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Abstract

In the present paper the thermal behaviour of Mg-carbonates and -silicates is reviewed and dis-

cussed, based on own DTA investigations and data from the literature. Mg-bearing minerals in soils

and sediments offer informations about the palaeoenvironment and palaeoclimatology of sediments

and soils and – thus – the study of their crystal chemical compositions by means of (differential)

thermal analysis informs about environmental conditions of (sedimentary Mg-) mineral (trans-) for-

mations. The paper stresses (1) the interrelations between decomposition temperatures of (Mg-) car-

bonates and substitution processes and is (2) concerned with the interdependence between the

dehydroxylation behaviour of Mg-bearing sheet silicates and their crystal chemical composition.
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Introduction

The element magnesium forms one cation, e.g. the divalent Mg2+. Due to its ionic po-

tential (=valency/ionic radius) it belongs to the soluble cations, as the common cat-

ions sodium (Na+), potassium (K+), calcium (Ca2+) or iron-II (Fe2+) [1]. That means,

in the sedimentary processes of weathering and precipitation from solutions

Mg-bearing minerals will only form in environments of low water activity, e.g. in

(semi-) aridic soils and sediments. Thus the occurrence of authigenic Mg-bearing

minerals in sedimentary profiles or soil profiles points to a milieu of (trans-) forma-

tion, which is characterised by the lack of water (by low water activity), it points to a

(semi-) aridic period in the palaeoclimatic history of soil (or sediment) development.

Although this is also true for other soluble cations, such as K+, Na+ or Ca2+, which do

not form sedimentary phases in humid environments either, the interrelations be-

tween the formation of Mg-bearing carbonates or silicates and palaeoclimatic condi-

tions show to be much clearer, much more striking than the comparable interrelation-

ships envolving K+, Na+ or Ca2 [2].

Thermal analysis, mainly DTA or DSC, proves to be a very suitable method for

the determination of the portion of Mg among the cations in crystal structures (of

Mg–Fe–Mn–Ca–silicates or carbonates) [3–5]. This is mainly suitable for sedimen-

tary minerals, such as many sheet silicates or carbonates, in which parts of the pri-

mary cations (Fe2+, Ca2+, Al3+) have been replaced by Mg2+ during processes of weath-
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ering or diagenesis, thus mirroring a change in the palaeoecological conditions (e.g.

the palaeo-temperature). Thus, thermal analysis may help in palaeoclimatic recon-

structions during petrogenetic interpretations of soils or sediments.

Thermal analysis of Mg-bearing carbonates

Determination of decomposition temperatures

Only carbonates free of water, Cl, F or OH will be considered here in order to recognise

the principles of interrelation. Figure 1 shows the temperatures of decomposition of four

simple earth alkaline carbonates vs. the ionic radii of the cations. The radii are dependent

on the crystal chemical coordination of the cations [1], but in most cases the coordination

number 6 occurs, e.g. in octahedra of sheet silicates. The ‘classical’ values of

Goldschmidt [6] have been used, but the slightly different values of other authors show a

similar picture, for instance the ‘semi-theoretical’ values of Pauling [7] or the data of

Wedepohl [8] or Evans [9]. The temperatures of decomposition have been obtained from

DTA runs made under strictly standardised conditions of preparation and analysis as pro-

posed by Smykatz-Kloss [4, 5]. The resulting diagram (Fig. 1) demonstrates that – at

least for the simple carbonates studied, namely magnesite (MgCO3), calcite (CaCO3),

strontianite (SrCO3) and witherite (BaCO3) – the temperatures of decomposition increase

with increasing size of the cations (Mg2+< Ca2+< Sr2+< Ba2+, Fig. 1). Double salts includ-

ing two different cations among which Mg2+ is always found, show a more complex pic-

ture (Table 1). The larger cation seems to control the process of decomposition of the car-

bonate structure: with increasing size of the cation the temperature of decomposition

increases as well, e.g. CaMg3< CaMg< BaMg. But apart from the influence of the larger
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Fig. 1 Relationships between ionic radii and decompositionic temperatures for simple
earth alkaline carbonates free of water (from standadized DTA runs – 100 mg,
10 K min–1)



cation (Ca, Ba) the ratio of both cations seems to have some influence on the temperature

of decomposition, too (e.g. huntite, Ca:Mg=1:3, and dolomite, Ca:Mg=1:1). Studies of

other authors – who generally did not specify all conditions of analysis – show analogous

results [3, 10–12].The temperature of decomposition of the MgCO3-portion occurs be-

tween 613 and 645°C – except in the minerals ankerite and dolomite. These seem to be

characterised by more compact crystal structures and stronger bonding energies between

Mg2+ and the coordinating ions [13].

Table 1 Standardised decomposition temperatures of double salts (X–Mg carbonates, X=Ca,
Fe2+, Ba)

Mineral Formula
Tdecomp/�C
(MgCO3)

Tdecomp/�C
(XCO3)

Reference

Huntite CaMg3(CO3)4 635 895 [12]

Ca(Mg,Fe)3(CO3)4 613 826 [4]

Breunnerite Ca(Mg0.45 Fe0.55)(CO3)2 645 [4]

Ankerite Ca(Fe,Mg)(CO3)2 762 898 [4]

Ca(Fe,Mg)(CO3)2 773 882 [4]

Dolomite CaMg(CO3)2 807 901 [4]

CaMg(CO3)2 795 960 [11]

Norsethite BaMg(CO3)2 628 1174 [4]

The influence of crystal chemical substitutions on the temperature of decomposition
of carbonates

Generally, each replacement of the original cations of a crystal structure by substitut-

ing ions creates physical disorder. Increasing structural disorders (by increasing sub-

stitutions) means decreasing bonding energies between the constituents of the crystal

structure. For the temperature of decomposition this means increasing crystal chemi-

cal disorder lowers the temperatures of decomposition.

Sub-recent marine organisms from tropical and subtropical environments quite

often exhibit calcitic or aragonitc shells which include up to 25 mol% of MgCO3 (Ta-

ble 2). The lowering of the temperatures of decomposition in Mg-calcites caused by

the Mg�Ca substitution can be used as a tool for the determination of the

Mg-content of Mg-calcites, (Ca, Mg)CO3 (Fig. 2).

Dolomites, CaMg(CO3)2, quite often show substitutions of the Mg2+ by Fe2+,

Mn2+, Zn2+, and/or Ni2+. The decomposition of the (Fe2+, Mn2+) CO3 – component

causes an additional endothermic peak, or at least a shoulder on the lower side of the

MgCO3-decomposition peak. This peak tends towards the lower temperature of sider-

ite (FeCO3) decomposition with increasing amounts of the substituent Fe2+ (Fig. 3).

For the exact determination of small amounts of incorporated Fe2+ the equipment

used should be calibrated by heating samples with known iron contents and under
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standardized conditions: 100 mg sample amount, Pt90/Rh10 thermocouples, 10 K min–1

heating rate, 100 mg of Al2O3 for inert comparison, crucibles of Al2O3, standing air as

furnace atmosphere.

Table 2 MgO contents and decomposition temperature of Mg-calcites (150 mg of sample
amount)

Sample Locality MgO/mol% Tdecompos/�C�0.5� d1014/Å

Calcite, pure Harz, Germany 0 925 3.035

Mg-calcite (shell
fragments)

Bermudas (1) 5.9 898 3.018

Mg-calcite (shell
fragments)

Bermudas (2) 8.7 893 3.005

Calcitic algae Saõ Thomé 18.1 889 2.974

Calcitic algae Saõ Vicente 19.0 889 2.972

Calcitic algae Bioco 21.0 887 2.966

The last value of Table 2 represents the corresponding d-value for the main interference in the X-ray
diffractogram (d1014 in Å)

The thermal analytical study of Mg-bearing sheet silicates

For Mg-bearing silicate minerals which include hydroxyl anions (e.g. all Mg-bearing

layer silicates, clay minerals such as chlorites, tri-octahedral illites, smectites etc.) the

dehydroxylation effect could be used for crystal chemical determinations. The layer

structures of clay minerals contain the (OH) at the corners of the octahedra, directly

bound to the central cation of the octahedra (Al3+, Mg2+, Fe2+, 3+). For detailed clay

mineral structures see e.g. [14–16]. That means, the bonding strength between this
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Fig. 2 MgO contents and decomposition temperatures of Mg-calcites (150 mg of sam-
ple amount)



central cation and the (OH) will control the temperature of the dehydroxylation. The

strength of the bonding is dependent (a) on the type of the cation bound to the (OH),

and (b) on the type of the structure. Different crystal structures will show different

temperature ranges for the process of dehydroxylation, and different cations occupy-

ing the octahedral central positions of the same mineral will show different tempera-

tures of dehydroxylation. This enables crystal chemical determinations by measuring

the peak temperatures and the peak areas of the dehydroxylation effects. For example

it enables the determination of the portions of the octahedral Fe, Mg and Al in

smectites, chlorites or other clay minerals. DTA curves of Mg-bearing sheet silicates

were previously described [4, 17–23].

The minerals pyrophyllite and talc exhibit identical crystal structures
(‘isostructural’). Both are simple 3-layer silicates and differ only in the occupation of
the central octahedral position by Al or Mg, respectively, [6], as follows, pyro-
phyllite, Al2

[6] [(OH)2 Si4 O10] and talc, Mg3
[6] [(OH)2 Si4 O10].

Talc includes the larger octahedral cation Mg2+ (r, radius=0.78 Å) whereas

pyrophyllite includes Al3+ (r=0.57 Å). Nearly equal distances between (OH) and the
core of the central cation (‘bonding lengths’) indicate that the M–OH bonding

strength in talc (Mg–OH) is stronger than in pyrophyllite (Al–OH). Consequently,

the dehydroxylation of the tri-octahedral talc needs more energy supply (=higher

temperatures in DTA) than that of the analogous di-octahedral Al-silicate pyro-

phyllite. This means that pyrophyllite dehydroxylates at lower temperatures than talc

(compare Table 3). The same interrelation occurs in smectites, chlorites,

kaolinite/serpentine (Table 3).

Table 3 Temperatures of dehydroxylation [°C] of Al-and Mg-sheet silicates

Mineral Formula Structural type Temp. of dehydrox.

kaolinite Al2[(OH)4Si2O5] 1:1, T-O 550–600

serpentine Mg3[(OH)4Si2O5] 1:1, T-O 650–720

pyrophyllite Al2[(OH)2Si4O10] 2:1, T-O-T 745

talc Mg3[(OH)2Si4O10] 2:1, T-O-T ~ 940

Al-smectite
(montmorillonite)

Mg-smectite
(saponite)

form. see below
2:1 + water

T-O-T
670–725

840

Al-chlorite (sudoite) Al4[(OH)8Si4O10]
2:1:1

T-O-T-O
495–525

Mg-chlorite Mg6[(OH)8Si4O10] T-O-T-O 825–860

T – tetrahedral, O – octahedral layer, montmorillonite: Al1.7Mg0.3[(OH)2Si4O10]�0.3Na+nH2O,
saponite: Mg3[(OH)2Si3.7Al0.3O10]�0.3Na+nH2O,

The dehydroxylation of the dioctahedral Al-bearing sheet silicates always hap-

pens at lower temperatures than that of the trioctahedral Mg-bearing species.
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Al-chlorites, however, are very rare minerals. Usually these chlorites form

mixed crystals (solid solutions) of the Mg-end member, Mg6 [(OH)8Si4O10], with an

iron end member. Due to the partly oxidised iron (Fe3+) in addition to the Fe2+ in the

same crystal structure, iron-bearing clay minerals are characterised by a remarkable

degree of disorder. Consequently, the dehydroxylation of (Fe–OH) occurs at compa-

rably low temperatures. For example, the dehydroxylation of Fe–OH in chlorites or

smectites occurs already at 470–530°C.
As shown in earlier publications [4, 5, 24], the MgO/Fe2O3 ratio in chlorites can

be determined accurately in standardised DTA runs, using this interdependence of
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Fig. 3 Decomposition temperatures of Fe-bearing dolomites

Fig. 4 Dependence of decomposition temperatures on MgO contents in chlorite mixed
crystals



crystal chemical composition of the octahedral layers and the temperatures of the
dehydroxylation (Fig. 4).

The crystal chemistry of smectites seems to be even more complex than that of
chlorites. Quite often smectites form solid solutions between three or more end members.
Mostly the mixed crystals of this group contain Al3+, Mg2+ and Fe2+/3+ as octahedral cen-
tral cations. This is mirrored in three endothermic dehydroxylation effects around 500°C
(=Fe–OH), 700°C (=Al–OH) and 850°C (=Mg–OH). Most smectites show a great de-
gree of disorder. Crystal physical disorder lowers the temperatures of dehydroxylation as
well. Therefore, for smectites it is difficult to find the exact interrelation between MgO-
or Al2O3 content and temperatures of dehydroxylation. But a rough estimation of the por-
tions of Mg, Fe, Al in the octahedral layers is still possible by comparing the peak areas
of the three mentioned endothermic dehydroxylation effects.

The DTA curves of the studied magnesium carbonates and silicates can be found in
many publications [for detailed references see 3, 4, 25, 26].

Conclusions

• Soluble cations due to their ionic potential and incorporation into the crystal struc-
tures of sedimentary or soil minerals are indicators for mineral formations and trans-
formations in aridic and semi aridic environments.
• Mainly the soluble cation Mg2+ shows clear interrelations to palaeoecologic min-
eral formations and transformations.
• Differential thermal analysis showed to be a suitable method to determine (a) the
interrelation between the decomposition temperature of carbonates and the degree of
substitution of the primary cation (Ca2+, Al3+) by Mg2+, Fe2+, Sr2+; (b) the interdepen-
dence between dehydroxylation temperatures of Mg-bearing sheet silicates and the
crystal chemical composition of the octahedral sites of these mineralmination of the
MgO-contents in chlorites, the MgO/Fe2O3/Al2O3 ratio in smectitess.
• Thus standardised differential thermal analysis enables the deter and the types of
the sheet silicates whether they are di- or trioctahedral clay minerals.

* * *
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