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Abstract. A natural sample of ankerite has been character- 
ized by chemical analysis, X-ray diffraction and differential 
thermal analysis. The composition was found to be 
(Cal.llMgo.5oFeo.33Mno.09) [Co311.99. 57Fe M6ssbauer ef- 
fect measurements were performed at temperatures between 
4.2 and 400 K. At low temperatures (T<25  K) relaxation 
effects are clearly dominant. The temperature dependence 
of the center shift is remarkably well reproduced by a model 
based on the Debije approximation of the lattice vibrations. 
In contrast, the temperature dependence of the quadrupole 
splitting cannot be described by any reasonable crystal field 
model. It is argued that an orbit-lattice coupling might ex- 
plain the observed quadrupole splittings. A spectrum re- 
corded in an applied field of 6 T reveals a positive electric 
field gradient from which an orbital doublet ground state 
is concluded. Highly anisotropic field reductions are derived 
but cannot be quantitatively explained due to a lack of 
knowledge concerning the magnetic structure of ankerite. 
The line widths decrease significantly with increasing tem- 
perature which is only partly due to the decreasing M6ss- 
bauer fraction. 

Introduction 

Ankerite is a mineral belonging to the dolomite group of 
trigonal carbonates which has the general composition Ca- 
(Fe, Mg) (CO3) 2. Dolomites with a very low Fe content 
usually exhibit a distinctive X-ray reflection line at -~ 4.03A, 
arising from the (100) planes, which is absent in the case 
of high Fe contents (Howie and Broadhurst 1958). The 
latter samples are termed ankerites, the former ones dolo- 
mites. 

The space group of dolomite is R=Y (Wasastjerna 1924). 
The Ca and (Mg, Fe) cations are alternately situated along 
any threefold axis and are octahedrally co-ordinated by 
oxygen. Smythe and Dunham (1947) noted that careful 
chemical analyses usually reveal a Ca content in excess of 
that required by the ideal chemical formula. It is suggested 
that this excess of Ca substitutes for (Fe, Mg) although 
the two sites involved are, due to the ordering, structurally 
inequivalent. 

Minerals from the dolomite series have a significant 
mineralogical and technological importance. They are e.g. 
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frequently found in connection with coals (Lefelhocz et al. 
1967; Williamson and Melchior 1980; Montano 1981), oil 
shales (Melchior et al. 19821 and pretroleum source rocks 
(Morup and Lindgreen 1982). Becauses of its specificity, 
57Fe M6ssbauer spectroscopy might be very suitable to 
identify the dolomite-ankerite species and to distinguish 
them from other iron-containing carbonates, such as sider- 
ites and iron-substituted calcites. 

In the present study, the temperature dependence of 
the M6ssbauer effect in a well-characterized natural anker- 
ite sample (origin: Stolzembourg, Luxembourg) is dis- 
cussed. Some fundamental processes, observed at very low 
temperatures (T<20  K), are briefly mentioned but a de- 
tailed quantitative interpretation of these effects, being of 
no relevance from the mineralogical point of view, will be 
presented in a forthcoming paper. 

Experimental 

The FeO content of the ankerite mineral was determined 
titrimetrically using K2Cr20 7 (Pratt 1894). The Ca, Mg 
and Mn concentrations were obtained from the atomic ab- 
sorption spectra collected with a Perkin Elmer 400 spectro- 
fotometer. CO 2 was analysed according to a method de- 
scribed by Vogel (1962): 

X-ray diffraction measurements were performed with 
a Phillips PW 1140 diffractometer equipped with a mono- 
chromator. The radiation used was CuK~. 

DTA curves were recorded with a Dupont instruments. 
The atmosphere was N 2 and the heating rate 10 ° C/min. 

57Fe M6ssbauer spectra at temperatures between 80 and 
480 K and in an applied magnetic field were obtained on 
a conventional time-mode spectrometer with constant accel- 
eration drive and a triangular reference signal. 57Co in a 
Rh matrix was used as radiation source. The absorber con- 
sisted of the finely ground ankerite, mixed with very pure 
carbon and spread out over the support in a uniform thick- 
ness of approximately 10 mg Fe/cm z (with an estimated 
inaccuracy of 10%). More details about the spectrometer 
and its calibration may be found in a recent paper by De 
Grave et al. (1984). 

Spectra at temperatures below 80 K and down to 
-~ 11 K were obtained on a different absorber (-~ 6 mg Fe/ 
cm z, mixed with sugar powder) mounted in a closed cycle 
cryostat. The micro-processor controlled spectrometer with 
interferometric calibration has been described in great detail 
in a previous paper (De Grave et al. 1982). 



The M6ssbauer parameters were evaluated by a least- t00. 
squares fitting of a sum of Lorentzian-shaped absorption 
lines to the experimental data. M6ssbauer line shape calcu- 
lations, aimed to explain the high field spectrum, were per- o~ 
formed according to a method described by Varret (1976) 
in which antisotropic field reductions are taken into ac- 
count. Due to the large computing times, iteration of the J parameters was not attempted in this latter case. 

Results 9z 

A. Characterization of the sample. The weight percentages 
of FeO, CaO, MgO, MnO and CO2, obtained from chemi- -2 
cal analysis, are 11.94, 31.07, 10.14, 3.06 and 43.79, respec- 
tively, leading to a formula: 

(Cal.11Mgo.50Feo.33Mno.09) [CO3] 1.99, 

Such a composition lies in the ankerite field as defined in 
the phase diagram of Cole et al. (1978). The lattice con- 
stants, calculated according to the method of Cohen (1935), 
were found to be a=b=4 .8410  (23) A and c=16.162 (23) t0o t 
* ,  while values of 4.824 (3) and 16.132 (19) respectively 
are reported for the JCPDS ankerite (No.33-282). Using 
the program of Visser (1969), all 19 reflections observed 
were indexed. ® 

The DTA curve exhibits three endothermic reactions 
at 760, 780 and 830 ° C respectively, which is characteristic 
for ankerite (Warne et al. 1981). 

o4 
B. 57Fe M6ssbauer Spectroscopy. A typical M6ssbauer spec- 
trum for the ankerite sample is shown in Figure 1 (T=  
480 K). The doublet is clearly asymmetric and it was found 
that the asymmetry changes drastically with the applied 
absorber preparation: for the 10 mg Fe/cm 2 absorber with 
carbon mixing, the area ratio of the low-velocity peak 
against the high-velocity peak is 0.85_ 0.01 at all tempera- 
tures while for the 6 mg Fe/cm 2 absorber with sugar mixing, 
no significant asymmetry was detected. This observation 
indicates that the effect cannot be ascribed to anisotropic 
M6ssbauer fractions (i.e. the well-known Goldanskii-Kar- 
yagin effect), but that it rather arises from preferred orienta- 
tions ("texture") of the crystallites, and therefore of the 
axis of the electric field gradient (EFG). This is corroborated 
by the spectral shape, shown in Figure 2, obtained when 
the absorber-plane makes the so-called "magic angle" 
54.7 °) with the incident ?,-rays (Ericsson and W/ippling 
1976). 

At temperatures below -~25 K, a different type of asym- 
metry appears in the M6ssbauer spectra. An example of 
it is shown in Figure 3 and refers to T =  12 K. Attempts 
to fit such spectra with a sum of two independent Lorentz- 
ians revealed considerable deviations from the observed line 
shapes. Simulations based on the relaxation model of Blume 
(1968), however, reproduced the experimental line shapes 
remarkably well. A detailed analysis of the spectra in this 
low-temperature region and the interpretation of the relaxa- 
tion processes will be presented in a forthcoming paper. 

Figure 4a shows the M6ssbauer spectrum at T =  180 K 
in longitudinal external magnetic field of 6T. The line shape, 
plotted in Figure 4b, was calculated as mentioned in the 
previous Section, using the hyperfine interaction data de- 
rived from the zero-field spectra and a positive sign of the 
EFG. The anisotropic field reductions were HIX= HIY= 
- 0 . 6  T and HIZ=--12.5 T. The agreement between the 
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Fig. 1. M6ssbauer spectrum at 480 K for ankerite 

(Cal.11Mgo.5oFeo.33Mno.o9) [COa]1.99 
Full line represents the calculated spectrum 
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Fig. 2. M6ssbauer spectrum at room temperature of the ankerite 
sample with the 7-rays making the "magic angle" with the plane 
of the absorber. Full line represents the calculated spectrum 
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Fig. 3. M6ssbauer spectrum at 12 K for ankerite 

experimental and calculated intensities is, as seen from Fig- 
ure 4, not complete. The major reason for the observed 
deviations is probably to be ascribed to the asymmetry, 
arising from the presence of texture effects, which is not 
included in the computer program. 

The center shift 6 (versus metallic Fe at room tempera- 
ture) and the quadrupole splitting AEQ are plotted against 
the temperature T in Figure 5 and Figure 6 respectively. 
The full lines represent the theoretical curves calculated 
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Fig. 4a, b. Ankerite M6ssbauer spectrum at 180 K in an external 0.27- ' I [ ~ @ ~  
magnetic field of 6 T. (a) : experimental data. (b): simulated line 
shape assuming a positive EFG 
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Fig. 5. Isomer shift fi (versus metallic iron at room temperature) 
plotted as a function of tcmperature. Full line is the calculated 
temperature dependence on the basis of the Debije approximation 
for the lattice vibrations 
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Fig. 6. Temperature dependence of the quadrupole splitting AE o 
of Fe z + in ankerite. Full line represents the theoretical curve calcu- 
lated from the crystal field model. Broken line serves as a guide 
for the eye 
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Fig. 7a, b. Line width F (FWHM) of the positive- (a) and negative- 
(b) velocity peak as a function of temperature T (upper scale) and 
M6ssbauer fraction f (lower scale). Full lines represent calculated 
dependences for two different F s + F a values 

from existing models  and will be discussed in the next Sec- 
tion. Figure 7 contains the line width F o f  both  absorpt ion-  
lines for temperatures  T >  80 K. They are plot ted as a func- 
t ion of  the M6ssbauer  f r ac t i on f ( c f ,  below). 

Interpretation and Discussion 

A. Center Shift .  The temperature  dependence of  the center 
shift c~ is due to the second-order  Dopple r  shift dso D arising 
from the non-zero average of  the quadra t ic  velocity of  the 
absorbing nuclei. The full curves plot ted in Figure 5 repre- 
sent the theoretical  expression d = 6~-6SOD fitted to the ob- 
served d values for 28 different temperatures.  The intrinsic 
isomer shift fix is determined by the s-electron density at  
the nucleus and may  be regarded as a constant .  6SOD was 
evaluated in terms of  the Debije model  for the latt ice vibra- 
tions (Pound and Rebka  1960) which contains the physical  
quant i ty  0v called the Debije temperature  of  the solid. Its 
value was fitted to be 300 K. By subtracing dsoo from the 
observed 6's for each of  the applied temperatures,  the intrin- 
sic isomer shift was found to be (1.456+0.005) mm/s  at  
all temperatures.  A physical  meaning behind the obta ined 
Debije temperature  0D should not  be searched for at  the 
moment  but  its value might  become relevant as soon as 
similar results for other members  of  the dolomite-anker i te  
system are known. 

The center shift, relative to Fe, is found to be 1.25 mm/s  
at  300 K and 1.36 mm/s  at  80 K. These values are in excel- 
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lent agreement with the results for ankerite found in coals 
(Lefelhocz et al. 1967) and in several types of oil shales 
(Shiley et al. 1981; Melchior et al. 1982). The RT value 
further very well fits in the range 1.23-1.28 mm/s observed 
for different kinds of iron-containing carbonates (Musi6 
etal. 1980; Srivastava 1983). The value of 0.85 mm/s 
quoted by Gallagher et al. (1981), is, in our opinion, the 
result of an error in converting the observed isomer shift 
to the metallic iron reference. 

B. Quadrupole Splitting. From crystallographic considera- 
tions, the symmetry of the EFG may expected to be tri- 
gonal. The positive sign then indicates that the octahedral 
co-ordination of the central Fe 2 + ion is elongated along 
the trigonal axis (Dockum and Reiff 1979), giving rise to 
the orbital doublet ground state 5Eg with (t +, t - )  wave 
functions. The magnitude of the quadrupole splitting, being 
lower than 2 mm/s, confirms this degeneracy of the elec- 
tronic ground state. The Fe 2 + electronic structure in anker- 
ite is therefore very similar to the one in FeCO 3 (Hang 
Nam Ok 1969) and in iron-substituted C a C O  3 and C d C O  3 
(Price and Srivastava 1976). 

The temperature dependence of the ferrous EFG is due 
to thermal population of the first excited electronic state 
(Ingalls 1964). For ankerite, this state is the orbital singlet 
SAlg which causes a negative EFG at the nucleus, whereas 

5 the ground state Eg contributes a positive one with half 
the magnitude of the 5A l g value. I f  A 3 is the energy separa- 

5 5 tion between the Eg and Aag states, the temperature de- 
pendence of AEQ may be expressed as (Bancroft 1973): 

AE O (T) = AE~- 2 1 -- exp ( - A 3/k T) ~- A E6 (I) 
I exp(--A3/kT-- ~ 

which does not include spin-orbit coupling. A~Q is the 
quadrupole splitting due to a pure orbital singlet and equals 
4.80 mm/s (Spiering eta]. 1974). The factor 0~ 2 arises from 
covalency effects and is usually between 0.6 and 0.9 (Ban- 
croft 1973). It is believed that 0~ z for ankerite is somewhat 
higher than 0.8. This estimation is based upon the compari- 
son of the intrinsic isomer shift with the value recently ob- 
tained for Fe z+ in chloritoid (De Grave et al. 1984). 6, in- 
deed increases with decreasing covalency (i.e. increasing ~z) 
and was found to be smaller in the latter mineral by about 
0.08 mm/s whereas ~2 for two chloritoid samples was evalu- 
ated as 0.81. The higher degree of covalency in chloritoid 
may be explained by the shorter iron-oxygen bond length 
in this mineral, i.e. 2.16 A (Hanscom 1980) as compared 
to 2.30 ,~ (Povarennykh 1972) for ankerite. The lattice term 
AE6 is, to a first approximation, constant with temperature 
unless a change in site symmetry should occur for which, 
however, there is no indication whatsoever. 

Fitting (I), with ~2 fixed to 0.85, to the experimental 
data (full curve in Fig. 6) yields A 3 = 370 cm-i  and a lattice 
contribution of zero within the estimated error limits of 
the computation (0.05 mm/s). The agreement with the ex- 
perimental data is, however, rather poor and, as indicated 
by the broken line in Figure 6, a linear dependence would 
better fit the observations. 

An almost linear decrease of the 57Fe quadrupole split- 
ting with increasing temperature has been observed before 
in some other iron-containing carbonates as well (Nagy 
etal. 1975; Srivastava 1983) and, according to these au- 
thors, could not be reproduced by any reasonable crystal 

field model either. A possible explanation for this peculiar 
effect was put forward by Price (1978) in terms of an orbit- 
lattice interaction which results in a temperature dependent 
admixture between the 5Alg and 5Eg states, causing the 
ferrous EFG to decrease much faster than expected from 
the simple crystal field model. The orbit-lattice interaction 
is related to the co-ordination of the ferrous ion and this 
could explain the significant difference in temperature de- 
pendence of the EFG observed for FeCO 3 and Fe:MgCO3 
on the one hand, and for Fe:CaCO3, Fe:CdCO 3 and Ca- 
(Fe, Mg) (CO3) 2 on the other hand. Due to the large ionic 
radii of Cd and Ca, the latter compounds indeed have con- 
siderably higher unit cell dimensions (Bragg 1965) and this 
feature might somehow enhance the vibronic coupling and, 
therefore, cause a more pronounced temperature depen- 
dence of the electric field gradient. 

C. Anisotropic Field Reductions. The large difference be- 
tween the field-reduction parameters HIX= HIY and HIZ 
reflects the pronounced anisotropy of the magnetic proper- 
ties of the material. For a paramagnetic powder in an exter- 
nal magnetic field. Hex the effective field along the axis 
i (i=x, y, z) felt by the rlucleus is given by (Johnson 1967): 

Hieff  = Hex t (1 - -  ri) (2) 

The reduction factor r i can be very large, even several times 
larger than the applied field value itself (Varret 1976), and 
this seems to be the case for the z-component in ankerite. 

At any temperature T, the reduction rl is proportional 
to g~/4~hf (0) with g the spectroscopic splitting factor. As 
mentioned before, the electronic structure of Fe 2 + in anker- 
ite is possibly very similar to the one in FeCO 3 for which 
the ground state has gz~10 and g x = g y ~ 0  (Hang Nam 
Ok 1969). At elevated temperatures, e.g. 180 K, the an- 
isotropy of g will be smaller due to the thermal population 
of higher energy states. The anisotropy in the saturation 
field, however, remains and might be very considerable as 
well (Johnson 1967). Notwithstanding, the observed ratio 
HIZ/HIX~20 at 180 K seems unreasonably high but due 
to a lack of magnetic data for ankerite, a more quantitative 
interpretation is not possible at the moment. 

D. Line Widths. As Figure 7 shows, the widths of both 
absorption lines decrease significantly with increasing tem- 
perature. This feature is, at least qualitatively, explained 
by the decreasing effective thickness t A of the absorber, 
due to the decreasing M6ssbauer fraction f :  

tA=W aa(n~ d,) ao f  (3) 

in which w is the relative absorption area (being 0.46 and 
0.54 for the negative and positive velocity peak respective- 
ly), a a the natural abundancy of the 57Fe isotope (~-0.022), 
nad a the number of iron species per c m  2 and cr 0 the maxi- 
mum resonant cross section (2.57 x 10- is  cruZ). The M6ss- 
bauer fraction f at any temperature may be estimated from 
the known Debije temperature 0D (see e.g. Herberle 1971). 

For an absorber mass of  10 mg Fe/cm 2, tA is always 
smaller than 5 so that the following formula for the ob- 
served line width F may be used (O'Connor 1963): 

r=(rs+ra) (1.00+0.135 tA) (4) 

with Fs the source line width and F, the absorber line width 
for tA ~ 0. The straight lines in Figure 7 were calculated 



112 

according to (4) with ( F  S + Fa) values o f  respectively 0.226 
and 0.245 mm/s.  The actual  results are obviously not  repro-  
duced by neither one of  the plot ted lines. Instead, it appears  
as though the "zero- th ickness"  width (Fs+F,) gradual ly  
decreases from 0.245 mm/s  to 0.226 mm/s  when the temper-  
ature is raised f rom 80 ( f =  0.85) to 480 K ( f =  0.48). I t  could 
be calculated that  the effect is not  an art ifact  due to an 
incorrect  evaluat ion of  the f factors. Only if  those were 
off by about  60 percent,  the observed curvature could be 
explained. In  this case, however, un rea l i s t i c fva lues  exceed- 
ing 1 would be obtained.  Fur thermore ,  neither the inclusion 
of  the term in t~ (Frauenfelder  et al. 1962), nor  the polyno-  
mial  of  fourth  degree in t A, evaluated by Herberle (1968), 
can reasonably  reproduce the observed temperature  depen- 
dence. Therefore, it appears  that,  in addi t ion  to the decreas- 
ing absorber  thickness, a second effect causing line narrow- 
ing at  higher temperatures  must  be present  and, according 
to a recent M6ssbauer  study on natura l  chlori toids (De- 
Grave  et al. 1984), this effect might  be quite general and 
deserves further at tention.  

Conclusion 

The M6ssbauer  effect in the present ankeri te  sample is in 
many  respects very similar to the behaviour  of  several com- 
parable  i ron-containing carbonates.  Low-tempera ture  re- 
laxat ion effects, apparent ly  well described by the Blume 
model,  are observed. At  room temperature,  the isomer shift 
is within the range of  values found for several other carbon-  
ates described in the literature. The sa tura t ion  value for 
the quadrupole  splitting is a round  2 mm/s,  which is very 
common as well. The electric field gradient  is positive which 
is explained by a t r igonal  elongat ion of  the octahedral  co- 
ordinat ion  of  the central Fe  2 + ion, resulting in an orbi tal  
doublet  ground state. As in many  other i ron carbonates ,  
the quadrupole  split t ing decreases almost  l inearly with in- 
creasing temperature.  This dependence, however, cannot  
be reproduced by any reasonable  crystal field model  and 
it is assumed that  an orbit- lat t ice coupling, as suggested 
in the recent l i terature,  might  be responsible for the ob- 
served dependence. In  that  case, we must  conclude that  
large cat ions such as Ca 2 + and Cd 2 +, enhance the coupling 
mechanism which in turn leads to a more pronounced  de- 
crease of  the quadrupole  split t ing as compared  to FeCO 3. 
The line width, finally, decreases with increasing tempera-  
ture. Calculat ions have shown that  the observed decrease 
can only par t ly  be explained by the gradual  decrease of  
the absorber  thickness resulting from a decreasing M6ss-  
bauer  fraction. A n  addit ional ,  but  unknown,  temperature  
effect must  be present. 

The present M6ssbauer  study has revealed a number  
of  interesting and intriguing features, many  of  which are 
either only quali tat ively explained or not  unders tood at all. 
The most  impor tan t  of  these features are, in our  opinion,  
the low-temperature  re laxat ion effects, the suggested orbit-  
lattice coupling and its impl icat ion on the quadrupole  inter- 
action, and the highly anisotropic  field reduction.  All  these 
propert ies  certainly deserve further experimental  research 
efforts. In  order  to determine the composi t ional  effect, the 
knowledge of  which might  help to elucidate the peculiar  
observations,  several different ankerites and iron-substi-  
tuted dolomites  are now being collected and prepared  for 
a s tudy similar to the one repor ted  in this paper.  
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