscussroN
There are several significant aspects of this study which we would.

like to summarize:
(a) Aragonite single crystals or powders of inorganic origin do not

show anyj ESR Mn'* spectrum, whereas most calcite samples
do show a distinct Mn2* spectrum.

(b) Aragonite single crystals heated to a temperature below the phase
transformation show a distinct and characteristic Mn2* spectrum,
very different from that of Mn'* in calcite.

(c) The phase transformation frorn aragonite to calcite can be
observed by noting the change in intensity of the two distinct
Mn'* spectra. In powders the ESR spectrum characteristic of
calcite is already observed at B00oc, at a lower temperature than
in single crystals. The amount of Mn'* as inferred. from the intensity
of the Mn'* ESR spectrum in heat-treated powders is similar but
not identical to the concentration of calcite which has been trans-
formed from aragonite at a given temperature. Jhs lsrna,ining
aragonite has only a small background intensity of Mnr* signal.

(d) Calcite that, according to petrological evidence, (Schneidermann,
1969), has been formed from aragonite at relatively low tempera-
tures, (probably not a solid state transformation2) shows a typical
Mn2* calcite spectrum.

'The accuracy of the intensity measurement of the ESR spectrum was prob-
ably about 20 percent. Problems connected with intensity measurements have
been summarized by Poole (1968).

'we have some evidence that calcite that is transformed from aragonite in a
cacls water solution at 40-70'c shows the typical Mn'z* calcite spectrum. rlow-
ever, only the initial and end products were investigated and further experiments
are necessary.
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The main question is where the Mn2* comes from. Manganese must

be already present in the aragonite. We conjecture that Mn3* may be
present in the aragonite, probably substitutionally for the Ca2* site'

Mns'has the ground state of dn,uDn. At such low symmetry the levels
consist of five singlets with a separation of several to a few hundred
cm-1, so that no ESR spectrum can be detected. At higher temperatures
we conjecture that an additional electron is trapped to form Mn2*' A
possible reaction is

Mnt* + s- ---+ Mn'*

Obviously it would be important to measure the electrical conduc-
tivity of aragonite as a function of the temperature. The extra elec-
tron may originate from a charge compensating (possibly monovalent)
ion, or from an electron in a vacancy, which is released at' higher tem-
peratures.

In powder samples, the transformation of aragonite to c,alcite dnd
the creation of Mn2' go hand-in-hand because of the relatively low
temperature at which the calcite is formed. It is not clear from our
results whether these are independent processes or whether the trans-
formation aids in the creation of the Mn2* spectrum.

Our results indicate the importance of investigations of synthesized
single crystals of aragonite containing manganese impurities. One has
to find out what the parameters are that stabilize the Mn2* spectrum
in aragonite. Further measurements on aragonite containing Mn2* or
Mn3*, at various pressures and temperatures as well as in the presence
of other impurities, are important. Such measurements help determine
to what extent the impurities sueh as manganese may be connected
with the phase transformation.

In addition to the Mn2* spectrum we observed weaker and com-
plicated spectra near g = 2.00 which may be related to some radiation
damage, possibly COt molecule ions, in some aragonite samples. The
speetrum is similar to that observed by Marshall et al. (f9ffi) for
calcite. This will be described separately.
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