
105 

Thermochimica Acta, 66 (1983) 105-125 
Elsevier Science Publishers B.V., Amsterdam - Printed in The Netherlands 

THERMAL DECOMPOSITION OF FERROMANGANOAN 
DOLOMITE 

K. IWAFUCHI, C. WATANABE and R. OTSUKA 

Department of Mineral Industty, School of Science and Engineering, Waseda University, 3 - 4 - 1, 
Okubo, Shinjuku - ku, Tokyo (Japan) 

(Received 4 January 1983) 

ABSTRACT 

This work investigates the thermal decomposition of ferromanganoan dolomite using DTA 
and X-ray powder analysis under four different atmospheres including static air. 

In a CO, flow of 100 ml mm-‘, it decomposes in three steps 
FeMn-dolomite + CaCO, + (Fe, Mn),O, + MgO 

+ CaCO, + CaMnO, + CaFe,O, + MgO 
+ CaMnO, + CaFe,O, + MgO + CaO 

However, in a mixed gas flow of CO, at 95 ml min- ’ and CO at 5 ml min- ‘, it decomposes 
in two steps 
FeMn-dolomite --f CaCO, + (Mg, Mn)Q + Fe,O, 

+ (Ca, Mn)O + (Mg, Mn)O + Ca, MgFe,O, 
In a mixed gas flow of CO, at 50 ml min-’ and CO at 50 ml min-‘, the decomposition 

proceeds in two steps 
FeMn-dolomite -+ CaCO, + (Mg, Mn, Fe)Q 

+ (Ca, Mn, Fe)O+(Mg, Mn, Fe@ 
It has been found that when the 0, partial pressure in the atmosphere is low enough to 

keep Mn and Fe in a bivalent state, dolomite group minerals bearing Mn and Fe decompose 
in a similar manner to dolomite itself. 

INTRODUCTION 

As a part of the thermoanalytical study of dolomite and related minerals 
[1,2], the authors have already reported the thermal decomposition of 
magnesian kutnahorite containing Mn2’ as a substituent for Mg2+ in the 
dolomite structure [3]. However, Fe*+ is the more common substituent for 
Mg2+ in naturally occurring dolomite. Therefore, in the present study, 
ferromanganoan dolomite was selected in order to examine how substituent 
Fe2+ as well as Mn2+ affect the thermal decomposition of dolomite itself. 

Studies of the thermal decomposition of Mn-bearing dolomite group 

0040-603 l/83/$03.00 0 1983 Elsevier Science Publishers B.V. 



106 

T / ‘C 

500 600 700 800 900 1000 

Otsuka L Imai(196S) 

Fig. 1. Some DTA curves of ferroan dolomite published previously. 

minerals are scarce because of their less common occurrence. On the other 
hand, as the minerals belonging to the dolomite-ankerite series are relatively 
common in nature, their thermal decompositions have been studied exten- 
sively, 

Figure 1 shows the DTA curves of ferroan dolomite obtained by several 
workers [4-91. All these curves were obtained in static air atmospheres using 
several hundred mg of the samples. They show two large endotherms which 
are accompanied by a small broad endothermic peak between them. Some of 
the curves have a small exothermic hump following the first endotherm. 
Although these curves have similar patterns, they are interpreted quite 
differently by the workers concerned. 



107 

Beck [8] and Smykatz-Kloss [5] attributed the first peak to the decomposi- 
tion of the FeCO, part, the second to the MgCO, part and the third to the 
CaCO, part of ferroan dolomite: they attributed the exotherm to the 
oxidation of Fe2+ to form Fe,O,. Beck [8] confirmed CaO and MgO . Fe,O, 
as the final products. To the contrary, Todor [6] attributed the first peak to 
the decomposition of the MgCO, part and the second to the FeCO,. Kulp et 
al. [7] explained that the first peak was due to the decomposition of the 
CO:- most closely associated with the Mg sites to form CaCO,, MgO and 
maghemite ( y-Fe,O,), the second to the formation of Fe,O, a CaCO,, and 
the third to the decomposition of Fe,O, . CaCO, forming CaO - Fe,O,. 
Otsuka and Imai [9] inferred that the second peak was due to the reaction of 
CaCO, and Fe,O, to form 2CaO. Fe,O, and CaO . Fe,O,, and that the third 
peak was due to the decomposition of the unreacted CaCO,. Stalder [4] 
concluded that the first peak was due to the formation of CaCO, by cation 
diffusion in the lattice releasing the CO, bonded to Fe, Mg and Mn, with the 
formation of Fe,O, and MgO. The second and third endotherms show 
essentially a single endothermic reaction due to the decomposition of CaCO,. 
This reaction, however, was apparently separated by various exothermic 
reactions due to the formation of Fe,O, or 2CaO. Fe,O,. He recognized 2 
CaO . MgO . Fe,O, as well as CaO and 2CaO . Fe,O, as the final products. 

MATERIAL 

Ferromanganoan dolomite from the Budo mine, Niigata Prefecture, Japan 
was used in this study. Chemical composition (wt.%) and cation mole ratio 
(mole%) were obtained by EPMA (apparatus, JEOL JXA-SOA). Correction 
was made by the method of Bence and Albee (Table 1). The structural 
formula was calculated assuming an oxidation number of 6, Ca,,,,,(Mg,,,, 

kl22w ,,245)(C03)2. X-Ray powder analysis confirmed that this material 
was free from other minerals. The lattice parameters obtained using silicon 
(99.9999%) as an internal standard were a = 4.8310 + 0.0006 A and c = 

TABLE 1 

Chemical composition (wt.%) and cation mole ratio (mole’%) of FeMn-dolomite 

Chemical wt.% Cation mole% 

composition mole ratio 

CaO 27.74 
MgO 10.10 
Fe0 7.89 
MnO 8.46 

CO, 42.88 
Total 97.07 

CaCO, so.77 
M&O, 25.72 
FeCO, 11.27 
MnCO, 12.24 
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16.14! + 0.005 A. The ordered reflections, (0 15) and (309) observed in the 
powder pattern, show that this material belongs to dolomite group of R_? 
symmetry. Ferromanganoan dolomite is abbreviated to FeMn-dolomite in 
this paper. 

EXPERIMENTAL 

FeMn-dolomite was ground in an agate mortar and fractions finer than 
325 mesh (43 pm) for experiment were obtained by sieving. 

D TA measurement 

DTA curves were recorded by a Shinku Riko ULVAC DT- 1500H incor- 
porating a Pt-PtRh13% thermocouple, Pt micro sample pan and using 
calcined alumina as a reference material, under the given conditions: sample 
weight, 5.0 mg; programmed heating rate, 10°C min-‘; DTA sensitivity, 
&- 5OpV. Measurements were performed in atmospheres of 

(1) static air, (2) CO, flow at 100 ml mm’, (3) a mixed gas flow of CO, at 
95 ml min-’ and CO at 5 ml min-‘, and (4) a mixed gas flow of CO, at 50 
ml min-’ and CO at 50 ml min- ‘. These atmospheres are abbreviated as air, 
CO,, CO 5% and CO 50%, respectively. 

X-Ray powder analysis 

The phase identification of the reaction products were made by X-ray 
powder analysis using a Rigaku Geigerflex 2001, under the given conditions: 
Ni-filtered CuK, radiation (X = 1.5418 A), 40 kV, 20 mA, time constant 2 s, 
scanning speed 0.5” mm’, divergence slit l”, receiving slit 0.3 mm and 
scattering slit lo. 

After being heated to a certain temperature as determined by the DTA 
curves, the samples were rapidly cooled to room temperautre by removing 
the furnace, and then subjected to X-ray analysis. 

RESULTS 

DTA curz)es of FeMn-dolomite 

Figure 2 shows the DTA curves of FeMn-dolomite in the four atmo- 
spheres. The DTA curve obtained in air, (A), has a single asymmetric 
endotherm, showing a remarkable difference from any other curves in Fig. 1. 
This may be attributed to the effect of a self-generating CO, atmosphere as 
in the decompositions of dolomite and magnesian kutnahorite [ 1,3]. 
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Fig. 2. DTA curves of FeMn-dolomite under the four atmospheres. 

The DTA curve in CO,, (B), shows three discrete endotherms which are 
accompanied by a very weak exothermic hump immediately after the first 
peak. Curve (B) is very similar to those in Fig. 1 obtained in static air. The 
cooling DTA curve recorded at a programmed rate of 10°C min-’ after the 
completion of the decomposition showed that only the third peak gave a 
reverse exotherm. 

The DTA curves in CO 5%, (C), and CO 50% (D), showed two endo- 
therms which are like the two step decomposition of dolomite. In CO 5%, 
the first peak shows a fairly broad and asymmetric shape starting at about 
600°C while it shows a symmetric shape like an isosceles triangle beginning 
at about 660°C in CO 50%. The DTA cooling curves in CO 5% and CO 50% 
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Fig. 3. X-Ray diffraction patterns of the thermal decomposition products of FeMn-dolomite 
in C02. F, FeMn-dobmite; C, CaCO,; M, (Fe, Mn),O,; P, MgO; 1, CaMnO,; 2, CaFe,O,; 
I.. CaU. Each temperature, to which the sample was heated, is indicated beneath the DTA 
curve in the lower part. 
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Fig. 4. X-Ray diffraction patterns of the thermal decomposition products of FeMn-dolomite 
in CO 5%. F, FeMn-dolomite; C, CaCO,; _P, (Mg, M)Q; p, (Mg, M)6; H, Fe,O,; L, (Ca, 
M)O; 1, Ca,MgFe,O, (M is Mn and/or Fe). Each temperature, to which the sample was 
heated, is indicated beneath the DTA curve in the lower part. 
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Fig. 5. X-Ray diffraction patterns of the thermal decomposition products of FeMn-dolomite 
in CO 50%. F, FeMn-dolomite: C, CaCO,; _P, (Mg, M)Q; 3, (Mg, M@; L, (Ca. M)O W is 
Ml1 and/or Fe). Each temperature, to which the sample was heated, is indicated beneath the 
DTA curve in the lower part. 



show the exotherms corresponding to the second endotherms. The exotherms 
are, however, extremely small compared with that of dolomite. 

Identification of products 

The products in CO,, CO 5% and CO 50% were observed by X-ray 
powder analysis. These results are shown in Figs. 3-5. Each temperature. to 
which the sample was heated, is indicated beneath the DTA curves in the 
lower parts of these figures. In the upper parts the X-ray powder patterns of 
the products obtained by heating are reproduced. Further, the products 
identified are listed in Tables 2-4. 

In CO, (Fig. 3) at 717’C, FeMn-dolomite and the CaCO, produced were 
observed, and weak reflections, presumably due to (Fe, Mn),O, solid solu- 
tion [lo], were detected. Because of the overlapping of the reflections of 
MgO with those of (Fe, Mn),O,, the identification of MgO was difficult. 
However, MgO was expected to exist since the content of Mg in the original 
sample is twice as much as that of Fe and Mn. At 814°C. a new phase, 
CaMnO,, was confirmed. As shown in Table 1, Fe and Mn were contained 
in nearly equal amounts in the original sample, so CaFezO, was also formed, 

TABLE 2 

Thermal decomposition products of FeMn-dolomite in CO, 

Temperature, T 

(“C) 

Products observed by powder X-ray analysis 

717 CaCO,, FeMn-dolomite. (Fe. Mn) so,. MgO 
798 CaCO,, (Fe,Mn),O,. MgO. FeMn-dolomite 
814 CaCO,. CaMnO,, CaFe,O,, (Fe. Mn),O,. MgO. FeMn-dolomite 
863 CaMnO,. CaFe,O,. CaCO,. MgO. FeMn-dolomite 
909 CaMnO,. CaFe,O,, CaCO,. MgO 
971 CaMnO,. CaFe,O,. MgO, CaO, CaCO, 

TABLE 3 

Thermal decomposition products of FeMn-dolomite in CO 5% 

Temperature, T Products observed by powder X-ray 

(“C) analysis 

700 CaCO,. Wg, M)Q 
882 CaCO,, (Mg, IWO, Fe@, 
914 (Ca, M)O, (Mg, M)O, Ca,MgFe,O,. CaCO, 
956 (Ca, M)O. (Mg, M@. Ca,MgFe,O,, CaCO, 

M = Mn and/or Fe 
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TABLE 4 

Thermal decomposition products of FeMn-dolomite in CO 50% 

Temperature, T Products observed by 

(“Cl powder X-ray analysis 

716 CaCO,, (Mg, WO 
847 CaCO,, (I@, WO 
906 (Ca, M)O, (Mg, M#, CaCO, 

950 (Ca, M)O, (Mg, M)a, CaCO, 

M = Mn and/or Fe 

probably together with CaMnO,. However, no other reflections of CaFe,O, 
other than the most intense one overlapping with that of CaMnO,, were 
recognized. At 863OC, with the decrease of the amount of CaCO,, (Fe, 
Mn),O, disappeared, while the amount of CaMnO, and CaFe,O, increased. 
At 909OC, FeMn-dolomite disappeared completely. At 971 ‘C, the reflections 
of CaCO, were remarkably weakened, while a new phase, CaO, appeared. 

In CO 5% (Fig. 4), at 700°C FeMn-dolomite disappeared, while CaCO, 
and periclase solid solution (Mg, M)_O were detected. M represents Mn2+ 
and/or Fe 2+ incorporated in the structure. At 882°C a new reflection, 
probably the most intense peak of a-Fe,O,, appeared. At 914OC, with the 
decrease of the amount of CaCO,, periclase solid solution having a different 
composition, (Mg, M)O, from (Mg, M)Q, lime solid solution, (Ca, M)O, and 
a new phase considered as Ca,MgFe,O, (ASTM 2-0938), were found. The 
periclase solid solution decreased its lattice parameter from (Mg, M)_O to 
(Mg, M)O. At 956°C the reflections of CaCO, decreased, while the reflec- 
tions of the other products increased. 

In CO 50% (Fig. 5), at 716°C CaCO, and periclase solid solution (Mg, 
M)O were observed. No other products were detected by heating to 847°C. 
At 906°C periclase solid solution, (Mg, M)a, and lime solid solution, (Ca, 
M)O, were detected with a trace amount of CaCO,. As in the case of CO 5%, 
the periclase solid solution decreased its lattice parameter from (Mg, M)_O to 
(Mg, M)o in CO 50%. The behaviours at 906°C were unchanged even at 
956°C. 

DISCUSSION 

Decomposition in CO2 

Figure 6 shows the three-step decomposition of FeMn-dolomite in CO,. 
At the first step, the original FeMn-dolomite decomposes into CaCO,, (Fe, 
Mn),O, solid solution and MgO, releasing CO, of the corresponding amount 
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Fig. 6. Thermal decomposition process of FeMn-dolomite in CO, 

to Mg, Fe and Mn. At the second step, (Fe, Mn),O, reacts with CaCO, to 
produce CaMnO, and CaFe,O,, releasing CO,. At the third step, as con- 
firmed by the reverse exotherm on cooling, the residual CaCO, decomposes. 

The similarity of curve (B) in Fig. 2 to those in Fig. 1 suggests that the 
latter curves were obtained under the self-generating CO, atmospheres 
reaching up to almost 1 atm in the vicinity of the samples. The explanations 
of the DTA curves by previous workers, however, are different from the 
present interpretations. 

Though Beck [8], Smykatz-Kloss [5] and Todor [6] considered that the 
partial decompositions of the three component carbonates (FeCO,, MgCO, 
and CaCO,) corresponded to the three endotherms, their interpretations 
cannot explain the formation of Ca-Fe oxides or Ca-Mn oxides at the second 
step. On curve (B) in Fig. 2, the second and third peaks are clearly separated 
and the base line between them is stable, so Stalder’s interpretation [4] that 
the two peaks essentially form a single endothermic peak due to the 
decomposition of CaCO, cannot be supported. Thus, the interpretations of 
the previous workers cannot explain the present results. 

Decomposition in CO 5% 

FeMn-dolomite decomposes in two steps in CO 5% (Fig. 7). At the first 
step, the original FeMn-dolomite decomposes into CaCO, and oxides of Mg, 

FeMn-dolomite 
Ca(Mg,Fe,Mn) (CO3) z 

1st 
endotherm 

I 
CaCO3 (Mg,Mn)g Fe203 con 

2nd 1 I I 
endotherm I 

I I 
(Ca,Mn)O Wg!Wc Ca2MgFe206 CO2 

Fig. 7. Thermal decomposition process of FeMn-dolomite in CO 5%. 
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Mn and Fe, releasing CO, of the corresponding amount to Mg, Fe and Mn. 
Of the oxide products, only periclase solid solution, (Mg, M)_O, is observed 
at 700°C. Fe203, which is detected at 882°C has probably been crystallized 
gradually by further heating above 700°C. At the second step, CaCO, reacts 
with (Mg, M)O and Fez03, releasing CO, to produce lime solid solution, 
(Ca, M)O, and periclase solid solution, (Mg, M)@ which have a different 
chemical composition from (Mg, M)_O and Ca,MgFe,O,. 

As stated previously, Fe,O, appears at a higher temperature (882°C) than 
the temperature (700°C) at which the first step decomposition terminates. It 
is not expected that Fe,O, contains Mn, because, as shown below, Mn 
remains bivalent in CO 5%. The lattice parameter, a = 4.301 A, and the 
intensity of each diffraction of (Mg, M)_O remained unchanged between 700 
and 882°C. This suggests that the Fe0 component did not leave the (Mg, 
M)O gradually, but was separated completely from (Mg, M)_O at the time of 
the first decomposition step. If so, (Mg, Mn)O would be a more appropriate 
expression of periclase solid solution, (Mg, M)_O, because all the Fe was 
probably removed from this phase during the first decomposition step. On 
this assumption, the Mg/Mn ratio in (Mg, Mn)O can be estimated as 
66.2/33.8 based on the observed value, a = 4.301 A, from the relation of 
chemical composition with lattice parameter in the MgO-MnO system [ 111. 
On the other hand, the Mg/Mn ratio in the original FeMn-dolomite is 
67.8/32.2 (Table l), which agrees fairly well with the value obtained from 
the lattice parameter. This agreement strongly supports the expression (Mg, 
Mn)_O. Accordingly, in the case of (Mg, M)O and (Ca, M)O, (Mg, Mn)G and 
(Ca, Mn)O are more appropriate expressions. 

Moreover, the absence of any exothermic deflection between the two 
endothermic peaks suggests that the oxidation of Fe*+ to trivalent iron has 
proceeded already during the first decomposition step forming a certain 
X-ray amorphous Fe3+ oxide, which crystallized as Fe,O, on further heating. 

Therefore, the first decomposition step consists of: the decomposition of 
FeMn-dolomite, the formation of CaCO, and (Mg, Mn)Q, the separation 
and oxidation of the Fe0 component, and the successive gradual crystalliza- 
tion of Fe,O,. The decrease in the lattice parameter of periclase solid 
solution from (Mg, Mn)O to (Mg, Mn)O at the second decomposition step 
may be explained by re-distribution of Mn between periclase and lime solid 
solutions as in the case of magnesian kutnahorite. However, since Mn 
probably substitutes for Ca and/or Mg in Ca,MgFe,O, too, the redistribu- 
tion process is more complicated in this case. 

Decomposition in CO 50% 

Figure 8 shows the decomposition process of FeMn-dolomite in CO 50%. 
In this atmosphere, as in CO 5%, it decomposes in two steps. At the first 
step, FeMn-dolomite decomposes into CaCO, and periclase solid solution, 
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Fig. 8. Thermal decomposition process of FeMn-dolomite in CO 50%. 

(Mg, M@, releasing CO, of the corresponding amount to Mg, Mn and Fe. 
At the second step, CaCO, reacts with (Mg, M)_O to produce lime solid 
solution, (Ca, M)O, and periclase solid solution, (Mg, M)@ which has a 
different chemical composition from (Mg, M)Q Owing to the re-distribution 
of Fe and Mn between (Mg, M)Q and CaO, which is produced from CaCO, 
at this step, the lattice parameters of (Ca, M)O and (Mg, M)a become 
smaller than those of CaO and (Mg, M)G. 

The lattice parameter of each solid solution is determined using its (200) 

diffraction: (Mg, M)O, 4.283 A; (Ca, M)O, 4.752 A. 
From the following discussions, it is deduced that the equilibrium re-dis- 

tribution of Fe and Mn between (Mg, M)a and (Ca, M)O is achieved at the 
second decomposition step. 

At first, it is assumed that all the Mg, Mn and Fe in the original 
FeMn-dolomite have participated in the formation of the solid solutions. 
However, the amount of Ca being incorporated in the solid solution is 
unknown because of the partial re-carbonation of CaO to CaCO,. As the 
CaO-MgO system scarcely forms solid solution series below 1000°C [12], 
(Ca, Mg)O and (Ca, Mg, M)O are not considered in the succeeding discus- 
sion. Accordingly, the solid solutions produced are regarded as (Mg, Mn, 
Fe)a and (Ca, Mn, Fe)O. 

Next, it is necessary to know the relations between composition and 
activity and between composition and lattice parameter of solid solutions of 
the ternary systems CaO-MnO-Fe0 and MgO-MnO-FeO. However, there 
are no available data except composition vs. activity relations in the 
CaO-MnO-Fe0 system [13], which is hardly used in the numerical analysis 
because of the graphical representation using equi-activity contours in a 
triangle diagram. On the other hand, composition vs. activity relations are 
reported for the binary systems, CaO-MnO [ 131, FeO-MgO [ 141, MgO-MnO 
[ 151, MnO-Fe0 [ 161 and FeO-CaO [ 171. Also, the relation between com- 
position and lattice parameter is available for the FeO-MgO, MnO-FeO, 
CaO-MnO and MgO-MnO systems [ 111. Therefore, it will be reasonable to 
represent a ternary system using a model that is constructed from the three 
binary systems included in the ternary system. 

Using the asymmetric solution model [18], the excess Gibbs energy of the 
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binary system 1-2, CT;, is expressed by 

GE = ~1x2 (x,W, + xzw,,) (1) 

where xi is the mole fraction of component i, W,, and IV,, are the 
parameters representing the characteristics of the l-2 binary system. The 
general thermodynamic expression for GPi is 

G;; = x,RTln y, + x,RTln y2 (2) 

y; = : (3) 
I 

where y, is the activity coefficient and ai is the activity of component i. 
Because available data for the temperature region of this experiment 
(500-1000°C) are lacking, substituting the previous data estimated at about 
1100”c [13-171 into these equations, the parameters W,, and W,, are 
estimated by the least-squares method as in Table 5. Using the six parame- 
ters of three binary systems, 1-2, 2-3 and 3- 1, the excess Gibbs energy of 
the ternary system l-2-3 is expressed according to Thompson [ 181 

G & = v2wY2 +x2%,> +x2x3(x2v23 + eY32> 

++%wG + Qw (4) 

RT In y, = GF& - x2 [z],,-xj( F), (5) 

Since eqn. (5) holds generally in the ternary system, the activity coefficient of 
component 1 is obtained by substitution of eqn. (4) into eqn. (5) 

RT In y, = xi(2W2, - 2W,,) + x:(2W,, - 2W,,) 

+x22x3( -4W,, + 2W2, - 2W,, - 2W2,) 

+x2x:( - 4W,, + 2W,, - ZW,, - 2W,,) 

+x;w52 - w,,> +4Pf%3 - w,> 

+x2x3w,2 + 2%,) 

TABLE 5 

Parameters W of the binary asymmetric solution model, eqn. (1) 

(6) 

System i-j 

CaO-MnO 3555.60 2906.48 
FeO-MgO 329 1.09 2642.90 
MgO-MnO 3801.08 4684.86 
MnO-Fe0 732.69 1625.98 
FeO-CaO 3865.73 7884.42 
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Expressions for components 2 and 3 can be obtained by permuting the 
subscripts in the cyclic order of 1+2-+ 3. 

The equilibrium condition of the re-distribution of Mn and Fe between 
(Ca, M)O and (Mg, M)a can be expressed by the Nernst distribution law 
applied to MnO and Fe0 components independently. 

&rno = IGIno (7) 

&o = I-Go (8) 

where P and L represent the periclase and lime phases, respectively. As a 
common standard state is adopted in both sides of each equation, eqns. (7) 
and (8) are simplified using only the activity terms 

L P 
aMnO = ‘MnO (9) 

L P 
aFeO = ‘Fe0 (10) 

These conditions are represented using eqns. (3) and (6) as given by 

RT1n &O + XkzO(2WFeMn - 2WMnFe) + Xii0(2%aMn - 2WMnCa) 

+x ;:o&O< - 4WMnFe + 2wFeMn - 2wM.Ca - 2wF-&) 

+ x~.50xk:O( - 4WMnCa + 2~aMn - 2WM.Fe - 2w,aF~) 

+XLIO(~WM~F~ - WF~M,) + X~~,O(~~M~C~ - WC~MII) 

+Xk~XCLa0(2W~~~e + 2wMt-ca) 

= RT1n XLnO + X~~0(2W~eMn - 2WMnFe) +Xzg0(2wMgMn - 2wMnMg) 

+x ::Ox&O( -4WMnFe + 2WFeMn - 2wMnM, - 2wFeM,) 

+xp FeOx~,O( -4wMnM, + 2wM,Mn - 2WM~Fe - 2wM,Fe) 

+XEO(~WM~F~ - W~e~n) + xGg~(2wMnMg - wagon) 

+XLOXL~,O(~W,,F~ + ~W,,M,) 

and 

RTln X~~O + x!s~o(~WC~F~ - ~WF~G) + xC~O(~WM~F~ - ZWF~M~) 

(11) 

+x ~:OXklnO(-4WFeCa + 2%aFe - 2wFeMn - 2%iMn) 

+X CL~O~~~O(-~~F~M~I + 2w~~~e - 2Wkct3 - 2w~nca) 

+X:Z,0(2WFeCa - w,aFe) +XLO(~WF~M~ - wMnFe) 

+x :aOXkin0(2WFeCa + 2wFeMn > 

= RT1n x;eO + x:gO(2wM,F, - 2wFeM,) + Xk0(2WMnFe - 2WFeMn) 

+x :,OxbnO( - 4wFeM, + 2wM,Fe - 2wFeh4n - 2wM,Mn) 
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+xp MgO&“O( -4~Feh4” + 2WM.Fe - 2&&l, - 2K4,,,) 

+4l*gowhl, - w,,,) +x~nOwFeMn - &I”,) 

+&0&0Pv=&4, + wahl) (12) 
When the chemical composition of a solid solution is estimated from its 
lattice parameter, the Vegard law is commonly applied. However, it is found 
that lattice parameters of MO-type solid solutions are more or less larger 
than those approximated by the Vegard law which assumes a linear relation 
between the composition and the lattice parameter [ 111. In order to improve 
the approximation; a correction term of x,xZBIZ, which is the analogous 
form of the excess Gibbs energy of a regular solution model, is to be added 
to the Vegard law. Then, the lattice parameter A of a solid solution is 
represented by 

A = x,A, + x2A, + x,x2B,, (13) 

where Ai is the lattice parameter of the end member of component i, B,, is 
the interaction parameter of the lattice parameter of the system l-2. The 
first two terms of the right side show the Vegard law. Substituting the 
chemical compositions and corresponding lattice parameters of solid solu- 
tions [ 1 l] into eqn. (13) the parameter B of binary systems is estimated by 
the least-squares method as in Table 6. The solubility of the Fe0 component 
in CaO is so limited by the miscibility gap [ 171 that the value of B for the 
CaO-Fe0 system is assumed to be 0. Using three parameters of the binary 
systems of 1-2, 2-3 and 3-1, the lattice parameter, A, of a solid solution of 
a ternary system of l-2-3 may, after taking eqn. (4) into account, be 
represented by 

A = x,A, + x2A, + x3A, + x,x2B,, + x2x3B,, + x3x,B,, (14) 

Using this expression, the lattice parameters of (Ca, M)O and (Mg, M)G, AL 
and AP, are given by 

AL = &oAcao + &oA~no + &,4eo 

TABLE 6 

Parameters B of the binary lattice parameter, eqn. (13) 

System i-j Bi, 

CaO-MnO 0.00320 
FeO-MgO 0.06357 
MgO-MnO 0.05489 
MnO-Fe0 0.02423 
FeO-CaO 0 
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(15) 

and, 

AP = &,o‘%i,o + xLo&“o + Go&o 

+&oxL,oB~~~n + x;,ox;,oB~e 

+XLoGlgo%Ms (16) 

The following equations are held by the definition of mole fraction 

X:,0 + XhnO + xkeo = 1 (17) 
P 

xMgO + XkO + x;eO = ’ (18) 

If the equilibrium re-distribution of Mn and Fe between (Ca, M)O and 
(Mg, M)O is achieved, the chemical compositions of both phases can be 
estimated by solving the simultaneous eqns. (11) and (12) representing the 
equilibrium condition, eqns. (15) and ( 16) representing the lattice parame- 

ters, and eqns. (17) and (18), regarding x,&o, xhnO, xkeo, xLpo, xLnO and 
P xFeO as variables. 

These are solved numerically substituting the observed lattice parameters 

in eqns. (15) and (16): (Mg, M)G, (Mg,.,,,Mn,.,,,Fe,.,,,)O; (C_a, NO, 

(Ca,.,,oMn,.,,,Fe,.,,,) 0. The chemical composition of (Mg, M)O will be 
represented by (Mg,,,,,Mn,,,,Fe,.,,)O,,.,, based on the MgCO, mole% 
(25.72) in FeMn-dolomite in Table 1. The amounts of Mn and Fe included 
in (Mg, M)O are estimated as 6.44 and 9.66. Therefore, the amount of Mn 
included in (Ca, M)O is 5.80 which is the remainder of the Mn content (6.44) 
in (Mg, M)?? from the MnCO, mole% ( 12.24) in FeMn-dolomite. Then, the 
chemical composition of (Ca, M)O can be expressed as (Ca,,,,,Mn,.,, 
Fe,,,,)O,,,,,. Accordingly, the total amount of Fe is equal to the sum of the 
Fe content of both solid solutions, i.e. 11.74. Though this result has been 
obtained by assuming the equilibrium re-distribution of Mn and Fe between 
both the solid solutions represented by eqns. (11) and (12), the value of 11.74 
is very close to the FeCO, mole% of 11.27 in FeMn-dolomite as estimated by 
EPMA. 

This agreement suggests that the equilibrium re-distribution of Mn and Fe 
is achieved at the second step of the decomposition. 

As the Ca content of 48.42 is about 95% of the CaCO, mole% of 50.77 in 
the original FeMn-dolomite, the remaining - 5% of Ca has probably been 
recombined with CO, to produce CaCO, during cooling to room tempera- 
ture without being incorporated in solid solutions. The existence of CaCO, 
at 906°C and 950°C as shown in Fig. 5, supports this consideration. 

After all, in this atmosphere, if Mn and Fe are supposed to behave like 
Mg, the first decomposition step of FeMn-dolomite will proceed similarly to 
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that of dolomite. Regarding the second decomposition step, FeMn-dolomite 
is more complicated than dolomite due to the formation of solid solutions as 
products, while the decomposition products of dolomite scarcely form solid 
solutions through its decomposition. 

0, partial pressures of the atmospheres in the experiments 

According to the foregoing results, Mn and Fe remain bivalent in CO 
5076, while in CO 5%, though Mn remains bivalent, Fe is oxidized to the 
trivalent state. In CO,, Mn is finally oxidized to tetravalent Mn and Fe to 
trivalent Fe. These differences in the valences of Mn and Fe result in the 
difference in the decomposition process of this mineral and then the prod- 
ucts formed. Therefore, the oxidation states of Mn and Fe were examined 
thermodynamically in a similar manner to that in the case of magnesian 
kutnahorite [3,19]. 

Figures 9 and 10 show the equilibrium 0, partial pressure curve at various 

temperatures in the systems Mn-0 and Fe-O under 1 atm total pressure. 
The equilibrium 0, partial pressures in CO,, CO 5% and CO 50%, which 
were determined by dissociation of CO, into CO and O,, are also shown in 
the figures. The estimation procedure was discussed in the previous paper on 
magnesian kutnahorite [3]. 

In Fig. 9, the 0, partial pressure curve in CO 5% (C) is in the MnO 
stability region which is bounded by the equilibrium curves of Mn-MnO (1) 
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Fig. 9. Equilibrium 0, partial pressure-temperature diagram in the system Mn-0 under 1 
atm total pressure. 1, 2 MnO = 2 Mn + 0,; 2, 2 Mn,O, = 6 MnO+ 0,; 3, 6 Mn,O, = 4 

Mn,O_, +O,; 4, 4 MnO, = 2 Mn,O, +O,; A, PO, in air; B, PO, in CO,; C, PO, in CO 5%. 
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Fig. 10. Equilibrium 0, partial pressure-temperature diagram in the system Fe-O under 
1 atm total pressure. 1, 2 Fe0 = 2 Fe+ 0,; 2, 2 Fe,O, = 6 FeO+ 0,; 3, 6 Fe,O, = 4 

Fe,O, +O,; A, PO, in air; B, PO, in CO,; C, PO, in CO 5%; D, PO, in CO 50%. 

and MnO-Mn,O, (2) showing that the formation of MnO is preferred in CO 
5%. However, in Fig. 10, since the same curve (C) is above the FeO-Fe,O, 
equilibrium curve (2) the oxidation of Fe to trivalent Fe will occur in the 
reaction process. Thus, in order to maintain Fe and Mn in the bivalent state, 
the CO 5% atmosphere is effective for Mn, but ineffective for Fe. On the 
other hand, the 0, partial pressure curve in CO 50% (D) in Fig. 10 is in the 
Fe0 stability field bounded by the equilibrium curves of Fe-Fe0 (1) and 
FeO-Fe,O, (2). Therefore, the 0, partial pressure in CO 50% is low enough 
to maintain Fe as a bivalent cation. 

These estimations can elucidate that FeMn-dolomite decomposes in two 
steps in a similar manner to dolomite in CO 50% because Mn and Fe behave 
like Mg as the stable bivalent cations, and that the two-step decomposition 
of FeMn-dolomite in CO 5% is not completely similar to that of dolomite 
because Fe is oxidized to the trivalent state and is excluded from the (Mg, 
Mn, Fe) group during decomposition. The essential condition, under which 
FeMn-dolomite decomposes in two steps like dolomite, is to maintain Mn 
and Fe in the bivalent state. 

CONCLUSIONS 

Regarding the thermal decomposition of FeMn-dolomite, three different 
processes are observed in the three kinds of atmospheres. 
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In CO,, in which the 0, partial pressure is high enough to oxidize both 
Mn and Fe, FeMn-dolomite decomposes in three steps producing CaCO,, 
(Fe, Mn),O, and MgO at the first step, CaMnO, and CaFe,O, at the second 

and CaO at the third. 
In CO 5%, the 0, partial pressure is low enough to keep Mn in a bivalent 

state but sufficiently high to oxidize Fe to trivalent Fe. Under this condition, 
FeMn-dolomite decomposes in two steps producing CaCO,, (Mg, Mn)Q and 
Fe,O, at the first step, and (Ca, Mn)O, (Mg, Mn)O and Ca,MgFe,O, at the 
second. However, the decomposition does not proceed like dolomite because 
of the oxidation of Fe in the (Mg, Mn, Fe) group. 

In CO 50%, in which the 0, partial pressure is sufficiently low to maintain 
both Mn and Fe as bivalent cations, FeMn-dolomite decomposes in two 
steps in a completely similar manner to dolomite itself. At the first step, 
CaCO, and (Mg, Mn, Fe)_O, corresponding to CaCO, and MgO in the case 
of the decomposition of dolomite, are produced, and at the second step, (Ca, 
Mn, Fe)0 is newly produced corresponding to CaO in the case of dolomite. 

The only difference between FeMn-dolomite and dolomite is that, in the 
former, Mn and Fe are re-distributed at the second step decomposition 
between periclase and lime solid solutions until the equilibrium distribution 
is achieved. 
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