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CHAPTER I: 

GENERAL INTRODUCTION 

Calcium oxalate is a fairly common, sparingly soluble salt, of which 

three different hydrates are known. The monoclinic calcium oxalate mono

hydrate (COM; whewellite) is the thermodynamically stable phase at ambient 

conditions. It is therefore the most comprehensively studied hydrate. Cal

cium oxalate dihydrate (COD; weddellite) has tetragonal symmetry and in

cludes, besides the two structurally bonded water molecules, also a 

variable quantity of zeolitic water. The triclinic calcium oxalate trihy

drate (COT) has the highest solubility. The occurrence of the nonstable 

phases COD and COT cannot be explained thermodynamically but only kineti

cally. An increasing interest in COT may be detected in the literature in 

recent times. 

From a geological viewpoint the calcium oxalates are not very important. 

True, a number of occurrences of whewellite and weddellite have been re

ported, but COT has as yet not been found as a mineral, and hence has no 

mineralogical name. Goldschmidt's Atlas der Krystallformen of 1923 includes 

72 drawings of whewellite crystals, from which follows that this mineral 

was at that time already well known. Whewellite is found in hydrothermal 

veins (Palache et al., 1951; Chernykh & Piloyan, 1971; Galimov et al., 

1975), coal seams (Kolbeck et al., 1914-18; Troeger, 1967) and septarian 

limestone concretions (Pecora & Kerr, 1954; Leavens, 1968; Martin et al., 

1982). It is often associated with carbonates, barite, quartz and sUlphides 

(Gude et al., 1960). 

Weddellite was first described by Bannister & Hey (1936) in sediments 

from the Weddell Sea, collected from a depth of about 4.5 km. Hutton & Taft 

(1965) found weddellite in shallow water sediments, but expressed suspi

cions as to whether this mineral could have been formed in the sediment 

only after the sampling, and as a result of the decomposition of organic 

material during storage of the sediment samples. This doubt arose also in 

connection with the occurrence in the Weddell Sea. However Lowenstam (1968) 

as well as van der Lingen (1979) discovered authigenic weddellite in deep 

sea sediments and were able to show that weddellite had already been 
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present in the sediment during sampling. This also held true in Marlowe's 

(1970) description of weddellite in river bottom sediments. In all these 

cases the weddellite crystals were never larger than 0.5 mm. Mandarino & 

Witt (1983) found crystals having dimensions up to 5x5x40 mm in cavities 

in nodules of the so called "Biggs jasper", in Biggs, Oregon, U.S.A .• 

In every occurrence of calcium oxalates the decomposition of organic 

material seems to have been responsible for the presence of the necessary 

oxalate. The role of the organic material is still more evident in the 

recently described occurrences of whewellite and weddellite in soils 

(Tirelli, 1976-77; Graustein et al., 1977; Mandarino, 1983; Griffin et al., 

1984) . 

Actually, calcium oxalates are of great importance for biomineralization. 

The reader is referred to two recent congress reports for a review of the 

present state of affairs in the field of biomineralization. Nancollas 

(1982) emphasizes the physico-chemical aspects, whereas Westbroek & de Jong 

(1983) shed light on the geological and biochemical side. In addition to 

the occasional descriptions of calcium oxalate in a gastropod species 

(Lowenstam, 1968), in the heart and thyroid gland of a woman who died of 

uremia (Lewis et al., 1974) and in human eyes (Jensen, 1975), many publi

cations have been devoted to the occurrence of calcium oxalate hydrates in 

plants on the one hand (Frey, 1925; Honegger, 1952; Scurfield et al., 1973; 

Franceschi & Horner, 1980; Frey-Wyssling, 1981) and urinary calculi on the 

other (Prien & Frondel, 1947; Prien, 1963; Finlayson, 1974; Schaefer & 

Dosch, 1978; Blomen, 1982). 

Relating in particular to the formation of urinary calculi, a great 

deal of research has been carried out on the nucleation, crystal growth and 

agglomeration of the three hydrate phases, the transformation of COD and 

COT in COM, as well as the influence exerted on all these processes by im

purities, whether normally present in urine or not. The reader is referred 

to the chapters below for references to the pertinent literature. Impuri

ties seem clearly to affect all of the above mentioned aspects of the 

crystallization of calcium oxalate hydrates; furthermore, they also affect 

the morphology of the growing crystals because they do not interact with 

the different crystal faces in the same way. 
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For a better understanding of this profusion of experimental results it 

seemed necessary to obtain more knowledge on the growth mechanism and sur

face structure of the various crystal faces appearing on the calcium oxalate 

hydrates. To that end the decision was made to employ the Periodic Bond 

Chain (PBC) theory (Hartman & Perdok, 1955, Hartman, 1973, 1979) in order 

to determine the theoretical growth form of the three hydrates. In priciple, 

only F (flat) faces are present on these growth forms which are derived 

from the crystal structure, that is, faces growing in layers which are com

posed of atoms strongly bonded to each other. Moreover such a research 

endeavour opened the possibility to make a contribution to the PBC theory 

still in development (Strom, 1980, 1981, 1985, Miyata et al., 1980, 

Rijpkema et al., 1982; van der Eerden & Bennema, 1983). 

When this investigation began, a reasonable to good description of the 

observed morphology was available for all three hydrate phases (Goldschmidt, 

1923, Frey, 1924, Bannister & Hey, 1936, Honegger, 1952, von Hodenberg, 

1968). However, only for COD was in addition the crystal structure so well 

known (Sterling, 1965), that it became possible to derive the theoretical 

morphology by means of the PBC theory. In the qualitative analysis use was 

made of a computer programme written by Strom (1980, 1981), being at that 

time at the last stage of development, by means of which the PBCs in a 

given crystal structure could be determined on the basis of graph-theoretic 

methods. As this PBC analysis approached completion, an article appeared 

about the subject by Franchini-Angela & Aquilano (1979) including a number 

of inaccuracies. OUr article about the PBC analysis of COD (Strom & Heijnen, 

1981; chapter VI of this dissertation) was written against that background, 

so that the newly employed methods received more attention than the results 

themselves, except where these differed from those of Franchini-Angela & 

Aquilano (1979). For that reason, the most important results of that PBC 

analysis were included in a later publication on the quantitative derivation 

of the theoretical growth form of COD (Heijnen & van Duijneveldt, 1984, 

chapter VII), and they were further illustrated with projections of the 

crystal structure along the two main directions in which PBCs were found. 

At the beginning of this investigation the crystal structure of COM was 

also known (Cocco, 1961; Cocco & Sabelli, 1962), but there prevailed a 

state of confusion concerning the different choices of axes for the struc
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tural and morphological cells (Leavens, 1968). Moreover, the hydrogen atoms 

were not localized, so that the hydrogen bonds were missing from the bon

ding scheme. The cell parameters of COT had indeed been determined by means 

of single crystal X-ray diffractometry (von Hodenberg, 1968), but a 

structure determination had not yet been published. A practical reason for 

concentrating research efforts in the beginning, in addition to COD, also 

on COT and not on COM, was that it turned out to be experimentally simpler 

to grow satisfactorily large crystals of COT, rather than of COM, which 

furthermore formed almost always twins. 

First, the crystal structure of COT was determined. The resulting pu

blication (Blom et al., 1981, chapter III) appeared at the same time as the 

structure determination of Deganello et al. (1981); except for a different 

choice of axes, the differences were marginal. Subsequently, the theoreti

cal morphology of COT was determined qualitatively on the basis of the 

crystal structure, and compared with the observed morphology of synthetic 

crystals (Heijnen, 1982; chapter IV). Moreover, the effect of EHDP on the 

crystal growth of calcium oxalate was further investigated experimentally. 

Besides the stabilizing effect of EHDP on COT at the cost of COM, as al

ready reported by Gardner (1976), it turned out that the morphology of COT 

also changed whenever EHDP was present in the solution during growth 

(Heijnen, 1982, chapter IV). 

The emphasis on COT was certainly not solely due to scientific opportu

nism. Indeed, at the end of the seventies the suggestion that COT could 

possibly play an important role in the formation process of urinary stones 

appeared in the literature with increasing frequency. This idea was first 

substantiated by experiments in vitro, where it became evident that, on 

the one hand, COT was the first to precipitate from supersaturated solu

tions; on the other hand, the very rapid transformation of COT in C01 in 

pure solutions, was strongly retarded when certain impurities, present in 

the urine, were added to the solution (Gardner, 1975, 1976; Tomazic & 

Nancollas, 1979). A second important indication was the identification of 

COT crystals in urine by Schaefer & Dosch (1978). Without actually demon

strating the presence of COT in kidney stones these authors posited, based 

on microscopic research on the morphology of kidney stones, the hypothesis 

that one particular type of stone is produced by precipitation of COT, 

followed by transformation in COM. Further research with the help of in

frared spectroscopy and scanning electron microscopy confirmed this (Heij



5 

nen et al., 1985; chapter V). 

When efforts to grow COM single crystals suitable for structure deter

mination proved successful, a publication appeared by Tazzoli & Domene

ghetti (1980), describing good crystal structure determinations of COM and 

COD, carried out on crystals originating in kidney stones. At that time it 

also became known that two polymorphs of COM exist (Deganello, 1980). The 

theoretical morphology was qualitatively derived from the structure of the 

high-T polymorph (Deganello, 1981). When this was almost completed, 

Franchini-Angela & Aquilano (1984) published again a sound study on this 

same subject, at which point I stopped my research on COM. 

The quantitative derivation of the theoretical growth form of COD gave 

rise in the first instance to a result in disagreement with the usually 

observed morphology. In an attempt to explain this discrepancy, this 

problem was in the first place compared with other cases, such as barite, 

aragonite and zircon, in which the observed morphology had already long 

been known to be unsatisfactory with respect to PBC-theoretic results 

from the crystal structure. There were apparent similarities; namely, for 

each problematic F form several possible F slice configurations were found 

at different positions in the crystal structure. This led to an extension 

of the PBC theory for such cases (Hartman & Heijnen, 1983), which was later 

somewhat smoothed out (chapter II). Application of this new understanding 

to the determination of the theoretical morphology of COD resulted in 

better agreement between the calculated and observed growth forms (Heijnen 

& van Duijneveldt, 1984; chapter VII). 

A second possible cause of divergence between the observed and theoreti

cally derived morphologies could be sought in the electrostatic point 

charge model used, which lies at the basis of the calculations, and which 

forms in any event an oversimplification of the real situation. Besides 

the Coulomb energy, also the repulsion and dispersion energies ought to 

actually be taken into consideration. However, the energy parameters which 

are necessary in order to perform this calculation were lacking for the 

calcium oxalates. Since of all the compounds for which such energy para

meters were available, the calcium carbonates (Yuen et al., 1978) show 

the highest degree of similarity with the calcium oxalates, the investi

gation was shifted towards the calcium carbonates. 
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Aragonite (chapter VIII), in particular, seemed to offer the best possi

bilities for further study, since in this case both of the above mentioned 

approaches to the problem of morphology could be combined: that is, the 

existence of several different slices for a single F form, as well as the 

possibility of calculating the dispersion and repulsion contributions to the 

attachment energy of the F slices. For the qualitative derivation of the 

theoretical growth form of aragonite use was made for the first time of 

Strom's (1985) computer programme FFACE by means of which F slice configu

rations could be determined directly from the crystal structure, without 

the necessity of constructing complete PBCs as an intermediate step. In the 

course of the quantitative derivation, the effect of the chosen charge dis

tribution within the carbonate ion was additionally examined (Heijnen, 1986; 

chapter VIII). 

In addition to the morphological aspect (Heijnen, 1985; chapter IX), the 

research on calcite received an extra impetus in the form of a request from 

the Koninklijke/Shell Exploratie en Produktie Laboratorium to carry out ex

perimental work on the cathodoluminescence of manganese containing synthetic 

calcite, in view of the problems involved in the interpretation of cathodo

luminescence patterns of sedimentary carbonates. This research (ten Have & 

Heijnen, 1985; chapter X) was primarily concerned with the development of 

zonations in luminescence patterns as a result of variations in manganese 

concentrations within the grown crystals. Thus the dependence was studied of 

the incorporation of manganese, on the one hand on the manganese concentra

tion in solution, and on the other hand on the crystal growth rate. The ana

lytical problems emerging in this connection could be solved for the greater 

part by employing radiochemical methods in collaboration with the Inter

university Reactor Institute (chapter XI) . 

The composition of this thesis has slightly departed from the logical and 

chronological course of the research, as sketched above. We have rather cho

sen a more orderly arrangement of chapters, grouped according to subject. 
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CHAPTER II: 

GROWTH MECHANISMS DF A CRYSTAL FACE FOR WHICH MORE THAN ONE SURFACE 
STRUCTURE IS POSSIBLE 

1.	 INTRODUCTION 

Elementary growth layers of a crystal face have thickness ~l' the in

terplanar spacing, taking into account submultiples due to lattice center

ing, screw axes or glide planes perpendicular to the face. The application 

of the PBC theory (Hartman & Perdok, 1955a; Hartman, 1973, 1979) to actual 

crystal structures often leads to an unequivocal determination of the ato

mic structure of such an elementary growth layer (slice). Sometimes, how

ever, the determination of the slice structure is ambiguous. The develop

ment and introduction of computer programmes to aid the determination of F 

configurations (Strom, 1980, 1981, 1985) accentuated this problem, because 

their application often resulted in a number of different F slices for se

veral faces. 

Since the PBC theory did not take such cases into account, Hartman & 

Heijnen (1983) investigated the consequences and arrived at an extension of 

the original theory; thereafter some inaccuracies were found in the postu

lated adjustments to the theory. For that reason the influence of the exi

stence of several different elementary growth layers for one F face is re

considered in the present study. Its scope is restricted to centrosymmetric 

ionic crystal structures, because all calcium salts, which are investigated 

in the next chapters of this thesis, are at least centrosymmetric. It 

follows that only stoichiometric nonpolar F configurations are taken into 

account. 

The analysis of the problem is presented point by point in order to fa

cilitate referring to a particular step. 

2. DERIVATION OF THE GROWTH MECHANISM 

(a)	 Determine for each F configuration its position in the crystal struc

ture with respect to the centres of symmetry. Fig. 1 schematically 

shows four possible F slices, differing ~~kl in level. At each level 

a number of F configurations may be present, differing only in the 

choice of the outermost atoms. According to the way the nonpolarity 
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condition is fulfilled two types of slices can be distinguished. The 

first type consists of centrosymmetric slices, which contain centres 

of symmetry both in the middle and at their boundaries. The two repre

sentative configurations of this type in Fig. 1, I and II, are situated 

at different levels in the structure, creating a step of ~dhkl where 

they meet laterally. The second type consists of noncentrosymmetric 

slices, which contain centres of symmetry at a heigth of \ and %. This 

type of slice always occurs in pairs of symmetrically equivalent ones, 

differing in height by ~~kl' e.g. III and IV in Fig. 1. In contrast 

with I and II, III and IV can be transformed into each other by the 

operation of a centre of symmetry. If no centrosymmetric F configura

tion can be constructed for a given face, then this face does not have 

F character, irrespective of whether pairs of noncentrosymmetric F con

figurations are present. This loss of F character is explained in 

point (g). 

(b)	 Compute for all F configurations the attachment energy, Eatt(i)' the 

surface energy per mole, Es(i)' and the specific surface free energy, 

Y .	 Using the calculation method described by Hartman (1973), for
i 

which Woensdregt (1971) developed the computer programme ENERGY, all 

o	 o o o o o o o o o o o o o o o o 

o o o o o o o o o o o o o o o o o 

Fig. 1. Schematic projection of a hypothetical centrosymmetric struc
ture showing four different F configurations; circles are centres of 
symmetry; the motif is only drawn within the slices in order to accent
uate the different surface structures of these slices. 
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energies are defined with reference to vacuum. Considering the non

centrosymmetric F slices, it should be pointed out that the calcula

tions have to be carried out only once for each pair. 

(c)	 On the basis of the lowest values of Y obtained for each of the most
i 

important crystal forms, calculate the average specific surface free 

energy with reference to vacuum, y. One way to relate each Y to thei 
corresponding specific surface free energy Yi with reference to the 

actual growth medium, e.q. a surrounding aqueous solution in the case 

of crystal growth of slightly soluble salts, is to utilize an available 

experimental determination of the average y', herein lies the implicit 

assumption that the crystals used were bounded by the same forms as 

considered in the calculation of y. Thus Yi is deduced from Y byi
 
means of a correction factor, f, obtained by comparing y and Y':
 

(1) 

The same correction factor is assumed to be applicable to ES(i)' the 

calculated surface energy per mole, giving E~(i)' the surface energy 

per	 mole with reference to the actual growth medium: 

(2)E~ (i) = fE s (i) 

(d)	 Determine the relative areas, xi' occupied by the N different F confi

gurations established for the form {hkl}. They are assumed to depend 

on the surface energies per mole with reference to the growth medium, 

via a Boltzmann type of distribution: 

N
 
Xi = exp(E~(i)/RT)/i~l exp(E~(i)/RT)
 (3) 

All F configurations for which Xi is less than 0.01 are supposed to 

be absent from the crystal surface. They can therefore be ignored in 

the rest of the analysis. If only one F slice is left on the crystal 

face, growth will take place according to a layer growth mechanism via 

layers of thickness ~kl' just like an ordinary F face. 

(e)	 If there is more than one surface structure on the crystal face, the 

slices can either be essentially at the same level or at different 

levels. In the former case the slices have different boundaries, which 

are not related by a centre of symmetry. Hence the surface energies 

are fundamentally different (they may, by chance, be equal). Growth 
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will occur in layers with thickness ~l' The arrangement of atoms at 

the outermost surface of the crystal will always represent the calcu

lated probabilities, although the different surface structures will 

continuously transform into each other depending on the temperature. 

Restricting the latter case to the occurrence of two slices, A and B, 

differing in level by ~~kl' two possibilities arise. Firstly, the 

layer with thickness ~dhkl' which is the difference between the two 

slices A and B, has the characteristics of a slice of an F face; this 

case is considered in point (f). Secondly, the layer with thickness 

~dhkl has the characteristics of an S or K face, which is discussed 

in (g). 

(f) Each of the slices A and B can be subdivided into two F slices a and 

6. These slices grow one after the other both in space and in time. 

The F character of the layers with thickness ~dhkl implies the pre

sence of partial or complete PBCs in at least two directions and a 

stoichiometric composition. Returning to the schematic projection in 

Fig. 1, it is evident that again two different cases arise. 

Case 1. The slices A and Bare centrosymmetric like I and II in 

Fig. 1. The layers with thickness ~~l' 1 and 2 in Fig. 1, are symme

trically equivalent, but have opposite dipole moments, because they do 

not contain any centre of symmetry. Thus, 1 and 2 must have the same 

slice energy, E ' and the same specific edge energy, K. The surface
sl 

structures, determined by the outermost slice 1 or 2, are, however, 

different because these are not related by symmetry. Hence the surfaces 

have different specific surface energies, and occupy different relative 

areas on the face. The attachment energies, E , and the diffusion 
att

lengths of adsorbed particles, As' are also different. The lattice 

energy is given by: 

Ecr = ~[ES1(1) + Esl (2) + Eatt (l) + Eatt (2)] (4) 

hence Esl (l) + Eatt (l) F E ' cr 
If As and E are similar, the slices 1 and 2 will have the same

att 
rate of spreading and the growth rate, assumed to be proportional to 

the difference between E and E ' is increased compared to growth
cr sl 

via slices of thickness ~kl' because IEsl (l) 1<IEsl(I) I· If As and 

E are very different for the two slices 1 and 2, though XI is
att 
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approximately equal to xII' and if surface diffusion is the rate

determining step, then one layer will overtake the other and growth 

will occur in layers I or II. In conclusion, it can be stated that the 

relative growth rate, dependent on xi' Eatt(i) and As(i)' is at the 

most proportional to lEer - EsI (l) I and at the least to lEer - ESI(I) I 
supposing IESl(I) 1~IEsl(II) I· 

Examples are found in various structures: (101) of barite, shown in 

Fig. 2, (011) of aragonite (Chapter VIII), (011) of zircon, ADP and 

KDP. 

1 

/ ' 
d (8) 1 /101 -1-- - --, ---

1 
1 1 

~ 

Fig. 2. Projection of the Ea304 structure along the b-axis showing 
two different F configurations for the (101) face. Large circles: 304; 
small circles: Ea; filled circles: y=%; open circles: y=~. Three 
successive layers a, S and a each with a thickness ~d101 and containing 
PECs parallel to (111] and (111], are shown. The bonds within each 
layer are drawn by solid lines, those between the layers by dotted 
lines. Growth occurs in the sequence a-S-a. 

Case 2. The slices A and B form a pair of symmetrically equivalent 

F configurations like III and IV in Fig. 1. Consequently the specific 

surface energies, YIII and YIV ' are equal; hence xIII XIV = ~. Both 

III and IV can be subdivided into two centrosymmetric F slices, 3 and 

4 in Fig. 1, which are not related to each other via a centre of 

symmetry. It would therefore even be possible that only one of these 

layers with thickness ~~kl has the characteristics of an F slice, as 

was shown by Hartman (1972) in the case of the {110} form of 

K CUCI ·2H 0. Assuming that both contain half the unit cell content,
2 4 2

3 and 4 have in principle the same Y and E ' but different E and 
s sl 

E " Since the slice boundaries do not contain centres of symmetry,att 
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the diffusion lengths of adsorbed particles, As' may differ consider

ably for both surfaces, leading to different rates of spreading for the 

two F slices. The resulting relative growth rate increases in the same 

way as discussed in case 1. 

(g)	 The layer with thickness ~dhkl does not have F character. If all fac

tors controlling the growth rate, e.g. xi' E , As' are equal for the
att

slices A and B, then the F character of the face is lost and rapid 

continuous growth will take place. If somehow one configuration domi

nates over the other, slow growth will occur according to a layer me

chanism via layers of thickness ~kl. The lower limit of the relative 

growth rate is proportional to the attachment energy of the most stable 

F configuration. The increase in the growth rate is above all dependent 

on xi. 

An example is given in Fig. 3. Here two slices d of barite are200 
shown, differing ~d200 in height. When the charge distribution in the 

so~- ion is taken as qo -lei and qs = +2Iel, the electrostatic part 

of the surface energy Es(A) = 193 kJmol- 1 and ES(B) = 197 kJmol- 1 
, both 

with reference to vacuum (Hartman & Heijnen, 1983). Taking y' = 100 

mJm- z , y = 1060 mJm- z (Hartman, pers. corom.) and RT = 2.5 kJmol- 1 , 

application of equations (1) to (3) gives x = 0.54 and x = 0.46,A B 

a 

A 

1	 _ 
Fig. 3. Projection of the BaS04 structure along the b-axis. Symbols 
as in Fig. 2. At the left two slices d200(A). at the right two diffe
rent slices d200(B); both form part of the crystal surface at which 
they are separated by a fractional step ~d200. 
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resulting in a considerable increase in the growth rate. Since the re

lative areas, xi' strongly depend on the charge distribution model, 

the relative growth rate, in its turn dependent on xi' is difficult to 

estimate. Similar situations are encountered for the {all} form of 

calcite (Heijnen, 1985; Chapter IX) and the {102} form of aragonite 

(Chapter VIII). 

Reverting finally to the remark made in point (a) concerning faces 

for which only a pair of noncentrosymmetric F slices and no centro

symmetric ones exist, it has become clear that such faces loose their 

F character. Being symmetrically equivalent each F configuration, e.g. 

III and IV in Fig. 1, occupies half of the crystal surface. Since no 

centrosYmmetric F configurations are present within a layer with 

thickness ~kl' it is self-evident that centrosYmmetric layers with 

thickness ~~kl do not contain any F configuration either. Combining 

the repetition of a minimum surface energy every ~dhkl with the ab

sence of F characteristics from the interjacent layers with thickness 

~~kl' results in the loss of F character for this kind of faces. 

3. DISCUSSION 

The present investigation differs from the previous one (Hartman & 

Heijnen, 1983) in two respects. Firstly, the same crucial importance is 

now attached to the relative stability of the different F slices in those 

cases in which the layers with thickness ~~kl have F character, as in the 

previous investigation when these layers did not show F characteristics. 

In order to correct this inconsistency the determination of the relative 

areas occupied by the different F configurations, point (d), is treated 

in an earlier stage of the analysis than suggested by Hartman & Heijnen 

(1983). consequently, the relative growth rate of a crystal face will not 

be enhanced when one of the two possible F configurations differing by a 

height of ~~kl is far more stable than the other, irrespective of whether 

the layers with thickness ~~kl display F characteristics. Secondly 

Hartman & Heijnen's (1983) concept of the increase in growth rate due to 

the presence of fractional steps separating domains with different surface 

configurations, is abandoned. This mechanism was postulated for faces for 

which two F slices differing in height by ~dhkl are found with similar xi' 

while halved slices do not have F character. If these ideas are carried 
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to the extreme and it is no longer assumed that the repeat distance of the 

minimum specific surface free energy is the decisive factor determining the 

thickness of elementary growth layers, the consequence is the growth of 

layers with thickness of integer multiples of ~kl for Sand K faces. 

In their study of the theoretical growth morphology of barite Hartman 

& Perdok (1955b) remark that the law of Donnay & Harker (1937) is not 

obeyed at all. In order of decreasing morphological importance the observed 

crystal forms of naturally occurring barite are {OOl}, {210}, {lOl}, {Oll}, 

{OlO},{:~ll} and {lOO}, whereas the Donnay-Harker sequence is {lOl}, {200}, 

{Oll}, {lll}, {201}, {002}, {210}, {l02}, {211}. A classical PBC analysis 

establishes the following F forms, again arranged in order of decreasing 

interplanar spacing: {lOl}, {200},{Oll}, {lll}, {002}, {210}, {211} and 

{020}. Hence the absence of the non-F forms {201} and {l02} from the ob

served morphology as well as the appearance of the F form {OlO} can be ex

plained. The remaining disagreement diminishes when the existence of diffe

rent F configurations for one face is taken into account. In addition to 

the already discussed increase in the relative growth rate for the forms 

{lOl} (Fig. 2) and {lOO} (Fig. 3), the growth rate of {Oll} is also en

hanced due to the presence of a number of possible F slices situated at 

different levels in the barite structure; the different F configurations 

and the resulting growth mechanism for the {lll} form have not yet been 

completely established (Hartman, pers. comm.). The present extension of 

the classical PBC theory thus leads to a fair agreement between the ob

served and the theoretical morphology of barite. 

The theoretical growth morphologies of aragonite (Chapter VIII) and 

calcite (Chapter IX; Heijnen, 1985) have been derived by taking into 

account the present developments of the PBC theory. However, the determi

nation of the theoretical growth form of weddellite (Chapter VII; Heijnen 

& van Duijneveldt, 1984) has made use of the analysis outlined by Hartman 

& Heijnen (1983). The increase of the relative growth rate of the {llO} 

form of weddellite has been attributed to the fact that the centrosymmetric 

F slices dllO(a) and dllO(b) can be subdivided into two F slices with 

thickness ~dllO. However, the surface energies of these two configurations 

differ so much, that dllO(b) does not occur on the crystal. According to 

the present investigation, the relative growth rate of the {llO} form will 

nevertheless be enhanced due to the existence of a pair of symmetrically 
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equivalent noncentrosymmetric F configurations, d (c) and d (d)' whichll0 llO 
in contrast with d (b) have such low surface energies, that they formllO 
part of the surface of the {110} faces. In this complicated case three 

instead of two different surface configurations are present on one face, 

which, although not explicitly discussed, will have similar consequences. 
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CHAPTER III: 

THE CRYSTAL STRUCTURE OF CALCIUM OXALATE TRIHYDRATE, CaC204
0 3H20 

Preliminary information. In human urinary calculi two different phases of 

calcium oxalate occur, a monohydrate (whewellite) and a dihydrate 

(weddellite). Recently structure analyses have been carried out for both 

whewellite and weddellite (Tazzoli and Domeneghetti, 1980) and for 

whewellite (Deganello and Piro, 1981). In addition a third phase, a tri

hydrate also exists. Though it has not yet been observed in kidney stones 

thus far, it can be present in urine (Schafer and Dosch, 1978). The present 

study describes the crystal structure of the trihydrate. 

Crystal data. Triclinic, pI, a ; 6.110(1), b 7.167(2), c = 8.457(2) ~, 

a = 76.50(2), B= 70.35(2), Y = 70.62(2)0, V 325.9 (2) ~3, M = 182.14, 

d = 1.855 Mg m- 3
, Z = 2, A(Moka) = 0.71069 ~, ~(Moka) = 9.16 cm- 1 

c 
F(OOO) = 188. 

Intensity data, structure determination and refinement. Crystals of the 

title compound were grown by slowly adding 40 ml of a 0.177 M solution of 

oxalic acid in water to 500 ml of a stirred aqueous solution of 0.02 M 

CaC1 2 , containing 10- 4 moles of Na EHDP (Disodium l-hydroxy-ethylidene-l,2
l-bisphosphonate), of which the pH was adjusted to 1.25. Both solutions 

0
were kept at a constant temperature of 12 C. 

Applying the 8-28 scan technique, 1484 reflections up to sin 8 /A
max

0.649 were collected on an Enraf-Nonius CAD-3 diffractometer using Zr

filtered Moka radiation, of which 1337 reflections with I ~ 20(I) were 

considered observed. The data were corrected for Lorentz-polarisation 

effects, and numerical absorption corrections using 8 indexed faces of the 

crystal were applied. The transmission factors ranged from 1.13 to 1.24. 

The structure was solved using Patterson and Fourier methods and refine

ment was by full-matrix least-squares using anisotropic temperature factors 

for the nonhydrogen atoms and fixed isotropic ones for the hydrogen atoms; 

isotropic extinction was applied. The final R factor was 0.031, with the 

extinction parameter g = 3.0 X 10- 3 
• 
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A final difference map showed two maxima of 0.50 and 0.27 e ~-3 midway 

the carbon-carbon bonds of the oxalic residues at ~,~,O and O,~,~ respect

ively. 

All calculations were performed with the XRAY System (1976) 

coordination------calcium 
............. hydrogen bonds 

Projection of	 the structure along the 
b-axis 

Atomic coordinates (xl0 4 ; H xl0 3) • 

x/a(r;) y/b (r;) z/c(r;) x/a(r;) y/b(r;) z/c(r;) 

Ca 2+ 926 (1) 2782 (1) 1916 (1) 06 2963(4) -834(4) 2546(3) 

Cl 590(5) 4002(4) 5494(3) 07 1924 (5) 1252(3) -593 (3) 

C2 5793 (4) 4263 (4) 560(3) Hi -350(5) 180(4) 324(4) 

01 1334(4) 2477 (3) 4781 (2) H2 -196 (5) 18 (5) 409 (4) 

02 670(4) 4106(3) 6932(3) H3 302(5) -138(6) 359(4) 

03 5042(4) 2798 (3) 1414(3) H4 409(6) -124(5) 213 (4) 

04 7660 (3) 4651(3) 515(2) H5 145 (5) 209(4) -155(4) 

05 -2348 (4) 1394 (3) 3755(3) H6 201(6) 34(5) -61 (4) 
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Bond distances (~). 

Cl-0l 1.249(4) Cl-Cl* 1.558(3) Cl-02 1.254(4) 

C2-03 1. 256 (3) C2-C2* 1.557 (4) C2-04 1.248(4) 

05-Hl .88(4) 05-H2 .83 (3) 06-H3 .88(3) 

06-H4 .66(3) 07-H5 .95 (3) 07-H6 .64 (4) 

Cl*-Cl-0l 116.9 (3) Cl*-Cl-02 116.0(2) 01-Cl-02 127.1(2) 

C2*-C2-03 115.8(3) C2*-C2-04 117.2(2) 03-c2-04 127.0(2) 

Hl-05-H2 115 (4) H3-06-H4 99(3) H5-07-H6 111 (4) 

Calcium coordination distances (~) . 
Ca 2+-01 2.470 (2) ca 2+-04* 2.540 (2) 

-02* 2.409 (2) -05 2.432(2) 

-03 2.409 (3) -06 2.492 (2) 

-04 2.501 (2) -07 2.419(3) 

* symmetry related 

Hydrogen bonding. 

0 ... 0 H... 0 O-H.. 0 O• •O-C H.. O-C 

(~) (~) (0) (0) (0) 

05-H1. .oi 2.758(4) 1.92(3) 158(3) 103 (1) 108 (1) 

05-H2 • . 01
ii 2.717(3) 1.90(3) 171 (3) 127 (1) 125(1) 

06-H3 • •05
U 2.968 (4) 2.14(4) 115 (3) 

06-H4 • • 07
iii 

2.953 (4) 2.34 (3) 155 (3) 

07-H5 • • 02
iv 

2.682 (3) 1. 75 (3) 165(3) 131(1) 126 (1) 

07-H6 . . 03iii 2.974(3) 2.44 (3) 142 (3) 118 (1) 112(1) 

i}-]+x,y,z ii}-x,-y,]-z iii}]-x,-y,-z iv}x,y,-]+z 
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Comments. The planar oxalate ions are situated at centers of inversion at 

~,~,O and O,~,~ respectively, forming layers parallel (0 1 0). The water 

molecules also form layers approximately parallel (0 1 0) and the ca 2 + ions 

are located between the layers of oxalate ions and water molecules. The 

oxalate ions have symmetry 21m, with an angle between the planes of the 
0 2oxalate ions of 70 • The ca + ions are eightfold coordinated by 5 oxygens 

of oxalate ions and 3 of the water molecules, forming a distorted square 

antiprism, with the Ca 2 + polyhedra sharing one edge. The Ca 2+-o distances 

range from 2.409 to 2.540 ~. 

In the monohydrate (whewellite) and the dihydrate (weddellite) the co

2 2ordination of the ca + ions is likewise antiprismatic, with the ca + poly

hedra sharing two and three edges respectively. 

The hydrogen bonding within the trihydrate is very extensive, the 6 

hydrogen atoms of the water molecules are all hydrogen-bond donors. One 

water molecule donates two hydrogen bonds to water molecules, and the two 

remaining water molecules donate to oxygen atoms of the oxalate ions. 
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CHAPTER IV: 

THE GROWTH MORPHOLOGY OF CALCIUM OXALATE TRIHYDRATE; 
A CONTRIBUTION TO URINARY STONE RESEARCH 

Abstract 

A PBC analysis of the calcium oxalate trihydrate (COT) structure results 

in PBCs in 15 different directions, which can be combined to 17 theoretical 

F forms. When the differences in bond strength are taken into account, the 

crystal form {ala} appears to be dominant. This is in good agreement with 

the platy habit of most synthetic crystals. EHDP, an inhibitor for calcium 

oxalate monohydrate (COM) growth, stabilizes COT at the expense of COM, 

both at 12 and 37
o

C; additionally, its presence produces a change in COT 

morphology: {OOl} becomes the most important form in contrast with the 

normally dominant {ala}. The first occurrence of COT in a urinary stone is 

recorded. 

1. INTRODUCTION 

Many human urinary calculi contain calcium oxalates, sometimes accompa

nied by phosphates, uric acids, or urates. Two different phases appear in 

these stones, namely, calcium oxalate monohydrate (COM, whewellite) and di

hydrate (COD, weddellite). In addition to these, a third phase, the trihy

drate (COT) also eXists, but had thus far not been observed in urinary 

stones, although it can be present in urine [1]. Fig. 1 shows a SEM photo

graph of a COT crystal present in a urinary stone mainly consisting of COD 

and some phosphates. 

COD and COT are thermodynamically unstable with respect to COM under 

renal conditions [2,3] and have therefore been studied less thoroughly. 

However, they merit investigation in view of the Ostwald-Lussac rule, which 

states the following: in a precipitation process, in which the formation of 

several phases is possible, the least stable phase with the highest solubi

lity will be kinetically favoured [2]. Urine is often supersaturated with 

respect to all three hydrates and COT is probably the initial oxalate 

phase in most cases [1-5]. It is subsequently transformed to COM and per

haps to COD. 
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Fig. 1.
 
COT crystal in a
 
urinary stone.
 

It is therefore important to identify the factors controlling the stabi

lity and transformation of COT. Substantial experimental research has been 

devoted to this purpose [2-5]. However, knowledge of the crystal structures 

involved is prerequisite to a full understanding of this transformation. 

The crystal structures of COD [6] and COM [6,7] have recently been publish

ed; that of COT is described by Blom, Kanters and Heijnen [8]. Since this 

transformation appears to be very slow or even totally prevented in some 

cases, COT crystal growth and morphology need to be studied in more detail. 

The first part of the present paper deals with the qualitative deriva

tion of the growth morphology of COT from its crystal structure, by means 

of the PBC theory [9-11]. The habit of crystals grown from aqueous solu

tions will be discussed in the second part. Furthermore the variation in 

morphology caused by the addition of small amounts of EHDP to the solution, 

from which COT crystallizes, will be described. 
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2. PBC ANALYSIS OF CALCIUM OXALATE TRIHYDRATE 

2.1. The crystal structure, bonds and PBCs 

A crystal structure analysis has been carried out by Blom, Kanters and 

Heijnen [8]. Table 1 gives the cell data; fig. 2a shows a projection alonq 

the [010] direction. The centres of the planar oxalate ions are situated 

at centres of inversion at (O,~,~) and (~,~,O) respectively, forming layers 

parallel to (010). The water molecules also form layers parallel to (010) 

and the Ca 2+ ions are located in general positions between the layers of 

oxalate ions and water molecules. The calcium ions are surrounded (Fig. 2b) 

by, on the one hand, 5 oxygen atoms belonging to 3 different oxalate ions, 

which in turn link with other calcium ions; on the other hand by three wa

ter molecules, which do not link with any other calcium ions. The coordina

tion of the Ca 2+ ions forms a distorted square antiprism, with the Ca 2+ 

polyhedra sharing one edge. The six hydrogen atoms of the water molecules 

are all hydrogen-bond donors. One water molecule donates two hydrogen bonds 

to water molecules, which both belong to other calcium polyhedra. The two 

remaining water molecules donate bonds to oxygen atoms of the oxalate ions. 

Table 1 

Cell parameters and fractional coordinates of Ca and Ox positions in cal

cium oxalate trihydrate 

Group x y z 

Cal 0.0926 0.2782 0.1916 

Ca2 0.9074 0.7218 0.8084 

Oxl 0 ~ ~ 

~2 ~ ~ 0 

Space group P I; z = 2
 

a 6.110~, b = 7.167 ~, c = 8.457 ~,
 
0 0 

a 76.50
0 

, B = 70.35 , Y 70.62
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(1,0,1)	 Fig. 2a. Projection of the COT 
structure along [010]: solid 
squares, Ca; solid circles, C; 
small circles, 0 (oxalate); large 
circles, 0 (water). Heavy full 
lines are bonds within oxalate 
groups; thin full lines represent 
strong Ca-O bonds; dotted lines 
represent hydrogen bonds. 

For the PBe analysis only those bonds, which are formed during the 

crystallization process, have to be taken into account. The crystal struct

ure can therefore be simplified and partitioned into two crystallizing sub

units. First, each oxalate group, Ox, is considered as an indivisible enti

ty positioned at the centre of inversion, midway between the two carbon 

atoms; this is justified, because the internal bonds in the e2o~- ions al

ready exist in solution before the crystallization process starts. Second, 

each calcium position, ea, incorporates one calcium ion and three water mo

lecules; this is considered to be the remainder of the ea(H20)~+ polyhedra, 

which are present in solution. This incomplete dehydration of the calcium 

ions might be important in understanding the kinetics of the crystal growth 

of hydrates. The fractional coordinates of these subunits and the cell pa

rameters are given in table 1. 

Three different types of bonds are involved in the crystallization of 

calcium oxalate trihydrate: 

- An oxalate ion is strongly bonded to a calcium ion, if it contains at 
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Fig. 2b. Calcium ion surrounded by five oxygen atoms belonging to 
three different oxalate groups and by three water molecules. 
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least one oxygen at an interatomic distance less than 2.540 R from the cal

cium. 

- An oxalate group is weakly bonded to a calcium, if it contains at least 

one oxygen accepting a hydrogen bond from a water molecule, which is part 

of the calcium subunit concerned. The O(waterl-O(oxalatel distances vary 

from 2.682 to 2.974 ~. 

- A calcium subunit is weakly bonded to another calcium group, if a hydrogen 

bond exists between two water molecules in the respective groups. The dis

tance between the two oxygens in these interwater hydrogen bonds is 2.953 

or 2.968 ~. 

The list of all bonds occurring within a unit cell, as given in table 2, 

serves as the starting point for a rigorous determination of all possible 

primitive PBCs taking Cal as the origin. A primitive PBC is defined, accord

ing to Woensdregt [12], as an uninterrupted chain of bonds, such that, when 

one bond is omitted, the chain does not exist. By enforcing on these chains 

the conditions of stoichiometry and electroneutrality, complete PBCs are 

constructed, again in Woensdregt's [12] terminology. Each complete PBC con

tains the full unit cell content and consists of a primitive PBC and, in 

most cases, additional ions. In order to ensure that the complete PBC 

possesses no dipole moment perpendicular to its direction, sometimes addi-

Table 2 

Bonds for each group within the unit cell of COT, which are formed during 

the crystallization process; where necessary groups have been translated in 

the direction [uvw] to neighbouring cells; this translation is indicated 

behind the index number of the group separated by a comma 

Group Stronq bonds Weak bonds 

Cal Oxl ca2,1I0 ca2,01I 

Ox2 Ox2, 100 oxl,oIo oxl,ooI ox2,oIo 

Ca2 oxl,100 Cal,110 Cal,Ol1 

Ox2,101 Ox2,001 Oxl ,11O Oxl,101 Ox2,011 

Oxl Cal Cal,010 Cal,OOl 

ca2,IOO ca2,101 Ca2,IIO 

Ox2 Cal Cal,100 Cal,010 

ca2,001 Ca2,101 Ca2,011 
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tionaI oxalate ions situated on the boundary between two adjacent chains 

have to be statistically divided. 

For the present pUrPOse two types of PBCs may be characterized according 

to bond strength. If the PBC in question contains any weak bond which is 

essential, it is a weak PBC. Otherwise it is strong. Table 3 summarizes all 

48 complete PBCs distributed among 15 different directions .. In three direc

tions, namely <100>, <101> and <101>, strong PBCs are found. The remaining 

ones contain only weak PBCs. 

Table 3 

PBC directions in calcium oxalate trihydrate; N = number of PBCs, p = 
period of each direction; primed PBCs have statistically divided oxalate 

ions in their border 

PBC N P ()() PBC N p(~) 
direction direction 

<100>' 4 6.110 <111>' 4 11.731 

<010>' 4 7.167 <210>' 3 11. 940 

<110>' 4 7.722 <101> 2 11. 984 

<001>' 4 8.457 <121> 2 15.308 

<101> 4 8.608 <121> 16.674 

<OIl>' 4 9.726 <012>' 3 16.759 

<111>' 4 11. 167 <121> 16.766 

<111>' 4 11. 235 

Combining all PBCs in all possible pairs results in 21 F slices, represent

ing 17 F forms, which are summarized in table 4. They all satisfy Hartman's 

flatness criterion as described by Strom and Heijnen [13]. Since the F 

slices are combinations of complete PBCs, they are also subject to bond 

strength classification as follows: F1 slices are the strongest containing 

at least two strong PBCs; F2 slices containing one strong and at least one 

weak PBC; F3 slices are the weakest containing only weak PBCs. The three 

strong directions mentioned above define the {010} F form, which is the on

ly F1 form in COT and must consequently dominate its theoretical growth 

form. 
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Table 4 

Survey of the established F slices in COT; primed slices have statistically 

divided oxalate ions on the boundary between two adjacent slices; sub

scripts are used to distinguish between different slices of the same F form 

or different PBCs present in the same direction 

Coplanar PBCsF form Class 

{01O} Fl 6.697 <100> <101> <101> <001> 
a a,b a,c c 

{00t} , F2 7.889 <100> <010> <110> <210> 
a,bic a,e a,c,d a,bic 

{Olt}'
a 

F2 5.491 <100> <111> <111>
a,b,d a,b a,b 

{101} F2 5.282 <010> <101> <111> <111> <121><121>
a,b a,b,d a,c a,c 

{lOt}b F2 4.026 <010> <101> <121> <111> 
d b a a 

{lIt} F2 3.670 <101> <121><110> 
b c 

{012} F2 3.623 <100> <121> <121>
b a 

{l2t} F2 2.759 <111> <101> <210> 
b b a 

{too} I F3 5.530 <010> <001> <011> <012>
b,d a,c,d b,c,d a,b,c 

{Ol1}b F3 5.491 <011> <111> <111> 
_ a,b,c_ c,~ cLd 

{11 t} 
a 

F3 5.130 <101> <121> <110> <011>
c,d a,b d c 

{lll}b F3 5.130 <110> <101>
b b 

{tl0}' 
a 

F3 4.996 <001> <111> <111>
b,c,d a,b c,d 

{110}b F3 4.996 <110> <111> <111>
b,c,d c,d a,b 

{l01}
a 

F3 4.026 <010> <101> <121> <111>
cab c 

{t2t} F3 3.435 <210> <111> <101> <012> 
c b,d c b 

{l1t} F3 3.266 <101> <121><011> 
a b 

{210} F3 2.849 <121><121> <001>
b d 

{t23} F3 2.450 <111> <121> <210>
dab 

{l2t} F3 2.423 <111> <101> <012> 
b a a 

{321} F3 1.958 <111> <121> <012>
d b c 

In order to show and discuss the structure of the different F slices, 

projections of the crystal structure [14] are drawn parallel to some of the 

determined PBC directions. In the first instance the strong PBCs are consi

dered, followed by as few weak PBCs as are necessary to present the remain

ing F slices. Each Ca or Ox subunit is represented by one symbol for clari

ty. 
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2.2.	 Projection along [100] 

Four different primitive PBCs are present in this direction: 

[l00]1: Cal -- Ox2 -- Cal, 100
 

[100]2: Cal ca2,Oli Oxl,lOl Cal,lOO
 

[100]3: Cal ca2,011 Oxl,110 Cal,lOO
 

[100]4: Cal ca2,011 -- Ox2,110 Cal,lOO
 

where solid lines refer to strong bondA between Ca and Ox subunits, whereas 

dashed lines depict weak bonds, in which hydrogen bonds take part. In the 

first primitive PBC all subunits are linked with strong bonds. This chain 

can be transformed into a complete PBC by adding a Ca2 and two statisti 

cally divided OXl groups, because a PBC containing only one Oxl subunit 

cannot meet the nonpolarity requirement. From [100]1 four complete PBCs 

are constructed: 

[100]	 : Cal --- Ox2 --- Cal,lOO 
a 1 I - ,,'

l:lOXl Ca2,001 ,,' 

I	 -".,"
l:lOxl,lOl 

[lOO]b: C~l --- Ox2 --- Cal,lOO 

: - 1
~OX1,010 Ca2,001 

: 
l:loxl; 111 

[lOO]C: c~l_-- O~2 --- Cal,lOO 

: -	 --- - _: -
l:loxl,OlO Ca2,011 

I -
~Oxl,ll1 

[lOO]d: ca2,110 ----Cal Ox2 --- Cal,lOO 
,l~', 
I	 - 1_ 

l:lOX1,011 ~Oxl,OlO 

where statistically divided Oxl groups are preceded by ~. 

Only the former two are drawn in fig. 3, becaus [lOO]c and [lOO]d do 

not result in any new F slices. In fig. 3 all bonds emanating from the con

stitutive subunits of the PBCs are drawn. Heavy lines represent bonds 

within the chains: thin lines bonds between groups belonging to different 

PBCs. These thin lines define the possible connections to adjacent PBCs 
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Fig. 3. Projection along [100], with PBCs [lOOla and [lOOJb and slices 
dOlO, d001, dOll(a) and d012. Sodid squares are Ca subunits, solid circles 
Ox2 groups, open circles Oxl groups. Full lines are strong bonds, dashed 
lines represent weak bonds, heavy lines are bonds within the PBCs, thin 
lines bonds to adjacent PECs. 
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and consequently the possible F slices. 

The Fl dOlO slice is very strong; not one strong Ca-Ox bond is cut by 

the slice boundaries, which only break some weaker hydrogen bonds. The 

surface of the d (a)' which is an F2 slice, in contrast with the F3
011 

character of dOll (b) (fig. 7, table 4), and the surface of the d slice
001 

contain statistically divided Oxl groups. The F2 d slice is constructed
012 

from the linked [100]b PBCs. No nonpolar PBCs can be constructed from 

[100]2 and [100]3; [100]4 can give rise to one complete PBC, which turns 

out to be symmetrically equivalent to [100]c' 

2.3. Projection along [101] 

The following complete PBCs are found parallel to [101]: 

[101] : Cal ---- Oxl ---- ca2,100 ---- Ox2,101 ---- Cal,101
a 

Cal ---- Oxl Cal,101 
-_ I __ --I 

--_ : ---- J_ 
Ca2-,110 ---- Ox2,111 

[101] Cal ---- Ox2,100 ---- Ca2,20i oXl,ioo cal,iOl 
c 

[101]d: Cal ---- oxl,010 ---- Ca2,120 Ox2,111 Cal,iOl 

The strong PBCs [101] can be mutually connected to define the slices 
a 

dOlO and d , which are Fl and F2 slices respectively (fig. 4, table 4).
101 

PBCs [iOl]b can be linked with each other to form the d and d (b)101 111 
slices. The surface of the latter F3 slice has an undulated structure pa

rallel to [lOll. A different slice of this F form, d (a)' can be con
111 

structed using the [101] PBCs. The boundary of this slice is slightly un
c 

dulated, as can be seen in fig. 4. In contrast with d (b)' in which oxa111 
late groups form the surface of the slice, the Ca subunits lie near the 

boundary of the d (a) slice. Which of these F3 slices is the more stable
111 

cannot be decided at this moment, because this has to be done on the basis 

of surface energy considerations. The d F3 slice also contains connect
121 

ed [iOl] PBCs (fig. 4). The [iOl] PBC is not shown in fig. 4, because it 
c d 

does not result in any new slices. 
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Fig. 4. Projection along (101], with PEGs [101 ]a' [101]b and [101]c and 
slices d101, dOlO, d111(aJ, d111 (bJ and d121' Solid squares are Ga subunits, 
solid circles are Ox groups. In case two numbers accompany one symbol, the 
Ox1 and Ox2 groups are situated above each other. When only one type of Ox 
group participates in the PEG, half filled circles are used. Lines as in 3. 
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2.4. Projection along [101] 

Fig. 5 shows the two existing complete PBCs in this direction: 

[101] : Cal ---- Ox2 ---- Ca2,001 ---- Oxl,lOO ---- Cal,lOl 
a 

[lOl]b: Cal ---- Oxl ---- Ca2,IOO ---- Ox2,001 ---- Cal,lOl 

The latter PBC contains only stroqg bonds and is therefore discussed 

first. Connecting [lOl]b PBCs in all possible directions results in four F 

slices: dOlO' which we have already dealt with, dIll' dI21 and dI01(b)' 

which are F2 slices. Based on [lOl]a PBCs a dI01(al slice can be construct

ed, which is obviously less stable, because it does not contain any strong 

PBCs. It is thus classified as F3. The surface of the dI01(a) slice has an 

undulated structure, whereas dI01(b) has a flat surface. The dIll and dI21 
slices, which are also composed of mutually linked [101] PBCs, have an 

a 
F3 character. 

2.5. Projection along [001] 

Complete PBCs parallel to [001] can be constructed in four ways: 

[001] : Cal ---- Ca2,IIO ---- Oxl,oIl ---- Cal,OOl 
a 

1-----
~Ox2 ~Ox2, 100 

Ca2 , 011 ---- CalI ---- Oxl ---- Cal,OOl 

1-=-----1 
~Ox2,110 ~Ox2,010 

[001] : Cal ---- Oxl ---- Cal,OOlc I I_~~ /
~Ox2 ca2,1~ 

1
~Ox2,101 

Cal ---- Oxl ---- Cal,OOl 
I 
I 

I
~ox2,oIo ca2,,100 

I 

'
~Ox2, 111 

Fig. 6 gives the structure of the latter two PBCs in projection and the 

F slices, which result from connecting these PBCs in all possible direct

ions. Since [OOl]a and [OOl]b do not define any new slices, they are not 

presented in projection. The slice boundaries of d lOO and dllO(a) consist 

of statistically divided Ox2 groups. The [111] projection (fig. 7) shows 
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the dllO(b) slice, which has a surface of statistically divided Oxl groups. 

Again surface energy considerations are needed to decide which of these F3 

slices is the more stable one. The F3 slice d can also be formed from
210 

[OOl]d' 

2.6. Projection along [111] 

Four complete PBCs can be composed in this direction: they all have 

borders consisting of statistically divided oxalate ions: 

[111] : Cal ---- Ca2,110 ---- Ox2,011 ---- Cal,l11 
a 1':-.:=-<:::::] _ 

~Oxl ~Oxl,OlO 

Cal ---- Ca2,110 ---- Ox2,Oll ---- cal,l11
I
1 

I
I 

~oxi,oOl ~oxl~011 

[111] Cal ---- Ca2,Oll Oxl,110 Cal,111_--:-=:-- -I1c 

~Ox2 ~Ox~,OlO 

[111]d: Cal ---- Ca2,Oll Oxl,l10 Cal,lll 

~ox2l100 ~ox2l110 
All F slices containing these PBCs are depicted in fig. 7; because the 

first three PBCs suffice to describe them, [111]d is not shown in project

ion. For each of the F forms {Oll}, {101} and {llO} two different slices 

can be constructed. Evidently, the dOll(a) and d (b) F2 slices have the101 
most stable structure, whereas the determination of the more stable one of 

the {110} F3 slices can only be done on the basis of surface energy consi

derations. The F3 slice d can also be formed from [111]b'
121 

2.7. Projection along [121] 

Along this direction two complete PBCs are found, which are both shown 

in fig. 8: 

[121] : Cal OX1,010 ca2,120 ---- Ox2,021 ---- Cal,121 
a
 

Ox2,010 Ca2,021 ---- oxl,120 ---- cal,121
 

The former is contained in the F slices d 012 ' dlll(a) and d 101 (b)' all of 

which have already been discussed, as well as in d which has a strongly
123 

, 

wavy surface. The latter PBC, [121]b' is parallel to the previously 
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Fig. 8. Projection along [121], with PEGs [121]a and [121]b and slices 
d (a)' d (b)' d111 (a)' d321 and d210 . Symbols as ~n fig. 4.101 101 d012' d123, 



43 

encountered d (a)' d (a)' d and also the new d Slice, which hasI01 111 210 321 
an undulated surface. These two F3 forms (table 4) with very small inter

planar spacings will not play an important role in defining the growth mor

phology of COT, but are shown here for the sake of completeness. 

2.8. Theoretical growth morphology 

The results of this investigation of the calcium oxalate trihydrate 

structure are demonstrated in a stereographic projection (fig. 9). In this 

projection the zones [100], [101] and [101], parallel to which strong PBCs 

have been found, are drawn as full lines. The weak PBCs, on the other hand, 

are represented by dashed lines. On the intersections of these zone circles 

we find all F face candidates, which are divided in: Fl faces, represented 

by large full circles; F2 faces, given as stars; F3 faces, given as small 

full circles; and S or K faces, which are represented by dots. At this mo

ment, it is not yet possible to predict the growth morphology of COT com

pletely; surface energy calculations have to be done to solve the remaining 

problems. First, which of the two different F3 slices, constructed for each 

of the F forms {110} and {111}, is the more favourable. Second, which F 

form is more stable: an F2 form having a very small interplanar distance, 

e.g. {121}, or an F3 form with far larger d like {100}. The most impor
hkl 

tant result of this qualitative PBC analysis is that the theoretical growth 

morphology of COT is dominated by {ala}. 

3. MORPHOLOGY AND SYNTHESIS OF COT CRYSTALS 

In addition to the determination of the theoretical growth form of COT, 

COD and COM, the growth of the various hydrate phases from aqueous solu

tions in a reproducible manner has been investigated. These crystal growth 

experiments have a twofold purpose. First, to determine the morphology of 

crystals grown in purely aqueous solution, for the purpose of comparison 

with the theoretical morphology. Second, to examine the role played by im

purities, such as the known inhibitor of COM growth EHDP (l-hydroxyethyl

idene-l, 1-bisphosphonic acid) [15-17], on crystallization. Most authors 

focus attention on the decelerating effect that inhibitors have on the 

growth rate in a system of COM seed crystals [15-17]. Sutor [18] has noted 

however that an inhibitor may not only provide a retarding effect on the 

growth of COM, but can at the same time also have a stabilizing influence 
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Fig. 9. Stereographic projection with the zones parallel to the PBG 
directions which occur on the upper hemisphere. Full lines are strong 
PBGs; dashed lines weak PBGs. Large full circles at the intersection 
of two or more zones are Fl faces; stars represent F2 faces; small full 
circles F3 faces; dots represent S or K faces. 

on the growth of COT or COD. 

The growth of COT has been studied in spontaneous precipitation experi

ments under various conditions. First [19,20], in a highly acidic environ

ment at low temperature. Second [4,21], in a neutral environment at 37
o

C, 

but involving concentrations of Ca z+ and C20~- not in the physiological 

range. Third, by Schaefer and Dosch [1] in a neutral environment, at 37°C 
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involving slightly supersaturated solutions, indeed within the physiologi

cal range. These authors assign a key role to COT in the formation of uri

nary calculi. 

The only aspect of the COT morphology thus far known is von Hodenberg's 

[20] description of crystals grown by means of a poorly reproducible me

thod, and in a system unsuitable for testing the influence of impurities. 

In von Hodenberg's choice of unit cell, the axes a, band c correspond 

respectively to our -b, -c and +a. The following list contains the crystal 

forms found by her in order of frequency of occurrence and indexed accord

ing to the system adopted in this paper: {010}, {101}, {100}, {OOl}, {012}, 

{011} and {111}. Sometimes [101] twins appeared [20]. The optical proper

ties of the grown crystals, as determined in the above article, although 

given correctly in fig. 4, seem to be in disagreement with the description 

in the text [20]. Further, the reported number of water molecules in the 

structure is three [19,20]. 

The method described by Laniepce [19] has served as basis for our cryst

al growth undertaking after introducing various modifications. Distilled, 

deionized water and analytical reagent grade chemicals have been used for 

all experiments. Experiment 270178 has been carried out at 12
o

C. To a con

tinuously stirred solution of 480 ml 0.02M CaC1 + 20 ml lN HCl, were added
2 

17.5 ml 0.5M H C 0 during 16 h using an Ismatec MP-13 GJ-4 micropump. The
2 2 4 

subsequently produced crystals were filtered through a 0.45 ~m Millipore 

filter, washed with cold water and finally with alcohol. Guinier-de Wolff 

XRD patterns were obtained for a portion of the dry material, to enable 

identification of the hydrate phases [22]. When other portions of the mate

rial were viewed with a Cambridge MK 2A Scanning Electron Microscope, the 

perfect (010) cleavage of COT proved of considerable value in indexing the 

crystals. Fig. 10 shows a crystal, characteristic of this experiment. 

Those crystals, which were sufficiently large, could be further charac

terized by means of a polarizing microscope, sometimes supplied with a 

universal stage, a Nedinsco two-cricle optical goniometer and single

crystal x-ray diffraction cameras. The data collected with the above tech

niques point to crystals with a predominantly platy habit {010}, bounded 

by faces in the zones [101] and [001]. These two zones may be distinguished 

with the help of a polarizing microscope, using the extinction angles; the 

latter are in turn calculated from the position of the indicatrix with 

respect to the crystallographic axes, on the basis of a Biot-Fresnel con
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Fig. 10. SEM picture of 
a COT crystal with some 
small COM crystals grown 
in expeY'iment 270178. 

struction [23]. 

The zones of the crystals in sample 040479 shown in fig. 11, are also 

indexed with this method. The only difference between this experiment and 

270178 is that in the initial solution of the former,Mgc1 has been added
2 

Fig. 11. COT 
crystals fY'Om 
experimen t 
040479 (optical 
micI'oscope pic
ture; crossed 
po larizers) . 
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so as to make the Ca:Mg concentration ratio equal to 4:1. In the sample of 

fig. 11 [101] twins are present. 

Experiment 120679 has been carried out at 12
0

C. During 90.5 h, 91.5 ml 

O.OlM caCl and 81.5 ml O.OlM Na c 0 were added to a 500 ml O.OOlM EHDP
2 2 2 4 

solution (pH = 5). The result consisted of more nearly equidimensional COT 

crystals (fig. 12) and some COD dipyramids. The forms regularly observed on 

COT are: {ala}, {101}, {lOa}, {OOl}, {all} and {012}, all of which are F 

forms. Further the non-F forms {012}, {023} and {ill} are very seldom ob

served. When the same experiment is done without EHDP, COM penetration 

twins are formed, accompanied by some COT platelets parallel to {ala}. 

Fig. 12. SEM photograph 
of a COT crystal from 
experiment 120679. 

0
Experiment 140979 is the same as 120679, but carried out at 37 C. The 

crystals are platy parallel to {001} (fig. 13 and 14). The indexing of the 

crystal of fig. 14 is in the first place obtained from its optical proper

ties and subsequently checked by means of Strom's program [24]. When this 

experiment was done with pure water instead of the EHDP solution, only COM 

was formed. 

To summarize, we conclude that COT normally crystallizes as platelets 

along {ala}, bounded by faces in the [101] and [001] zones, and that all 

faces repeatedly observed on COT are F faces. When Mg 2 + ions, which are 
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Fig. 13. SEM photograph 
of COT crystals from 
experiment 140979. 

Fig. 14. COT crystal from experiment 140979 (opti
cal microscope picture). 
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considered by Schaefer and Dosch [1] to stabilize COT with respect to COM, 

are added to the solution out of which COT crystallizes, the resulting 

crystals are frequently elongated parallel to [101] and show regularly 

twinning. EHDP at 12 and 37
0 

C seems to stabilize COT at the expense of 

COM, and moreover to drastically affect the habit of COT. 
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CHAPTER V: 

CALCIUM OXALATE TRIHYDRATE IN URINARY CALCULI 

Summary 

Visual examination, electron-microscopic observation and infrared-spec

troscopic analysis demonstrate that the thermodynamically unstable calcium 

oxalate trihydrate, which supposedly plays an important role in the forma

tion of certain urinary calculi, is a commonly occurring constituent of the 

stones. 

1.	 INTRODUCTION 

Whewellite (calcium oxalate monohydrate; hereafter COM) and weddellite 

(calcium oxalate dihydrate; COD) are among the most common constituents of 

urinary calculi. There exists a third hydrate of calcium oxalate, the tri 

hydrate (COT) which has a higher solubility than both COM and COD. Experi

ments involving spontaneous precipitation have shown that, although COM is 

the thermodynamically stable phase, all three hydrates can be crystallized 

from aqueous solutions in which the calcium and oxalate concentrations may 

vary over a wide range including the physiological domain (3,5,14,16). The 

precipitation of slightly soluble salts such as these is largely governed 

by kinetic factors and may be expected to proceed according to Ostwald's 

rule of stages which, when applied to such crystallization processes, may 

be stated as follows: When the formation of several phases is possible, the 

one with the highest solubility will form first and will then transform, 

sooner or later, to the thermodynamically most stable phase (9). 

The nature of the calcium oxalate hydrate formed from solution and the 

rate of transformation of higher hydrates to the stable monohydrate, depend 

on factors such as temperature, pH, stirring rate, calcium/oxalate concen

tration ratio, degree of supersaturation, ionic strength, and the presence 

of impurities. The experimental demonstration of the initial formation of 

COT not only in pure aqueous solutions, but also in physiological urine 

samples (4) and artificial urines (12) has led to many speculations about 

the role of COT in the formation of urinary calculi as well as to consider

able research efforts on various aspects of the COT problem (1,4,5,6,8,12, 

15,16) • 
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Despite its alleged importance in stone formation, only two observations 

of COT in urinary calculi have been reported in the literature, both 

authors describing an isolated occurrence discovered by accident (6,11). 

Schafer and Dosch (14) were able to identify COT in urinary sediments, but 

could not demonstrate its presence in urinary calculi. 

2. MATERIALS AND METHODS 

The observations to be discussed were made in the course of routine exa

minations of 220 urinary calculi from patients of the Urologic Clinic of 

the town of Worms, Federal Republic of Germany. The patients did not other

wise belong to a selected group. The analyses are made by infrared spec

troscopy, with sample preparation by the KBr pellet technique. Normally 

pellets of 13 rom diameter are prepared, but when only small amounts of 

sample were available, paper masks were employed which permitted the re

cording of spectra with microgram quantities. The samples in question were 

further characterized by optical and scanning electron microscopy. 

3. RESULTS 

Among the 220 calculi which were routinely examined there were 88 of 

which the outer part consisted essentially of whewellite. Of these calculi 

27 were partly or wholly covered by a layer having a thickness of up to a 

few hundred microns. This layer, if sufficiently thick, looked like a 

white frosting on a cake, otherwise it gave the appearance of a bluish-grey 

varnish. In addition to the oxalate calculi just mentioned there was one 

uric acid calculus which also showed such a layer. A photograph of a typi

cal specimen is shown in Fig. 1. Investigations with a polarizing micro

scope revealed the presence of very small (~ 10 ~m) crystals in this outer

most layer. These crystals appeared to have a lower relief and bire

fringence than the main constituent, COM. It was not possible to determine 

their optical properties precisely, but the estimated values indicate that 

the crystals might be COT, whereas COD is practically ruled out (10,7). 

Using scanning electron microscopy and infrared spectroscopy the outer 

layer has been identified as COT by comparison with synthetic material. The 

SEM picture in Fig. 2 closely resembles the one given in (6) and shows the 

splitting up into layers, characteristic of COT, which is generally not 
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Fig. 1. Photograph of a typical COT-covered calcium oxalate calculus 
(diameter: approximately 3.5 mm) 

observed in the case of COM or COD. The infrared spectra of the natural and 

synthetic COT are given in Figs. 3a and 3b, respectively. They are similar 

to the spectra of COM and COD, but differ from them in that the main oxa

Ilate band near 1630 cm- (which is due to the asymmetric carboxyl stretch

ing vibration) has an additional shoulder on the high-frequency side near 

1660 em-I. There are also differences in the region of the OH stretching 

Ibands of the H 0 molecules. The shoulder near 1660 cm- is less pronounced
2

in the synthetic than in the natural sample, probably indicating a partial 

decomposition to COM. He-examination of the samples after several weeks 

showed that the synthetic COT had completely transformed into COM, whereas 

the natural product was found to be only partially decomposed. The greater 

stability of natural as compared to synthetic COT is possibly caused by 

the incorporation of impurities which retard the decomposition by blocking 

nucleation sites for COM (4). 

Among the 28 calculi which showed layers of the type described above 

there were seven with layers of sufficient thickness to allow direct veri
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Fig. 2. Scanning electron micrograph of COT in a urinary calculus 
(length of black scale bar ~ 4 ~). 

fication of their composition by infrared spectroscopy. A comparison with 

the layers of the remaining 21 calculi left little doubt that these, too, 

consist of COT. 

4. DISCUSSION 

Schafer and Dosch (14) put forward a hypothesis relating the internal 

structure of calcium oxalate urinary calculi to the conditions of forma

tion, therein attributing an important role to COT. On the basis of morpho

logical studies of thin sections of oxalate kidney stones they arrived at 

a classification into four types, a classification which is presented more 

explicitly by Schafer and Bausch (13): Types I and III are COM and COD cal

culi, respectively, in which these hydrates are the first-formed phases. 

Calculi of type II consist of COM which is assumed to be the result of a 

transformation from initially formed COT. These calculi are characterized 

by a dense layer-like structure. Type IV are COM calculi which are the re

sult of a transformation either from COT with COD as the intermediate 
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phase or from COD. They are generally less dense than type II calculi. 

The drawing of a thin section of a type II calculus in Fig. 4a (repro

duced from Schafer and Dosch (14)) and the photograph of a thin section of 

one of the stones examined here, in Fig. 4b, show sufficient resemblance to 

warrant assignment of the stone to type II. The findings presented here 

therefore seem to confirm Schafer and Dosch's hypothesis on the role of 

COT in the formation of an important type of calcium oxalate calculi. 

Calcium oxalate trihydrate was found in more than 10% of all calculi 

examined (27 out of 220) and in about 30% of those calculi of which 

whewellite is the principal constituent of the outer part (27 out of 88). 

These findings demonstrate that calcium oxalate trihydrate is not a rare, 

but a common constituent of urinary calculi. 

Fig. 4a. Drawing of a thin section of 
a type II whmJellite calculus (from (14), 
with kind permission of the authors), 
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Fig. 4b. Photograph of a thin section of a COM/COT calculus
 
(distance from center to surface: 3 mm).
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CHAPTER VI: 

COMPUTERIZED PBC ANALYSIS OF WEDDELLITE 

Abstract 

A complete PBC analysis of the weddellite structure results in the 

following theoretical F forms: {110}, {101}, {121}, {211} and {lOa}. The 

PBCs are determined by a computer program based on graph-theoretic con

siderations. Each F face is expressed in terms of a PBC pair satisfying 

the flatness criterion, provided the PBC directions belonging to the pair 

lie in that face. The obtained results are compared with the results of 

the traditional PBC analysis; according to the latter, the PBCs are de

termined by visual inspection of structure projections, and each F face is 

obtained by incorporating two PBCs within intuitively defined slice 

boundaries. 

1. INTRODUCTION 

An important step in studying the growth form of a structure is finding 

its flat or F faces. According to the Hartman-Perdok theory [1-3], the F 

faces are obtained by performing a pe~iodic bond chain (PBC) analysis of 

the structure. A PBC is in that theory defined to be a stoichiometric 

chain of strong bonds in the first coordination sphere, which for centro

symmetric crystals has zero dipole moment perpendicular to its direction. 

A face (hkl) is flat or F if it contains at least two PBCs [uvw]l and 

[uVW]2 within a slice d such that [uvw]l x [uvw]2 = (hkl). Such a slice
hkl 

consists of several infinite two-dimensional nets of identical ions, all 

nets being parallel to (hkl). This implies that the following flatness 

criterion [4] must be satisfied by the two PBCs if they are to define an 

F face: an ion of type i in PBC [uvw]l and an identical ion of type i in 

PBC [uvw]2 must either appear with the same translation indices, or their 

translation difference [u'v'w'] must be in (hkl), fUlfilling the condition 

hu' + kv' + lw' = O. The property of each PBC to be stoichiometric (and 

nonpolar) guarantees that the resulting slice is also stoichiometric (and 

nonpolar). This flatness criterion is valid for primitive unit cells and 

for PBe pairs having all their ion types in common. If the unit cell has a 
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glide plane or screw axis, or if ion types occur which are not common to 

both PBCs, then the flatness criterion assumes a more complicated form 

based on symmetry considerations. Use of the extended flatness criterion is 

beyond the scope of this paper. The basic flatness criterion as stated 

above suffices for the derivation of all F faces of weddellite. 

Usually several PBC pairs involving the same or different [uvw]. 
~ 

directions can be found to satisfy the flatness criterion for (hkl). There 

is no a priori means of deciding which PBCs will prove useful. After com

bining all available PBCs in all possible pairs, the resulting F face can

didates must be individually tested for flatness. If the considered (hkl) 

contains one PBC pair satisfying the flatness criterion, then it is an F 

face and the corresponding form is an F form. Faces belonging to an esta

blished F form need not be processed. If, on the other hand, none of the 

PBC pairs contained in (hkl) satisfy the flatness criterion, then (hkl) 

must belong to an S or K form. Evidently, not the entire class of Sand K 

faces is confined to this category. In order to ensure that no F faces 

have been missed, one must first ensure that no PBCs have been missed. Un

til recently, a common way of detecting PBCs has been to examine structure 

projections. It is now possible to rigorously determine the PBCs by means 

of a computer program based on a graph-theoretic treatment [5]. For the 

thus far computed structures, includ~ng weddellite, that program has un

covered more PBCs than expected. 

2. WEDDELLITE N'D ITS PBCs . 

Weddellite, CaC 0 (2+x)H 0 (x ~ 0.5) crystallizes in the space group
2 4 2

141m. A crystal structure analysis has been done by Sterling [6]. The unit

cell dimensions are [7] a 12.360~, c = 7.340 ~, z = 8. Fig. 1 shows a 

projections along the [001] direction. A calcium ion is surrounded, on the 

one hand, by 6 oxygens belonging to 4 different oxalate groups, which in 

turn link with other calcium ions; on the other hand by two water molecules 

which do not link with any other calcium ions. 

In order to facilitate the PBC analysis, the weddellite structure is 

partitioned into the following subunits, whose fractional coordinates in 

the tetragonal system are given in table 1. Each oxalate group, Ox, is con

sidered as an indivisible entity positioned midway between the two carbon 

atoms. Each calcium position, Ca, incorporates one calcium ion and two 
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Table 1 

Fractional coordinates of Ca and Ox positions in weddellite in the tetrago

nal unit cell 

Ion x y z Ion x y z 

Cal 0.200 0.300 0 Oxl 0.445 0.242 0 

Ca2 0.800 0.700 0 OX2 0.555 0.758 0 

Ca3 0.700 0.200 0 Ox3 0.758 0.445 0 

Ca4 0.300 0.800 0 Ox4 0.242 0.555 0 

Ca5 0.700 0.800 1/2 Ox5 0.945 0.742 1/2 

ca6 0.300 0.200 1/2 Ox6 0.055 0.258 1/2 

Ca7 0.200 0.700 1/2 ox7 0.258 0.945 1/2 

Ca8 0.800 0.300 1/2 OX8 0.742 0.055 1/2 

water molecules. The above partitioning has the following consequences on 

the conditions of strong bonding. First, an oxalate group is considered to 

be strongly bonded to a calcium, if it contains at least one oxygen at an 

interatomic distance less than 2.51 R from the calcium. This condition is 

equivalent to a separation less than 4.12 Rbetween the calcium and mass 

center of the oxalate group under consideration. Second, the hydrogen bonds 

and calcium-water bonds are considered to play no role in the determination 

of chains. Third, since zeoli tic water is of no relevance, it is not taken 

into account. 

An additional way to facilitate the PBC analysis is to transform the 

body-centered tetragonal unit cell, containing 16 ions, to a primitive tri

clinic cell, containing only 8 ions, as shown in fig. 2. New axes a' and b' 

are defined whose lengths equal half the body diagonal of the original te

tragonal cell. In what follows unprimed quantities refer to the tetragonal 

cell; primed ones, to the triclinic: 

a' a 

b' S b , with S (1) 

c' o o 
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o 

o 
o o o 

o 

o 
Fig. 1. Projection of the weddellite structure along 
[001], adapted from Sterling's fig. 2 [6]: solid squares, 
Ca; solid circles, C; small circles, 0; large circles, 
structure-bound H20; encircled points, zeolitic H20. 

This transformation results in a' = b' = 9.479 ~, c' = 7.340 ~, a' = S' = 
112.78°, y' = 81.37°, z' = 4. The axial vector components, which may repre

sent axial position coordinates or zone indices, transform accordingly: 

o
 

pi 
(S-I) Tp' 

or 

2 

p'
3 

P1 

ST 
P2 

P3 

P1 

(2a)
P2 

P3 

Pi) 

p' (2b) 
2 

p'
3 
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c.c·
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I 
I 
I 
I 
I 

~-~-t-----
I 
I b 

Fig. 2. Relation between the tetragonal unit aell with 
lattiae parameters a, b, a and the trialinia unit aell 
of weddellite with lattiae parameters a', b', a', viewed 
from the [631] direation in the aubia aba system. 

h + b + I '+ I b' + p' c' and ST. th t d f Swere Pl a P2 P3c = Pl a P 2 3' ~s e ranspose 0 • 

The face indices transform as: 

h' 

k' 

l' 

S 

h 

k 

1 

or 

h 

k 

1 

h' 

(3)k ' 

l' 

Table 2 shows the S fractional ion coordinates in the triclinic system and 

corresponding ions in the tetragonal. The remaining S tetragonal ions are 

absent from the table but their triclinic counterparts can be obtained from 

eq. (2) and table 1. E.g., tetragonal CaS is the same as triclinic 

Ca (l, 011) . 

Utilization of internal symmetry by effectively halving the unit cell 

results in enormous computing efficiency. Many redundant chains having 

twice the primitive period are this way avoided from the start, instead of 

being constructed by the program and subsequently rejected. The weddellite 
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structure as specified above is input in the PBC computer program mentioned 

in the introduction. As bonding criterion the above-mentioned condition is 

used, i.e. that no Ca-Ox distance should exceed 4.12 ~. The result is 190 

distinct PBCs, having as origin Cal, Ca2, or Ca3, distributed among 15 tri

clinic directions confined to the upper hemisphere, [±u ±v +w] and 

[+u ±v 0]. All PBCs except those in the [001] direction contain the full 

unit-cell content. 

Table 2 

Fractional coordinates of Ca and Ox positions in weddellite in the tricli

nic unit cell and corresponding ions in the tetragonal cell 

Triclinic Tetragonal 

Ion x y z Ion 

Cal 

Ca2 

Ca3 

Ca4 

Oxl 

Ox2 

Ox3 

Ox4 

0.500 

0.100 

0.900 

0.500 

0.313 

0.203 

0.797 

0.687 

0.100 

0.500 

0.500 

0.900 

0.203 

0.687 

0.313 

0.797 

0.300 

0.800 

0.200 

0.700 

0.758 

0.445 

0.555 

0.242 

Ca(4,OlO) 

Ca6 

Ca (5, 011) 

Ca3 

OX(7,OlO) 

Oxl 

Ox(2,OlO) 

ox(8,OOl) 

3. THEORETICAL F FORMS OF WEDDELLITE 

When the PBC directions of table 3 are arranged in all possible combi

nations of two, they give rise to the tetragonal forms listed in table 4. 

The PBC pairs belonging to each of these candidate F forms are tested for 

flatness individually, using the flatness criterion as stated in the in

troduction. Whenever a PBC pair is encountered satisfying the flatness 

criterion, the corresponding form is classified as F in table 4, and the 

remaining PBC pairs belonging to it are discarded. Those forms which do 

not contain any PBC pairs satisfying the flatness condition are classified 
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Table 3 

Triclinic directions in the upper hemisphere in weddellite containing 

PBCs, N = number of PBCs, F = unit cell fraction of PBCs in each direc

tion; equivalent tetragonal translation indices are separated by a semi

colon from the triclinic 

PBC translation N F PBC translation N F 

[ tricl , tetr. ] [tricl, tetr. ] 

- 113[101----]'222 2 [111,011] 5 

[011-!!~], 222 2 [111,011] 5 

113
[102----], 222 2 [111;100] 10 

113 
[012;222] 2 [110,010] 10 

[001; 001] 2 1 
2 

111 
[100'222] 35 

[110,101] 5 111 
[010;222] 35 

[112; 101] 5 
111 

[101; 222] 35 

111
[011;222] 35 

Table 4 

Candidate F forms of weddellite in the tetragonal system classified as F 

(flat) and S or K (nonflat)_ Each F form is followed by the tetragonal 

zones of the PBC pair used to define it 

F 

{hkl} <uvw> 1 x <uvw>2 

S or K 

{hkl} 

{ 110} 

{tOl} 

{211 } 

{t21} 

{tOO} 

d!~>
222 

<101> 

<111> 

<101> 

<100> 

x 

x 

x 

x 

x 

d!~> 
222 

<!!!>
222 

<101> 

<!!~>
222 

<101> 

{001} 

{111} 

{301} 

{t41} 

{411 } 
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as S or K in table 4. Additional theoretical F forms are in principle ex


cluded, however, additional nonflat forms are possible.
 

The five tetragonal F forms are presented in detail in figs. 3-5. Every 

F form is expressed in terms of one of possibly many PBC pairs, each of 

which is in itself sufficient to establish flatness. Both triclinic and 

tetragonal PBC direction indices and resulting F face indices appear for 

clarity in that order, separated by a semicolon. Every ion is labelled by 

a number indicating its type separated by a comma from its translation in

dices. The corresponding tetragonal ion labels are shown underneath the 

.(1 _) Ox (4'010)- (3,o10)_ _ _ (4,110)_ Ox (1,100) Ca (",01)Ca - _ Ca Ox (2,110)_ Ca _ ~ 

4,010 i 4'0~~ Ii 1,0~0 Ir~o 3,0.10 3,010 _ 8,010 

'( 4'011) 1(3'010) (2'110) ( 1,110) ( 1,111)Ca _. Ox -Ca ---Ox ----4 Ca7,011 6,010 6,010 7.020 4,021 

(a) r101 J [111:0111x[101;111]=(101;0111 

Oxe . ) c.(3'002) 

1!(~'010) (1) (2) (2.001) j4.001)· !(::::) (,.012)r,.0'0 -- - o. '.oio -- - '"' , -- - <> ;.0'" - - -- c \' 00' --- 0\,.00, --- c, '.00' 

ox(4'010)_ca(4'010) _ Ox (2'010) _ ca(2'010)_ox(1.0iO) ----7 ca(I'011)L(::;:) 7,010 5,110 2.111 3.111 8,111 

1,010 
(bl l110} [012;113] x[Oil;ii3]: (100;'101 

Fig. 3. Each tetragonal F form of weddellite is expressed in terms of 
two PBGs, differentiated by solid and dashed bonds. Bonds between ions 
of different PBGs are omitted. Tetragonal ion labels, consisting of ion 
type and translation indices, appear underneath the corresponding tricli
nic. PBG-direction indices and face indices in the tetragonal system 
foLlow the corresponding indices in the triclinic. F forms {lOl} (a) and 
{llO} (b). 
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Ca ')--- Ox(3)--- Ca(3)---Ox(4 ~ ---Ca (1,o10)
( 4,010 - 2,010 5,01 f 8,00; 8,001 

I!
 
2,100) (2,101) (4,101) (4,102) 1.112 )

C -=-- Ox -==..:- Ca _ Ox_ ----;> Ca _
{ 2,010 5,010 7,110 ,4,111 ( 4,111 

I:
 
OX(i'100) ca(3'1~2) 

3,0;0 1,111 

(010;111lx [112;101]= (201;121) 

ca(4'1~0) 

4,0;0) (3,o;0) (2,110) (1.110) (1.111)I(:~::)
Ox - Ca - Ox - Ca -- Ox - Ca
(I :.OiO ,.oio '.0'0 o.oio ".0;0 '.0;' 

i(:OiO)) (3'001) (2,101) (2,10') (1.101) (1,102)a ---Ca ---Ox ---Ca ---Ox --~Ca 

x 2,010 : 5,010 : 5,010 2,011 3,011 8,011 
I I 

01(4'001) 
8 

cl (4'1~1) 
7,110 

(b) r121} [111;011]x[102;113]- (211;2111 

Fig. 4. Tetragonal F forms {211} (aJ and {121} (bJ as in fig. 3. 

triclinic. In every figure the two PBCs constituting the pair are differen

tiated by using solid and dashed lines to indicate their bonds. Bonds be

tween ions belonging to different PBCs are omitted. 

To illustrate the determination of F forms consider in detail fig. 4. 

The two PBCs combining to make the tetragonal form {211} in fig. 4a flat, 
111

have translations [112;101] (solid bonds) and [010;222] (dashed bonds). 

Since each PBC contains the full unit-cell content, the two PBCs have all 

their ion types in common. All nonzero translation differences between 
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4, 102) 

/~x ( 4,111 "
/ "

// "-,,
3,001 2,101 4,101 ">l. 1,112 

Co _ ---Ox ---Co Co( ) ( ) ( )	 C'ljl): 5,010 i 5,010 7,110	 I 
I I	 \ I 

:( ) :() \, ///1 3 2,100 " 1,111 I
 
Co --- Ox --- Co 0
(

4,010
)

- 2,010 -- 2,010	 x( 7,110) 

1,110) 
(/0, Wi \ 

Co	 3 ) - 2,100) (4,100) (1,111) 

5,011 (( 

Ox 5,011 - a. '."i \ 0, (4'1~1)/a. .,io 

4,110 

1100} [111:100J x [112'101] - (110:010) 

Fig. 5. Tetragonal F foY'l7l UOO}, as in fig. 3. 

corresponding ions are parallel to [102;113], which lies in the face 

(201;121) = [010;111] x [112;101]. 

According to the flatness criterion, this is an F face and the corres

ponding tetragonal form {211} an F form. In fig. 4b, the two PECs combining 

to make the tetragonal form {121} flat, have translations [111;011] (solid 
113

bonds) and [102;222] (dashed bonds). Here also, the PECs have their ion 

types in common. The nonzero translation differences are parallel to 

[011;111], which lies in the face (211;211) = [111;011] x [102;113]. This 

face is thus flat, and the tetragonal form {121} an F form. Fig. 6 summa

rizes the PEC directions and established F forms in the tetragonal system 

in the form of a stereographic projection of a quarter of the upper hemi

sphere. 
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Structure projections along various directions were used for the pur

pose of PBC identification prior to the development of the computer pro

gram used here. Visual inspection of weddellite structure projections led 

to one or more PBCs in each of the directions represented by the tetrago

nal translations: <100>, [001], <101> and <~~~>. Combinations of these 

PBCs, done again visually by incorporating PBC pairs within intuitively 

defined slice boundaries, resulted in the tetragonal F forms: {110}, {100} 

and {lOll. The forms {121} and {211} were not recognized as F by means of 

this method, because the PBCs necessary to establish their flatness proper

ty were not detected during inspection. 

~C!..1L ~(Ql] /\ (9~ll .(010) 
I [100J I , I \ ,." I 
I I \ I \ ,." I 
I I \ \ I' \ _ --= .... I 

I I \ I (141)\ ", [1011 I 
: I \,' ,,~' I 
I : (121~ ,__ - \ I 
1(101) (111)l- __ - - -}t, \ I 
~ --, " \ I 
'T", I' \ \ / 
I ' I ,'-- \ \ - /
I" I' [113J, \[113J /
 
I " /./ \[111J \ /
 
I ...... / '" \ \ I
 

I [01 OJ ,:et211 ) "\ I[OOlJ
 
I /' / '... \ I I 
1,./.... \ I ' 
!,/ ( ......... [111J \ I "
 
.:'..1301) / ...... \ I ,
I.... / ...... \ I ' 
I ....... _,.(411) ......... \ I '
 
I / -- __ J113J ...... \1/ 
I / ----------'::"IiI(110)
I I .. 

I I '" 
I I - ....
 
I I [011J ....
 
I / , ..,." 
I I ,.."., .... 
I I "," 

I,' _----.-----
(100) 

Fig. 6. One quarter of the stereographic projection 
of the upper hemisphere in the tetragonal system, 
showing the PEG directions and established F faces of 
weddellite. 
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A PBC analysis of weddellite has been published recently by Franchini

Angela and Aquilano (FAA) [8]. The distinction drawn by these authors be

tween true and pseudo-PBCs seems unclear for the following reason: if a 

chain satisfies the requirements of stoichiometry and nonpolarity, it is a 

PBC, otherwise it is not a PBC. There are several directions in weddellite 

containing stoichiometric but polar chains, which are consequently excluded 

from consideration. 

According to FAA the tetragonal directions [001] and <~~~> contain true 

PBCs, whereas the directions <100> and <110> contain pseudo-PBCs. The 

former result agrees with table 3 of the present investigation. As seen in 

that table, however, there are numerous genuine PBCs in <100>, while no 

PBCs exist in <110>. The PBCs in directions <101> and <!!~> in table 3 are
222 

absent from FAA's results. 

On the basis of their detected PBCs, FAA have concluded the existence of 

the theoretical tetragonal forms {110} and {101}; these are the first two 

of the five F forms presented in table 4. The remaining three F forms 

{211}, {121} and {100} are considered by FAA to be nonflat. 

4. CONCLUSION 

The PBCs of weddellite are obtained by means of a computer program, in 

order to derive its theoretical F forms. Computing efficiency is promoted 

in two ways. First, the structure is partitioned into subunits consisting 

of calcium-water groups and oxalate groups, bonded according to a suitably 

defined bonding criterion. Second, the structure is transformed from a te

tragonal body-centered to a primitive triclinic unit cell. The PBCs are 

computed in the triclinic system and subsequently recovered in the tetra

gonal by the inverse transformation. 

The PBC directions are combined in all possible pair arrangements, to 

form tetragonal F form candidates. Five of these, {110}, {101}, {121}, 

{211} and {100}, are classified as F because each contains at least one 

PBC pair satisfying the flatness criterion. The remaining five forms must 

be S or K. 

When the traditional method of PBC analysis, performed by visual in

spection of structure projections, was applied to weddellite, it led to 

the tetragonal F forms {110}, {101} and {100}. Franchini-Angela and 

Aquilano report the theoretical tetragonal F forms {110} and {101} in 
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their PBC treatment of the weddellite structure [8]. 
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CHAPTER VII: 

THE THEORETICAL GROWTH MORPHOLOGY OF CALCIUM OXALATE DIHYDRATE 

Abstract 

A qualitative PBC analysis of the COD structure results in five F 

forms: {110}, {101}, {100}, {121} and {211}. In order to quantify the 

morphological importance of these forms, their attachment energies are 

computed in an electrostatic point charge model. This model is derived 

for the oxalate ion from theoretical chemical considerations and simpli
+1 -Ified for the purpose to C 0 . The growth forms are constructed from the2 4 

attachment energies, assumed to be proportional to the growth rates. Con

trary to the observed morphology, the theoretical morphology is dominated 

by {llO}. This discrepancy can be accounted for by noting that the ele

mentary growth layer d can be subdivided into two equivalent F slices
110 

with thickness ~dll0. Both have the same slice energy, which is further

more smaller than the d slice energy. When spiral and/or 2D growth110 
mechanism occurs by means of both ~dll0 F slices alternatingly in space 

and in time, the corresponding rate is higher than in the convential case 

of step thickness d The presence of this growth mechanism, viewed asl10 . 

an extension of the original PBC theory, leads to an improved theoretical 

morphology in better agreement with the observed one. 

1. INTRODUCTION 

Calcium oxalate hydrates occur in plant tissues, as minerals of proba

bly organic origin and in urinary calculi. The monoclinic monohydrate 

(whewellite, COM) is the least soluble and thermodynamically stable phase. 

The tetragonal dihydrate (weddellite, COD) and the triclinic trihydrate 

(COT) are more soluble and thermodynamically, unstable under renal condi

tions and have therefore been studied less thoroughly [1-4]. The basic 

material of 63% of all uroliths ~s composed of calcium oxalate, of which 

75% corresponds to COM and 25% to COD. Urine sediments of oxalate stone 

patients, however, contain nearly exclusively weddellite crystals [5]. COT 

is only rarely found in stones and slightly more often in crystalluria 

[6-8]. Many calcium oxalate stones consist of an inner core of whewellite 
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with an outer surface layer of weddellite [6J. COD is often transformed 

to COM as evidenced by both polarizing microscopical observations of thin 

sections of urinary stones and in vitro experiments [8-10]. 

The morphology of weddellite crystals in human urinary calculi is de

termined by the tetragonal dipyramid {101}, sometimes associated with a 

small tetragonal prism {100} [5,8-15]. Weddellite crystals occurring in 

mainly marine sediments [16-21] as well as those experimentally grown from 

aqueous solutions or in gels have the same habit [3,4,22-26]. Although 

weddellite crystals from plant tissues show the same combination of forms, 

{101} is not always as dominant; even acicular crystals parallel to the 

c-axis have been found [26,27]. Lewis et al. [28] describe weddellite 

crystals from the thyroid gland of a 48-year-old woman who died of uremia; 

these long prismatic crystals are commonly bounded on the side by eight 

faces belonging to the forms {100} and {110} and are terminated by {101}. 

Which of the three hydrates will grow from a solution, as well as the 

morphology of the resulting phase, depends on such external factors as 

temperature, pH, ca2+/c2o~- ratio, degree of supersaturation and the pre

sence of impurities, e.g. growth inhibitors [3,7,8,26,29-33]. A high pH 

and a high Ca/Ox ratio are known to favour the crystallization of COD [29]. 

Besides those external factors, the morphology of crystals is also deter

mined by internal ones such as the crystal structure. To be able to pro

perly describe the influence of impurities on the morphology, one needs to 

know the basic appearance of a crystal in the ideal situation in which ex

ternal factors are absent or do not playa role. By means of Hartman and 

Perdok's PBC theory [34-36], the growth form of a crystal can be derived 

from its crystal structure. 

This has already been done in a qualitative way for weddellite by 

Franchini-Angela and Aquilano [23] and in more detail by Strom and Heij

nen [37], but neither of them could explain satisfactorily why COD 

crystals normally do not show the {110} form. In order to solve this pro

blem and to predict the growth morphology of weddellite completely, 

attachment energies have been calculated, from which the growth form is 

constructed. The results of this study are presented in the present paper. 
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2. QUALITATIVE PBC ANALYSIS 

2.1. Crystal structure, PBCs and F forms 

The derivation of PBCs and F forms from the structure is based on cell 

and atomic parameters (table 1) determined by Tazzoli and Domeneghetti 

[38]. Since these authors located all hydrogen atoms during refinement of 

the crystal structure, this is an improvement with respect to Strom and 

Heijnen's previous PBC analysis of weddellite [37] based on a less de

tailed crystal structure determination by Sterling [39]. Fig. 1a shows a 

projection along the [001] direction. The Ca(H20)206 coordination polyhe

dron is presented in fig. lb. For the PBC analysis the crystal structure 

is simplified and partitioned into Ca(H 0)2 and Ox subunits as described
2

previously [7,37].
 

Table 1
 

Cell parameters and fractional coordinates of atomic and Ox group posi


tions in calcium oxalate dihydrate (after Tazzoli and Domeneghetti [38]);
 

OW indicates an oxygen atom belonging to a water molecule
 

Atom/group x y z 

Ca 

C 

0(1) 

0(2) 

OW(l) 

OW(2) 

H(1) 

H(2) 

Ox 

0.1993 

0.4464 

0.3564 

0.2355 

0.1490 

0.0192 

0.166 

0.350 

0.4464 

0.3011 

0.2415 

0.2458 

0.4634 

0.1145 

0.3841 

0.071 

0.018 

0.2415 

0 

0.1053 

0.1829 

0.1799 

0 

0 

0.105 

0.115 

0 

a = 12.371 ~, c = 7.357 ~, Space group 141m, Z 8 

The Ca-Ox bonds can be classified in three types according to bond 

strength: 

- A calcium is strongly bonded to an oxalate ion, if two of the oxygens 
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belonging to the Ca coordination polyhedron form part of the considered
 

oxalate ion.
 

- An oxalate group is moderately bonded to a calcium, if it contains one
 

oxygen at an interatomic distance of 2.501 ~ and another oxygen accepting
 

a hydrogen bond from a water molecule, which is part of the calcium sub


unit under consideration.
 

Fig. la. Projection of the weddellite structure along [OOlJ: filled 
squares, Ca; filled circles, C; large open circles, 0; small open 
circles, H. Heavy solid lines are bonds within oxalate groups or water 
molecules; thin solid lines, strong Ca-O bonds; dashed lines, hydrogen 
bondS. Numbers indicate height in percent above and below the z = 0 
plane. 
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- A calcium is weakly bonded to an oxalate group, if the bonding takes 

place exclusively by means of one water molecule in the Ca coordination 

polyhedron, which donates a hydrogen bond to an oxygen of the oxalate 

group. 

All Ca-Ox bonds within one unit cell and corresponding bond lengths are 

given in table 2. There are eight Ox and eight Ca(H 0)2 subunits, labelled
2

1 to 8 in the order given by ref. [40] for the coordinates of equivalent 

positions. 

Table 2 

Calcium-oxalate bonds within the first coordination sphere in one unit 

cell, with bond lengths in ~; the oxalate groups are sometimes translated 

to neighbouring cells, as indicated by the translation indices separated 

by a comma from the index number 

Strong bonds Moderate bonds Weak bonds 

Cal Ox4,000 Oxl,OOO Ox6,000 Ox6,001 Ox7,010 Ox7,011 

Ca2 Ox3,000 Ox2,000 Ox5,000 Ox5,001 Ox8,010 Ox8,011 

Ca3 Oxl,OOO Ox3,000 Ox8,000 ox8,001 Ox6,100 Ox6,101 

Ca4 Ox2,000 Ox4,000 Ox7,000 Ox7,001 ox5,100 Ox5,101 

CaS Ox8,01O Ox5,000 Ox2,000 Ox2,001 Ox3,000 Ox3,001 

ca6 Ox7,01O Ox6,000 Oxl,OOO Oxl,OOl Ox4,000 Ox4,001 

Ca7 ox5,100 Ox7,000 Ox4,000 Ox4,001 Ox2,000 Ox2,001 

Ca8 Ox6,100 Ox8,000 Ox3,000 Ox3,001 Oxl,OOO Oxl,OOl 

Ca-Ox(~) 3.167 3.145 4.130 5.773 

Taking only strong and moderate bonds into account, Strom and Heijnen 

[37] have detected PBCs in the directions [001], <~~~>, <100>, <101> and 

<~~~>. These PBCs define the F forms {110}, {101}, {200}, {211} and {121}. 

These authors have classified {hkl} forms as flat (F) or nonflat (S or K) 

on the basis of the first encountered F configuration found in the earliest 

encountered PBC combination [uvw]l x [uvw]2 = (hkl). However, they have not 

examined whether other F configurations are possible, arising from the com

bination of different pairs of PBCs parallel to (hkl), and hence whether 
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Fig. lb. Calcium ion surrounded by six oxygen atoms belonging to 
four different oxalate groups and by two water molecules. 

other F surface profiles can be built up for the corresponding {hkl} form. 

Since the atomic distribu~ion within a growth layer is a decisive factor 

for its stability, it is important to investigate the structure of the 

slices. Projections of the crystal structure [41] are shown parallel to 

the shortest PBC directions in order to visualize the different slice con
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figurations. For clarity each Ca (H 0) 2 or Ox subunit is represented by one
2

symbol. Throughout text and figures, dashed lines refer to moderate bonds, 

whereas solid lines depict strong bonds. 

2.2.	 Projection along [001] 

The simplest primitive PBC in this direction is: 

Cal --- Ox6 --- Cal,OOl. 

By enforcing on this chain the conditions of stoichiometry and electro

neutrality a complete PBC, [001]1' can be constructed, which is just a com

bination of two primitive PBCs, as shown in fig. 2a. Because the primitive 

cell contains four formula units, two Ca and two Ox subunits have to be 

added to the PBC [001]1' This can be done in several ways. First by re

taining the centre of symmetry of the PBC [001]1' leading to PBCs [OOl]a 

Ca 1,001 
", , 

Ca 6,000 ----OX 6,000 
/ / 

/ / 
/ / 

OxJOOO Ca;,OOO 
, , 

'Ca 6,001 
(a) [001]1 

/ 
Ca 3,001 
/ 

Ca1,001, , , 
Ox 8,000 Ca 6,000 Ox 6,000 -~~Ca8,j 00 

" " 
" 

,/ 
/

I 

I 
/

/ 

" 
"

, 

Ca3,000----OX1,000--~Ca\000 OX3,jOO
",	 / / ,	 / 

"Ca 6,001	 C /a 8,101 
(b) [001]a 

/Ca3,j11 
/ 

Ca6,010 -~~ OX6,010 -- Ca 8,j10-0X~,j10 
'-, '-" 

Ox'3:110 --Ca3,1 1O---OX 1,110---- Ca 1,110 
/ 

/ 

Ca {1 11 
(c)[OOlJ b 

Fig. 2. Schematic configuration of PEGs II [001]: soLid Lines are 
strong bonds; dashed Lines, moderate bonds. 
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(fig. 2b) and [OOl]b (fig. 2c). Both are drawn in fig. 3. In order to avoid 

confusion in fig. 3, the [OOl]b chain is translated in the direction [110]; 

this translation is also present in fig. 2. A second way to obtain PBCs 

consisting of 4 Ca and 4 Ox groups is to combine two kinds of PBCs [001]1. 

This again can be done in two ways leading to PBCs [OOl]c and [OOl]d as 

shown in fig. 3. 

In fig. 3 all strong and moderate bonds emanating from the constitutive 

groups of the PBCs are drawn. Heavy lines represent bonds within the chains; 

thin lines, bonds between groups belonging to different PBCs. Besides a 

slice d ' four different slices d can be formed from the chains
020 110 

described. The slices d (a) and d (b) are different, and shifted with
110 110 

respect to each other by a distance ~dll0. The slices d (c) and d (d)110 110 
are symmetrically equivalent and shifted with respect to each other by a 

distance ~dll0 and by ~dll0 or ~dll0 with respect to d 110 (a)· 

The existence of four different elementary growth layers for one F face 

may drastically influence its growth mechanism [42], as will be discussed 

in section 3. 

111
2.3. Projection along [222] 

The simplest primitive PBC in this direction consists of two Ca and two 

Ox groups (fig. 4): 

[!!!] . Cal --- Ox4 --- Ca4 --- Ox2 --- CaS.
222 1" 

This chain can be transformeq into a complete PBC by adding two more Ca and 

Ox groups, in such a way that the resulting chain possesses no dipole mo

ment perpendicular to its direction. The chains obtained can be divided in

to two groups. The first group is formed by the centrosymmetric PBCs 

[~~~]a and [~~~]b (fig. 4), both obtained by combining two primitive PBCs 

through a centre of symmetry. The second, larger group consists of complete 

PBCs, which are not centrosymmetric, yet nonpolar. If a PBC search is per

formed by means of visual inspection of structure projections only, PBCs 

of this type can escape detection because of their deviating appearance. 
. 111 111 

Two representatives of th~s second group, [222]c and [222]d' are depicted 

in fig. 4. They are constructed from the [!!!] primitive PBC by adding two 
222 1 

Ca and two Ox. The nonpolarity is obtained by using two different centres 

of symmetry, one for one (Ca + Ox), the other for the second (Ca + Ox). 
111

Although more PBCs exist parallel to [222][37], they are not discussed 
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111 
Fig, 5, Schematic projection of the weddellite structure along [222]: 

(a) S~jjlified [%%%]a ~BCS and slices dOll (a)' dl01(a11~d dl10 (b)' 

(b~ [222]b PBCs and sl~ces dOl1 (a) and dl10 (a)' ;~~ [222]c PECs ar:d 

shces d )' d d110 (bJ and d211 , (d) [222]d PECs and slwes
01Hb lOHb )' 

dOl1 (c)' d101 (c)' d110 (b) and d121 , 
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here, because the four mentioned above suffice to describe all F forms. 

The relative strength of the PBCs can be indicated by counting the num

ber of strong and moderate bonds within these chains. Each crystallizing 

subunit is linked to four others via two strong and two moderate bonds. 

Since all PBCs are composed of four Ca and four Ox groups, 16 strong and 

16 moderate bonds exist per PBC. The number of bonds within each PBC is 

given in table 3. 

Table 3 

Number of strong and moderate bonds within a PBC or slice 

PBC Strong Moderate Slice Strong Moderate 
bonds bonds bonds bonds 

[111]
222 a 

16 4 d l10 (a) 12 16 

111 
[222]b 

[111] . 
222 c' 

[111]
222 d 

12 

12 

8 

4 

d l10 (b)' 
d - -

011 (a)=101 (a) 

dOll (c)=IOl (b) 

16 

12 

8 

8 

dOll (b)' 

d I01 (c)' d
211 

, 12 6 

d 
121 

Linking the above described PBCs to surrounding ones results in the F 

slices schematically presented in fig. 5. The PBCs in fig. 5 are represen

ted by their simplified outlines as indicated in fig. 4. Table 3 gives the 

number of strong and moderate bonds within a slice per PBC. 

The slices d (a) and d (b) are the same as found in the preceding
l10 l10 

section. 

There are three slices dOll differing ~dOll in level. Of these the slice 

dOll (b) is so highly undulated, that only a line connecting the geometric 

centres is drawn. Of the three slices diol two are symmetrically equivalent 

with dOll slices, viz.: d I01 (a) = d Ol1 (a) and d I01 (b) = d Ol1 (c)" The third 

slice d (c) is not equivalent to any of the dOll slices. The reason for
I01 

this is that the PBCs necessary to describe such an equivalent slice were 
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not included in the incomplete enumeration of PBCs of the second group. In 

conclusion it may be stated that four different slice configurations exist 

for the faces of the form {101}. 

The slice d has a rather elusive appearance in crystal structure
211 

projections. This explains why Franchini-Angela and Aquilano [23] con

sidered the {121} form to be nonflat. Similarly, these authors did not de

tect the slice d belonging to the {211} form.
121 

3. QUANTITATIVE DERIVATION OF THE GROWTH MORPHOLOGY 

3.1. Introduction 

The qualitative PBC analysis described above results in five F forms. 

To be able to construct the theoretical growth form, depicting the morpho

logical importance of these forms, the relative growth rates of the diffe

rent forms are required. It is however impossible to calculate these di

rectly. However, the relative growth rate, R of a crystal face growingrel , 

according to a layer mechanism is assumed to be proportional to its 

attachment energy, which in turn is a calculable quantity [43]. The attach

ment energy, E , is defined as minus the energy released per molecule,
att

when a new slice with thickness ~kl crystallizes on an already existing 

crystal face (hkl). The slice energy, E ' is minus the energy released
sI 

per molecule, when a new slice d is formed from vapour neglecting the
hkl 

influence of edge energies. E and E are complementary:
sl att 

E ( 1) 
cr 

where E ' the crystal energy, is defined as minus the energy released per
cr 

molecule, when the crystal is formed from the crystallizing units. 

Weddellite is assumed to crystallize from C20~- groups and Ca(H20)~+ 

groups, the remainders of the Ca(H20)~~10 polyhedra present in solution 

[44]. Since weddellite is an ionic crystal the energies can be computed 

using the Madelung method [34,35,45,46] for calculating electrostatic po

tentials in a point charge model. All computations have been performed with 

the Fortran IV programme ENERGY, developed by woensdregt [47]. The trans

formation factor from e 2 ~I- into kJ mol-I has been taken as 1389.345. On 

the basis of the calculated attachment energies the theoretical growth form 

can be constructed by wulff's method [48], taking the central distances, 

defined as the lengths of the normals from the origin to the crystal faces, 
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directly proportional to IE I. Strom's [49] APL programmes CRYSTALFORM 
att
 

and CRYSTALDRAW have been used to obtain three-dimensional Wulff plots.
 

3.2. Point charge model for weddellite 

Theoretical chemical studies on the charge distribution in complex 

anions like CO~- [50,51], C10~, SO~- and PO~- [52], result in effective 

charges of the oxygen atoms varying in the range -0.44 to -1.05 e. For that 

reason we concluded that a realistic point charge model for the oxalate 

anion should not be completely ionic. Since, however, no such model has to 

our knowledge ever been published, we have arrived at the following model. 

An electronic wave function was obtained in the LCAO-MO-SCF approximation. 

These calculations were carried out using a local version of the IBMOLH 

programme system [53]. A double zeta (9,5) + [4,2] Gaussian basis set was 

used, with exponents taken from ref. [54]. The nuclear framework (fig. 6) 

-0.994 

-0.986 

-0.994
 

Fig. 6. Schematic presentation of the point charge model for the 
oxalate an~on in the weddellite structure; cm is centre of mass; 
m indicates a mirror plane. 
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has the geometry as reported by Tazzoli and Domeneghetti [38], which has 

mm2 rather than the full mmm symmetry. This dissymmetry showed up in a 

small nonzero dipole moment ~ of 0.21 x 10- 30 
C m (calculated at centre 

y 
of mass, Y = +0.0017 ~). Thus in the point charge model we assign a em 
charge -(q + 0.004) e to 01 and 02, and a charge of -(q - 0.004) e to 03 

and 04. The quadrupole moments calculated from the wave function allow us 

to determine q as well as a second parameter. The latter was chosen to be 

the distance (~) of the remaining charges (2q - 1) from Cl in the +x and 

from C2 in the -x directions, respectively. 

The values of q and ~ were then determined by equating the quadrupole 

moments of the point charge model, viz . 

.. 2)Qxx 
L qi (x~ - 'Yi ' (2)
i 

Qyy 
L qi (Y~ - ~X~), (3) 
i 

to the expectation values obtained from the wave function, viz. Q
xx 

-52.761 and Q = -32.888 x 10-~o C m2 (at centre of mass). In this way we 
yy 

find q = 0.990 e and ~ = 0.0393 ~. The resulting charge model is shown in 

fig. 6. It may be noted that the final charges are qualitatively similar, 

but quantitatively very different from the net charges that may be esti

mated from the Mulliken populations, viz. 

qOl = q02 = -0.667 e, q03 q04 = -0.657 e, 

qc = +0.324 e. 

In the following electrostatic energy calculations a simplified point 

charge model for the oxalate ion has been used, with effective charges of 

-e on the oxygen sites and +e on the carbon sites, for the sake of simpli

fying the computations. This slight deviation from the theoretically devel

oped model is justified, because it lies well within the margin of other 

at least as rough approximations, e.g.: taking R directly proportional
rel 

to E ; neglecting other energy parameters than Coulomb interaction, e.g.att
those due to dispersion and repulsion; supposing the atomic configuration 

of the outermost layer of a growing crystal to be identical with the bulk 

crystal structure; neglecting the effects of the solution from which 

weddellite crystallizes, by assuming the crystal to be formed from vapour. 

Using this simplified model and taking a normal charge of +2e on the Ca 
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sites, the energy computations have been carried out for three different 

H+ 11zcharge distributions within the water molecules, namely HO, and H+ 1 . 

As a matter of course the effective charge on the oxygen atoms belonging 

to the water molecules is simultaneously adjusted to OWo, OW- 1 and OW- Z, 

respectively. 

3.3. The growth form of weddellite 

Table 4 shows the calculated attachment energies of the various slices 

for the three different point charge models used. For all, except the d 
020 

and the d (c) slice configurations E increases with increasing charge110 att 
on the hydrogen atoms. This is due to the position of part of the water 

molecules, which lie at the outermost boundary of most slices. The d
020 

and the d (c) slices do not contain such protruding water molecules, as110 
can be seen in figs. la and 3. The crystal energy, on the contrary, decrea

ses with increasing charge on the hydrogen atoms (table 4). To obtain the 

Table 4 

Attachment energies, crystal energies and E - E (a)110 for the three 
cr sl 

different charge distribution models 

Face Energy 

HO 

110 (a) 

110 (b) 

110 (c) 

020 

011 (a) 

011 (b) 

011 (c) 

101 (c) 

211 

121 

E 
cr 

E cr 

-119.7 

-215.3 

-212.6 

-264.4 

-164.8 

-495.2 

-391.7 

-494.3 

-498.2 

-479.0 

-2755.5 

E sl (a) 110 -333.8 

(kJ/mol) 

H+J!z 

-147.7 

-285.3 

-195.0 

-239.2 

-205.9 

-541. 5 

-397.9 

-567.2 

-569.1 

-511.0 

-2701. 5 

-438.6 

H+ 1 

-195.0 

-370.3 

-182.5 

-207.4 

-254.4 

-586.2 

-422.7 

-646.4 

-651. 3 

-546.4 

-2667.6 

-562.0 
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crystal energies from the calculated potentials in the present point charge 

models, corrections have to be made for the Coulomb interactions within the 

crystallizing units. The same holds for the slice energy, but of course not 

for the attachment energy, since a slice does not share crystallizing units 

with underlying slices. 

Assuming a crystal face, for which more than one slice configuration is 

possible, to grow via the slice with the smallest E , the theoretical 
att

growth form has been constructed for the three different charge distribu

tions. In contrast with the usually observed morphology, described in 

section 1, the theoretical growth morphology, as presented in figs. 7a-7c, 

appears to be dominated by {110}. The orthographic crystal draWings [49] 

in fig. 7 are projections of the crystal in the [310] direction and the 

crystals are of equal volumes. The forms {211} and {121} have too high 

attachment energies to appear on any of the crystals, whereas the tetrago

nal prism {lOO} is only present in the H+ 1 model (fig. 7c). 

(110) (100) 11101 (0101 

(a) (b) (e) 

(f)(d) (e) 

Fig. 7. Growth forms of weddeUite for the three different charge dis
tributions HO, H+ 1 / 

2 and H+ 1 
; (a-c) assuming that faces of the form 

{llO} grow via slices d llO; (d-e) taking halving of the dllO slices 
into account. 
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Hartman and Heijnen [42] recently reported similar discrepancies be

tween calculated and observed morphologies encountered in deriving the 

theoretical habits for aragonite, barite, zircon, ADP and KDP. Some forms 

{hkl}, e.g. {110} in the case of weddellite, were rather prominent on the 

theoretical habit, while on the observed habits they were much less pro

nounced or even absent. Apparently, in all cases two elementary growth 

layers A and B are possible, differing in level by ~dhkl' Moreover, each 

of the layers A and B, e.g. d (a) and d (b) for weddellite, could be
110 110 

split up into two layers a and S, each with thickness ~~kl' having a stoi

chiometric composition. These thinner layers by themselves contain partial 

[55] or complete PBCs in at least two directions, so that they could be 

considered as slices of an F face. 

For the weddellite (110) face, the four different growth layers are 

drawn in fig. 3. In between the PBCs [OOl]a and [OOl]b in fig. 3 the slices 

d 110 (a) and d 110 (b) partly overlap, defining a layer with thickness ~d110' 

With~n this layer S three partial PBCs, having an electrostatic dipole mo

ment perpendicular to the chain direction, are present: 

111 -[222]: Cal --- Ox4 --- Ca7 --- OxS,100 --- CaS,100, 

111[222]: Cal --- Ox4 --- Ca7,001 --- OxS,101 --- CaS,101, 

[001]: Ca7 --- Ox4 --- Ca7,OOl. 

Since the central lines as well as the boundaries of both d slices run
110 

through centres of symmetry, the two different layers a and S (fig. 3) with 

thickness ~dll0 are symmetrically equivalent. They have, however, opposite 

electrostatic dipole moments. Since only the growth layer of thickness 

~dll0 and not the crystal structure as a whole is polar and because the 

growing crystal is in contact with an aqueous solution and not with vacuum, 

we assume that surface restructuring can be neglected. It should be pointed 

out here explicitly that this situation is completely different from that 

found on the (111) face of NaCI, where the polar layer is stacked upon si

milar layers, so that the cooperation effect of all dipole moments will 

lead to a restructuring. In the case discussed here the polar layer rests 

on a layer with double height having no dipole moment. So the energy gain 

for restructuring would be of the same order of magnitude as for a nonpolar 

slice. The results obtained by 'tHart [55] show that surface restructuring 
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can be safely ignored. 

The slices a and 6 grow alternatingly both in space and in time. Because 

E (a) = E (6) is smaller than E (dllO(a» or E (d (b)' the growthsl sl sl sl 110 
rate RllO(a), now assumed to be proportional to (E - E (a), listed in 

cr sl 

table 4, is higher than RllO(dllO(a) or R110(dllO(b»' On the contrary, 

the dllO(c) and dllO(d) slices cannot be split up into two halved layers 

with F character. 

Taking this halving of the d slices into account, revised growth
llO 

forms have been constructed. Figs. 7d-7f show the resulting growth morpho

logies for the three different charge distributions, drawn at the same 

volume as figs. 7a-7c. The increasing importance of {100} with increasing 

charge on the hydrogen atoms is again remarkably noticeable. Assuming the 
2H+ 1 

/ model to be close to reality, we find a fair agreement between the 

theoretical and the observed habit of weddellite. 

Hartman and Heijnen [42] also discussed the possibility that two slice 

configurations may be present, differing in level by ~dhkl' but such that 

the resulting layers with thickness ~dhkl do not have the character of an 

F slice. Growth would then occur simultaneously by means of slices A and B 

with thickness ~kl' in which case the layers A and B would form different 

domains on a face. The boundary between two domains is a non-moving step 

with fractional height ~~kl' at which two-dimensional nucleation is made 

easier, resulting in an increased growth rate. The relative areas of the 

domains depend on the surface energies. 

In section 2.3 of the present paper we have shown four different slice 

configurations for the {101} F form of weddellite. The surface energies 

per roo 1e, Wlt re erence to vacuum, E ' are given . table the 2. h f 5 f H+ 1 /In or 
s 

model. The specific surface free energies y, again with reference to 

vacuum, can be calculated from: 

(4) 

where Zp is the number of molecules per primitive cell; V is the volume 
p 

of the primitive cell and N is Avogadro's number. The resulting y for the
A 

most stable configuration, i.e. dOll (a) , is 768 mJ m- 2 
• For sparingly so

luble salts the specific surface free energy with reference to a surround

ing aqueous solution is however of the order of 100 mJ m- 2 
, which is 0.13 

times the calculated y. We assume that the same correction factor can be 

applied to the surface energies per mole, leading to E~ 0.13E ' Assuming
S 
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a Boltzmann type of distribution, the relative areas xi are: 

4 
xi exp(E~(i/RT)/i~l exp(E~(i/RT). (5) 

Taking RT = 2.5 kJ mol- 1 the relative areas have been calculated and are 

given in table 5. The domain having the dOll (a) slice configuration appears 

to cover the surface of the faces of the {101} form completely. Thus there 

are no boundaries between different domains, and therefore no increase in 

growth rate due to fractional steps [42]. The growth forms depicted in 

fig. 7d-7f can thus serve as the conclusion of the present paper. 

Table 5 

Surface energy per mole E and relative surface area xi of the {101} faces 
s 

for the different slice configurations when the charge distribution of the 
2water molecule is H+ 1 / , Ow- 1 

i Slice E 
s 

(kJ/mol) 

2 

3 

4 

011 (a) 

011 (b) 

011 (c) 

101 (c) 

-206 

-595 

-398 

-646 

o 
o 
o 
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CHAPTER VIII 

THE STRUCTURAL MORPHOLOGY OF ARAGONITE 

Abstract 

The application of Hartman and Perdok's PBC theory to the aragonite 

structure results in seven F forms: {all}, {llO}, {020}, {lll}, {002}, 

{l02} and {112}. For some forms several F slice configurations are possi

ble. For a quantitative derivation of the theoretical growth morphology 

electrostatic attachment energies are calculated for three different charge 

distribution models: C-20~, C+10;1 and C+ 40;2. The behaviour of the attach

ment energy as a function of the charge on the oxygen atoms varies consi

derably for the different F forms. The growth forms are constructed from 

the attachment energies, taken directly proportional to the relative growth 

rates. The growth morphology strongly depends upon both the charge distri

bution and the assumed growth mechanism of the {all} form, which grows via 

layers having thickness either dOll or ~dOll' The inclusion of corrections 

for repulsion and dispersion energy in the calculated attachment energies 

does not change the theoretical growth forms, because both terms cancel 

out. 

1. INTRODUCTION 

The morphology of crystals is determined by both internal factors, such 

as the crystal structure, and external factors, i.e. growth conditions, 

such as supersaturation, temperature, pressure and the presence of impuri

ties. These factors cannot be separated in the observation of the morpho

logy of experimentally or naturally grown crystals. By means of the PBC 

theory, however, (Hartman & Perdok, 1955, Hartman, 1973, 1979) the theore

tical growth form of a mineral can be constructed from its crystal struct

ure, completely neglecting the growth conditions. This structure derived 

growth morpholog~ can serve as a reference with respect to which morpholo

gical variations due to changing growth conditions can be described. In 

addition, the surface structures and the growth mechanisms of the various 

crystal forms are established in the course of a PBC analysis. These data 

are indispensable in order to understand the influence of changing growth 
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conditions on both the growth kinetics and the morphology of the resulting 

crystals; e.g. differences in adsorption of impurities on different crystal 

faces or the interaction between the crystal surface and various solvents 

can only be explained when the surface structures of the different faces 

bounding the growing crystal are known. 

The morphology of aragonite and the isomorphous orthorhombic carbonates 

cerussite (PbC0 ), witherite (BaC0 ) and strontianite (SrC0 ), has already
3 3 3

been comprehensively presented by Goldschmidt (1913-1923). The aragonite 

habit is usually dominated by a prism elongated along the c-axis and termi

nated by one or more prisms or dipyramids. Michel (1904) reported the expe

rimental growth of aragonite crystals from slowly evaporating calcium bi

carbonate solutions; their morphology was defined by {001}, {110}, {ala} 

and {all}. Franke et al. (1981) classified naturally occurring cerussite 

according to habit differences into four types: (1) pseudohexagonal dipyra

midal, (2) stretched along the a-axis, (3) tabular according to (010) and 

(4) triplet crystals with (110) as twinning plane. These authors also pro

duced synthetic cerussite crystals under widely varying growth conditions, 

which resulted in two more habit types, namely (5) pseudohexagonal crystals 

tabular according to (001) and (6) pseudohexagonal crystals prismatic along 

the c-axis. Comparing the morphologies of aragonite and cerussite, Hartman 

(1953) concluded that the latter not only has a richer face development, 

but also that the ranking of forms according to morphological importance is 

different. Franke et al. (1984) investigated the morphology of synthetic 

strontianite and witherite, which also turned out to depend strongly on the 

growth environment. Garcia-Ruiz & Amoros (1981) described braided crystal 

aggregates of strontium barium carbonate grown by the silica gel technique. 

They postulated that the development of these morphologically interesting 

aggregates is governed by the gel structure. Recapitulating, it can be 

stated that the crystal growth of orthorhombic carbonates is greatly in

fluenced by external factors. 

Several studies have been carried out to establish the relation between 

the crystal structure and the morphology of this group of minerals. Appli

cation of the law of Donnay & Harker (1937) to the Pmcn unit cell by Hart

man (1953), Seager (1968) and Follner (1982) resulted in a theoretical or

der of the morphological importance of crystal forms, which was not in full 

accordance with the observed arrangement according to decreasing persisten

ces. The main disagreement concerned {all}, which, theoretically, should be 
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the most important form, whereas it ranks third or seventh in the observed 

order of crystal forms of aragonite and cerussite respectively (Hartman, 

1953). Franke et al. (1981, 1984), on the contrary, stated that the Donnay

Harker series is in excellent agreement with the observed morphology of 

synthetic cerussite, strontianite and witherite. However, their assertion 

is based on an incorrectly determined Donnay-Harker sequence: although 

{Oll} has the largest interplanar distance of all crystal forms, these 

authors did not include it in the theoretically predicted sequence. Based 

on the observed morphology, Schwarz & Follner (1981) defined a morphologi

cal lattice of cerussite, on which Follner (1982) applied the Donnay-Harker 

law. Due to the additional extinction rules resulting from the higher sym

metry of this morphological lattice with respect to the structural one, 

{Oll} disappeared from the theoretical sequence. Schneer (1971) developed 

a relation between the electron density, i.e. the chemical distribution 

within the cell, and the morphology of the different minerals in this iso

structural group. Hartman (1953) and Franke et al. (1981) both presented a 

simplified PBC analysis of the structure of the orthorhombic carbonates. 

The latter authors concluded their study stating that a more sophisticated 

application of the PBC theory to the aragonite lattice type would be worth 

the effort. 

The present study of the dependence of the morphology of aragonite on 

its crystal structure was undertaken in an effort to remove the ambiguities 

of the above mentioned investigations. Furthermore, the aragonite structure 

appeared to be a challenging test for some recent developments in the PBC 

theory concerning the computerized construction of F configurations (Strom, 

1985) and the proposed new growth mechanisms of certain crystal faces 

(Hartman & Heijnen, 1983). Moreover, the study by Yuen et al. (1978) on 

the lattice energies of calcite and aragonite produced a set of energy pa

rameters necessary to incorporate the repulsion energy in addition to the 

Coulombic energy into the quantitative derivation of the theoretical growth 

form. Previous studies dealing with this subject met with considerable 

difficulties ('t Hart, 1978, 1979: Woensdregt, 1983). 

The present paper is closely related to the recently published study on 

the morphology of gel grown calcite (Heijnen, 1985), both of which form 

part of a project on the crystal growth and morphology of calcium carbo

nates and oxalates (Heijnen, 1982; Heijnen & van Duijneveldt, 1984). 
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2. QUALITATIVE DERIVATION OF THE GROWTH MORPHOLOGY 

2.1. Crystal structure, bonds and F forms 

Since most reports on the morphology and the crystal structure of or

thorhombic carbonates have adopted the otherwise unconvential unit cell 

setting with a<c<b and space group symbol Pmcn, the present study also 

uses this morphological setting. Cell and atomic parameters determined by 

De Villiers (1971) are presented in Table 1. 

Table 1 

Aragonite cell parameters and atomic coordinates (de Villiers, 1971 ) 

Atom x y z Atom x y z 

Cal \ 0.4150 0.7597 03 J.i 0.4225 0.5962 

Ca2 ~ 0.5850 0.2403 04 l.t 0.5775 0.4038 

Ca3 J.i 0.9150 0.7403 05 0.4736 0.6810 0.9138 

Ca4 \ 0.0850 0.2597 06 0.0264 0.8190 0.4138 

c1 \ 0.7622 0.9138 07 0.9736 0.3190 0.0862 

C2 J.i 0.2378 0.0862 08 0.5264 0.1810 0.5862 

C3 ~ 0.2622 0.5862 09 0.5264 0.3190 0.0862 

C4 \ 0.7378 0.4138 010 0.9736 0.1810 0.5862 

01 \ 0.9225 0.9038 011 0.0264 0.6810 0.9138 

02 'a 0.0775 0.0962 012 0.4736 0.8190 0.4138 

S.G. Pmcn a=4.9614 5{ b=7.9671 )( c=5.74045{ 

Each calcium ion is surrounded by nine oxygen atoms, belonging to six 

different carbonate ions (Fig. 1). Three of these carbonate ions contain 

two oxygen atoms, which form part of the calcium coordination polyhedron; 

the corresponding Ca-O bond lengths range between 2.520 and 2.653 )(. Each 

of the remaining three carbonate groups contains one oxygen atom partici

pating in the calcium coordination polyhedron at an interatomic distance 

of 2.419-2.445 )(. Table 2 gives the Ca-C distances, which, as a matter of 

course, are shorter for the doubly bonded carbonate ions than for the 

singly bonded ones. The carbonate ions are nonplanar, displaying point 
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Fig. 1. Cal ion surrounded by nine oxygen atoms be~onging to six 
different carbonate ions. 

Table 2 

Bonds in one unit cell between calcium (Ca) and carbonate (C) ions, formed 

during crystallization; the carbonate ions are sometimes situated in adja

cent cells, as indicated by the translation indices separated by a comma 

from the index number 

Via two Ca-O bonds Via one Ca-O bond 

Cal 

ca2 

Ca3 

Ca4 

Cl,OOO 

C2,000 

C3,010 

C4,010 

C3,000 

C4,000 

Cl,lOO 

C2,100 

C3,100 

C4,100 

Cl,OOO 

C2,000 

C4,000 

C3,000 

C2,011 

Cl,Oll 

C2,001 

Cl,OOI 

C4,100 

C3,100 

C2,101 

Cl,101 

C4,000 

C3,000 

Ca-C (5{) 2.904 2.937 3.249 3.415 
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symmetry m. The average C-O distance of 1.282 Rand o-c-o angle of 120.0
0 

lie in the middle of the range of the values collected by Zemann (1981) for 

34 different carbonate groups. The aragonite structure can be described as 

pseudohexagonally arranged layers of Ca atoms alternating along the c-axis 

with pseudohexagonal layers of carbonate groups. Figs. 2-4 show structure 

projections along the three crystal axes. 

The derivation of the growth morphology of aragonite from its crystal 

structure according to the Hartman-Perdok theory (Hartman & Perdok, 1955; 

Hartman, 1973, 1979) is not performed in the usual way. A classical PBC 

analysis starts with the determination of the strong bonds formed during 

crystallization, from which, with the aid of structure projections, 

successively primitive PBCs, partial PBCs and complete PBCs are construct

ed. The final step contains the combination of complete PBCs parallel to 

different directions in order to obtain F slice configurations. Because a 

rigorous application of such an analysis, even to not so large a crystal 

structure as aragonite, is time consuming and often leads to an incomplete 

determination of PBCs and F forms, Strom (1980, 1981) developed a computer 

programme initially aimed at constructing PBCs by means of graph-theoreti

cal methods, used by Strom & Heijnen (1981) in their PBC analysis of 

weddellite. In the most recent version of this programme (Strom, 1985), 

which is used in the present study, the intermediate steps of the classical 

PBC analysis are omitted. 

From the list of strong bonds between the crystallizing units, Ca 2 + and 

CO~- ions in the case of aragonite (Table 2), an adjacency matrix is formed 

giving all Ca 2+-Ca 2 + connections. In order to increase the computing effi

ciency the carbonate ions are removed from the structure during the first 

steps of the analysis and reinserted in the final step (Strom, 1981, 1985). 

On the basis of this matrix all direct positive chains are rigorously de

termined by enumerating all possible sequences of connections. The number 

of such chains found along 19 directions is given in Table 3. Direct posi

tive chains parallel to different directions are then combined in inter

secting or nearly intersecting pairs and tested for flatness. If the flat

ness criterion (Strom & Heijnen, 1981) is found to be satisfied, the re

sulting connected positive network is extended by adding carbonate ions in 

order to generate one or more F slice configurations, which fulfil the con

ditions of stoichiometry and nonpolarity. Those F slice configurations, 
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Table 3 

Directions parallel to which direct positive chains are present in the ara

gonite structure; p = period of each direction; N = number of direct posi

tive chains along each direction 

Direction p(~) N Direction p(~) N 

[100] 4.961 196 [012] 13.974 12 

[ 00l] 5.740 132 [112] 14.829 9 

[101] 7.587 90 [301 ] 15.953 4 

[ 010] 7.967 128 [310] 16.882 4 

[ 110] 9.386 90 [021] 16.937 8 

[011 ] 9.820 38 [212] 17.139 4 

[ 111] 11. 002 26 [121] 17.648 6 

[201 ] 11.464 30 [221 ] 19.629 2 

[210] 12.725 28 [312 ] 20.416 

[211 ] 13.960 6 

which can be transformed in symmetrically equivalent ones situated at a 

different level in the crystal structure, are rejected, since they result 

in either a halving of the thickness of the elementary growth layer or a 

loss of the F character of the face (Hartman & Heijnen, 1983; Heijnen, 

1985). This implies that only those F configurations are considered, which 

at least possess either a centre of symmetry or a twofold screw axis. 

Table 4 shows the established F forms juxtaposed with the sequence of 

morphological importance according to the law of Donnay & Harker (1937). 

In contrast with Hartman's (1953) analysis, the present study reveals that 

{102} is an F form, whereas {021} does not have F character; both {021} 

slices presented by Hartman (1953) appear to be polar. Moreover, several F 

slice configurations are found to exist for some crystal forms, which may 

have consequences for the growth mechanism of such faces (Hartman & Heij

nen, 1983). The most important F slices will be discussed successively on 

the basis of crystal structure projections. Complete PBCs are used in the 

description of the various F slice configurations, because they form the 

smallest entities presenting all characteristic properties of a slice. 
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Table 4
 

Aragonite forms arranged in order of decreasing interplanar distance (d ) ,
 
hkl 

representing the theoretical sequence of morphological importance according 

to the law of Donnay & Harker (1937) ; the column headed F designates 

whether a form has F character (+) or not (-) 

Form ~l(~) F Form d (~) F
hkl 

{Oll } 4.657 + {l02} 2.484 + 

{l10} 4.212 + {200} 2.481 

{020} 3.984 + {031} 2.410 

{lll } 3.396 + {l12} 2.372 + 

{02t} 3.273 { 130} 2.341 

{002} 2.870 + {2ll } 2.190 

{l21 } 2.732 { 13t} 2.168 

{012} 2.700 {122} 2.108 

2.2. The [001] direction 

In the aragonite structure the c-axis is parallel to a twofold screw 

axis, a mirror plane and a c glide plane, and perpendicular to a diagonal 

glide plane with glide vector ~(~+b). Fig. 2, a projection along [001], 

clearly illustrates the pseudohexagonal character of the aragonite crystal 

structure. Two F forms, {020} and {110}, are present parallel to this 

direction. 

In the case of {020} only one F slice configuration, d in Fig. 2, is
020 

found, which is built up of mutually connected PBCs, indicated by the num

ber 1 in Fig. 2. The composition of such a PBC is: 

Cal --- C2,101 --- ca4,101 --- C3,101 --- Ca1,001 

This PBC contains half the unit cell content and is not centrosymmetric; 

the nonpolarity requirement is fulfilled by a twofold screw axis along t~e 

central line of the chain. The d slice is not centrosymmetric either.
020 

It is divided into two symmetrically equivalent parts by a c glide plane, 

which contains the twofold screw axes of the concatenated PBCs defining 
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the slice, as well as a second set of twofold screw axes present in between 

adjacent PBCs within the slice. The centres of symmetry existing in the 

aragonite structure as well as the twofold screw axes along the a-axis are 

situated in the boundaries of the d slice. The surface of this slice is
020 

very flat. 

Five different {110} F slice configurations, indicated by PBCs labelled 

from A to E, are shown in Fig. 2. The d (a) slice, which results from
llO 

linking together type A PBCs, closely resembles the d slice. This simi
020 

larity accentuates the pseudohexagonal character of the aragonite struct

ure. Both central parts are composed of carbonate ions, whereas Ca ions 

constitute the surface of both slices. They also show a similar distribu

tion of bonds within the slice as compared with bonds to atoms in adjacent 

slices. The former bonds are represented by thin solid lines in Fig. 2, 

the latter by thin dashed lines. The main differences between the d and
020 

the d (a) slices are due to the space group symmetry. In the middle of
llO 

the d (a) slice as well as on its boundaries centres of symmetry alter
llO 

nate with twofold screw axes. It follows that the d (a) slice is centro
llO 

symmetric, whereas the d slice is not. Since fewer symmetry elements
020 

are present parallel to {110} than parallel to {020}, and since {110} F 

slices contain the full unit cell content, it is possible to construct 

more F slice configurations for {110} than for {020}. 

The remaining four {110} F slices are all shifted with respect to 

d (a) by a distance ~dll0. This results in a reversal of the compositionllO 
of these slices: the central parts contain the calcium ions, whereas the 

slice boundaries consist of carbonate ions. It should be pointed out here 

that it is impossible to construct an F configuration, containing half the 

unit cell content, within a layer with thickness ~dll0. According to Hart

man & Heijnen (1983) such halving of the elementary growth layer has to be 

considered in order to determine the growth mechanism of a crystal form 

for which more than one surface structure is possible. The four different 

F slice configurations, labelled from B to E in Fig. 2, are generated from 

the same positive network by adding the carbonate ions in four different 

ways. The average position of the slice boundaries, indicated by d (b)
llO 

in Fig. 2, is the same for all four configurations; it is therefore drawn 

only once. The surface is not as flat as suggested in the [001] projection, 

because it winds between successive carbonate ions, which are situated al
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(a) 

Fig. 2: Projection of the aragonite structure along [001]: a. Schematic 
projection showing PBGs and F slice configurations; squares are calcium 
ions; triangles, carbonate ions; constituent ions of a PBG are indicated by 
filled symbols; heavy solid lines are bonds within the PBGs; thin solid 
lines, bonds to adjacent PBGs within a sZice; thin dashed lines, bonds to 
PBGs in other slices; heavy dashed lines, slice boundaries. 
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most above each other in this projection. The d (a) and d (b) slices
110 110 

are also drawn in a projection along [110] (Fig. 5), which clearly reveals 

that the surface of the former is flat, whereas the latter has an undulated 

surface structure. The triangles representing carbonate ions, which parti

cipate in a PBC, are filled in Fig. 2 to distinguish them from those which 

do not take part in that PBC. In the middle of all four slices twofold 

screw axes alternate with centres of symmetry in the aragonite structure. 

The operation of the former symmetry elements on any of the slice confi

gurations yields an identical configuration. The Band C PBCs also possess 

inversion symmetry, but D is transformed in E via a centre of symmetry. 

Energy calculations have been carried out in order to determine whether 

the surface of the elementary growth layer of the {110} F form consists of 

ca 2+ ions or CO~- ions. If carbonate ions constitute the boundaries of 

the slice, the most stable of the four possible configurations has to be 

established by means of these calculations, which are presented in an 

ensuing section of the present paper. 

2.3. The [100] direction 

The a-axis of aragonite runs parallel to a twofold screw axis and two 

glide planes, and perpendicular to a mirror plane. The structure projection 

along [100], given in Fig. 3, clearly shows the alternation of calcium 

layers with carbonate layers along the c-axis. Since the a-axis has the 

shortest translation period (4.9614 ~) of all directions in the aragonite 

91 41
0r-
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59 09 

3 02 

a 

24 

Fig. 2b. More detai led 
projection of the outlined 
rectangle in 2a: squares 
are Ca atoms; small filled 
circles, C; large open cir
cles, 0; large upright num
bers indicate the numbers 
of the atoms (Table 1); 
small italic numbers, 
height in percentage above 
the 2=0 plane. 
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structure, many different paths can be found leading from a given calcium 

atom to an identical one, translated over one period along the a-axis 

(Table 3). The simplest primitive PBCs in this direction are composed of 

one calcium and one carbonate ion, e.g.: 

Cal --- c3 --- Cal,lOO 

Cal --- C2,OOl --- Cal,lOO 

Both are present within the configuration indicated by I in Fig. 3, defi

ning the d F slice, which has already been discussed in the previous
020 

section. It is evident from Fig. 3 that a c glide plane and a twofold screw 

axis along the c-axis are present in the middle of this slice, whereas in

version centres are absent from the d slice.
020 

Two different slice configurations are found for the {002} F form, re

presented by PBCs 1 and 2 in Fig. 3. The interplanar spacing has to be 

halved to d due to the space group symmetry. It follows that the F con
002 

figurations contain only half the unit cell content. Both are generated 

from the same positive network and are thus situated at the same level in 

the aragonite structure. They therefore contain the same symmetry elements, 

i.e. a diagonal glide plane perpendicular to the c-axis and twofold screw 

axes along the b-axis. The twofold screw axes parallel to the a-axis and 

the centres of symmetry lie in the slice boundaries. Notwithstanding these 

similarities, the d (a) slice differs from d (b) in the constituent002 002 
carbonate ions and consequently in surface structure and bond strength. A 

qualitative comparison on the basis of the structure projection implies a 

greater stability for the d (a) slice configuration. This comparison will
002 

be reconsidered in a quantitative way later on. 

The remaining F form parallel to the a-axis is {Oll}, for which two 

PBCs, A and B, are drawn in Fig. ~. Both contain the full unit cell con

tent. Linking these PBCs to adjacent ones results in two F slices, dOll(a) 

and dOll (b)' which are shifted with respect to each other by a distance 

~dOll' The number of Ca-O bonds within the slice is the same in both cases. 

The surface structure of dOll(a) is flat, whereas that of dOll(b) is 

slightly undulated. Each of these slice configurations is transformed in 

an identical one by the operation of either a centre of symmetry or a two

fold screw axis. The boundaries as well as the middle of each slice com

prise a row of screw axes and inversion centres. Within a layer with 
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thickness ~d011' indicated by a in Fig. 3, and bounded by the surface of a 

d (a) slice on the one side and by that of the nearest d (b) slice on
011 011
 

the other, partial PBCs exist parallel to the following directions:
 

[100]: Cal -- C2,001 -- Cal, 100 

[011]: Cal -- C4 -- Ca4,010 -- C2,010 Ca1,01l 

[111] : Cal --C4 -- Ca4,010 -- C2,010 --Ca1,111 

[111] : Cal -- C4 -- Ca4,010 C2,110 -- Cal, 111 

Consequently this halved layer has the character of a slice of an F face. 

As it does not contain any symmetry elements, it has an electrostatic di

pole moment perpendicular to the crystal face. The symmetrically equivalent 

layer, 8 in Fig. 3, consisting of the remaining half of either slice with 

thickness dOll' has the opposite dipole moment. If the surface energies of 

the d (a) and d (b) slices are equal, crystal growth will take place
011 011 

via an alternation both in space and in time of the elementary growth 

layers a and 8 (Hartman & Heijnen, 1983). If one surface configuration is 

clearly more stable than the other, {011} faces will grow in layers with 

thickness dOll" We will revert to the determination of the appropriate 

growth mechanism of the {011} form in the section on energy calculations. 

In addition to the above described {011} slice configurations, several 

nonpolar, not centrosymmetric configurations are obtained, all of which 

contain the full unit cell content. They can be arranged in pairs of symme

trically equivalent configurations differing from each other by a height 

of ~d011 and from d 011 (a) and d (b) by ~ or ~ dOll' They are not drawn011 
in the projection along [100] for two reasons. Firstly, anticipating the 

energy calculations, these slices appear to be unstable in comparison with 

the dOll (a) and dOll (b) slices. Secondly., they cannot be subdivided into 

two halved slices showing F character. It can thus be concluded that the 

existence of these not centrosymmetric slice configurations does not 

affect the growth mechanism of the {011} form. 

2.4. The [010] direction 

Two different PBCs are found along the b-axis. Both are noncentrosymme

tric, but the presence of a twofold screw axis fulfils the nonpolarity con

dition. Each is composed of two calcium ions and two carbonate groups: 
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[010]1: Cal --- C4 --- Ca3,100 --- C2,111 --- Cal,010 

[010]2: Cal --- Cl --- Ca3 --- C3,010 --- Cal,010 

Fig. 4 shows that the [010]1 PBC can be connected to adjacent ones in the
 

direction [100] to form the d (b) slice, whereas on the basis of [010]2

002
 

the d (a) slice can be constructed. These slices have already been dis

002 

cussed in the previous section. 

In order to obtain configurations containing the whole unit cell con

tent, the above mentioned PBCs can be extended with equivalent ones via a 

centre of symmetry. The resulting centrosymmetric configurations are indi

cated by A and B in Fig. 4. They can be combined with neighbouring ones in 

the direction [201] to define the d (a) and d (b) F slice configura
102 102
 

tions respectively. The surface of the d (b) slice is flat, whereas the

102 

d (a) surface is undulated. Within the d (b) slice more Ca-O bonds are
102 102
 

present than within the d (a) slice. Since it is not possible to con

102 

struct an F configuration within a layer with thickness ~dl02' the crystal 

growth mechanism of the {102} form depends upon the relative stability of 

the two slices. If their surface energies are equal, continuous growth will 

occur; if one is obviously more stable than the other, growth will proceed 

via elementary growth layers with thickness d . A quantitative treatment
102
 

of this problem is presented in the section on energy calculations.
 

2.5. The [110] direction 

Parallel to <110> four F forms are established in the aragonite struct

ure, i.e. {110}, {002}, {111} and {112}. Since the first two have already 

been discussed in the previous sections, they are not considered here, 

although some of these slice configurations are incorporated in the struct

ure projection along [110] (Fig. 5). Two configurations, A and B in Fig. 5, 

suffice to describe all possible slices for the remaining two F forms. They 

are both based on the same partial PBC, which is polar perpendicular to 

[110] and contains half the unit cell content: 

Cal --- C4 --- Ca4,010 --- C3,110 --- Cal,l10 

Complete PBCs are obtained by adding two calcium atoms and two carbonate 

groups in such a way that the nonpolarity condition is fulfilled. Each of 

these PBCs can be linked in the direction [101] to determine a d slice.
111 

Both configurations, dll1(a) and dl11(b)' are essentially at the same level 
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in the structure and differ only in the outermost carbonate groups. They 

have undulated surfaces. The d (b) slice boundary is so irregularly
111 

shaped that only a line connecting the geometric centres of the constituent 

type B PBCs is drawn in Fig. 5. The d (a) slice contains more Ca-O bonds
111 

than d (b). Which of these slices is the more stable one will be dis
111 

cussed further in the present paper. 

Only one slice configuration is found for the {112} form. It results 

from mutually connected type B PBCs in the direction [201]. Its surface is 

very flat. 

3. QUANTITATIVE DERIVATION OF THE GROWTH MORPHOLOGY 

3.1. Electrostatic energy calculations 

Taking only Coulombic interactions into account the theoretical growth 

form is calculated following the method outlined by Hartman (1973) and 

previously applied to e.g. olivine ('t Hart, 1978), chrysoberyl and sinha

lite ('t Hart, 1979), corundum (Hartman, 1980), high sanidine (Woensdregt, 

1983), weddellite (Heijnen & van Duijneveldt, 1984) and calcite (Heijnen, 

1985). Four assumptions underlie the construction of the calculated growth 

form. Firstly, only F forms occur on the growth form. Secondly, the atoms 

at the surface of a growing crystal are arranged in accordance with the 

bulk crystal structure. Thirdly, the crystal is thought to grow from va

pour, hence the effects of the aqueous solution from which aragonite actu

ally crystallizes are negle~ted. Fourthly, the relative growth rate of a 

crystal face is dire'ctly propor>tional to its attachment energy (Hartman & 

Bennema, 1980), defined as minus the energy released per molecule, when a 

new slice with thickness d crystallizes on an already existing crystal
hkl 

face (hkl). This energy, E , and the complementary slice energy, E ' 
att sl 

make up the crystal energy, E 
cr 

E = E + E (1 ) 
cr sl att 

By means of Woensdregt's (1971) computer programme ENERGY these energies 

are calculated for the above described F slice configurations. Three diffe

rent charge distributions within the carbonate ion are considered, namely 

c- 2 00 C+10- 1 and C+ 40- 2 and a charge of +21el is taken on the Ca sites. 
3' 3 3 ' 

Since the internal bonds in the carbonate ions already exist in solution 

before the crystallization process starts, the Coulomb interactions within 
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these ions do not contribute to the calculated E and E . The results are
sl cr 

given in Table 5. The energies are quadratic functions of qo' the charge on 

the oxygen atoms. For the most important slices these functions are drawn 

in Fig. 6 in order to illustrate the conspicuous differences in the depen

dence of the various energies upon qo. 
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...--- Charge on the oxygen atom 

Fig. 6. Electrostatic attachment energies (thin lines) and crystal 
energy (heavy line) of aragonite as functions of the charge on the 
oxygen atoms. 

Before the theoretical growth form can be constructed, the problem of 

the existence of more than one slice configuration for several F forms has 

to be faced. Following Hartman & Heijnen (1983) the relative areas, Xi' 

occupied by the slice configurations ~kl(i) are assumed to depend upon the 



......Table 5 ...... 
ol>

Energy contributions to F slices of aragonite: first column denotes the slice configurations; next three co
lumns give the electrostatic attachment energies and crystal energies for the three different charge distri
bution models; columns 5, 6 and 7 give for the c+ 103 1 model the calculated E ' y and xi' the relative surfaces 
area of the different slice configurations for each form; the last two columns present the contributions of 
the repulsion and dispersion energy to the attachment energy and the crystal energy; since two different 
attachment energies are found for the polar ~dOll slice, the average Eatt, equal to the difference between the 
crystal energy and the slice energy is given instead 

Slice 

E LEe T R 0 S TAT I C 

attachment energy (kJ/mol) 

c-zOo C+ 10- 1 C+ 40- Z 

3 3 3 

ENE R G Y 

surface energy C+ 103
1 

E (kJ/mol) y(mJ/mz )
s 

model 

x. 
~ 

REP U LSI 0 

ENERGY 

(kJ/mol) 

N DIS PER S ION 

ENERGY 

(kJ/mol) 

(Ol1)a 
(011) b 

~ (011) 

(110)a 
(110)b 
(110) c 
(110)d,e 
(020) 
(l11)a 
(111) b 
(002)a 
(002)b 
(102)a 
( 102)b 
(112) 

- 56.2 
-214.0 

-291.0 

-363.7 
-569.3 
-517.0 
-549.4 
-406.9 
-361.0 
-493.1 
- 45.1 
-621. 5 
-313.6 
-199.0 
-286.4 

-188.1 
-300.1 

-536.8 

-288.7 
-767.8 
-800.4 
-794.0 
-301.0 
-463.2 
-541. 3 
-344.3 
-750.2 
-493.6 
-429.0 
-491.6 

-186.1 
-257.5 

-536.6 

-209.5 
-691.2 
-812.4 
-758.9 
-214.7 
-414.5 
-431.9 
-414.9 
-625.7 
-376.1 
-374.8 
-404.6 

-188.2 
-291.3 

-

-289.8 
-796.6 
-804.2 
-820.9 
-300.4 
-438.4 
-541. 5 
-358.5 
-878.2 
-465.3 
-402.5 
-446.7 

-1283 
-1985 

-

-1787 
-4910 
-4957 
-5061 
-1752 
-2179 
-2692 
-1506 
-3689 
-1692 
-1463 
-1551 

0.93 
0.07 

-

1.00 
0.00 
0.00 
0.00 
1.00 
0.93 
0.07 
1.00 
0.00 
0.17 
0.83 
1.00 

+121.0 
+130.6 

{+228.6} 
+248.3 
+138.2 
+257.1 
+251.2 
+251.6 
+148.2 
+195.1 
+204.3 
+213.1 
+263.8 
+262.5 
+241.2 
+252.1 

-129.0 
-139.0 

C 228 • 2 }
-249.1 
-134.4 
-243.3 
-239.5 
-239.1 
-144.0 
-190.5 
-200.6 
-211.0 
-262.5 
-257.1 
-235.7 
-246.6 

E 
cr 

-2921.0 -3112.3 -3026.9 - +798.0 -718.5 
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surface energies per mole with reference to a surrounding aqueous solution, 

E~(i)' It is however impossible to calculate these energies directly, but 

the surface energies per mole with reference to vacuum, Es(i)' can be cal

culated. From Es(i) the specific surface free energy, Y ' again with refei 
rence to vacuum, can be determined; ES(i) and Yi of all established slice 

configurations are given for the C+10;1 model in Table 5. The specific 

surface free energy with reference to a surrounding aqueous solution, y', 

known to be of the order of 100 mJm- 2 for sparingly soluble salts like ara

gonite, can be used to deduce a correction factor; when this is applied to 

the calculated Yis with reference to vacuum, the corresponding Yis with 

reference to an aqu~ous solution follow. For the C+10-
3

1 model the average 

calculated Y is 1582 mJm- z , as determined from YOll(a)' YllO(a) and Y020 
and Y (a). It follows that Y' = 0.063y. The same correction factor is

002 
applied to the surface energies per mole, leading to E~(i) = 0.063 Es(i). 

Assuming a Boltzmann type of distribution, the relative a.reas xi are: 

(2) 

Taking RT 2.5 kJmol- 1 the relative areas are calculated and presented in 

Table 5. 

Having established the relative stability of the various slice configu

rations the growth mechanism of the different F forms can be considered in 

more detail. Those forms for which only one F configuration exists, i.e. 

{020} and {112}, grow according to a layer mechanism via layers with thick

ness d and d respectively. For both {110} and {002} one F configura
020 l12 

tion is by far the most stable causing these forms to grow via layers with 

thickness d and d ' respectively. Since x = 1.00, the outermost sur
llO 002 a 

face of the {110} faces is composed of Ca atoms, whereas the slices with 

carbonate groups at the boundaries do not playa role. In the case of the 

{lll} form, 93% of the surface of a growing crystal face is occupied by the 

dlll(a) configuration, while 7% is occupied by dlll(b). Since both are at 

the same level in the structure, growth still proceeds in layers with 

thickness d . In the construction of the growth form, the relative growth
lll 

rate of the {lll} form is assumed to be proportional to the attachment 

energy obtained for dlll(a)' although it may be slightly higher due to the 

presence of dlll(b). The surface of a growing {102} face is also characte

rized by the occurrence of two slice configurations. Since they differ in 
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height by a distance ~dl02 and since a layer with thickness ~dl02 does not 

have F character, the F character of this form would be lost completely, if 

both F configurations were to be equally stable. This would result in rapid 

continuous growth instead of slow layer growth for the {102} form. Although 

d (b) is clearly more stable than d (a)' it is yet assumed that the
102 102 

relative growth rate of {102} faces is so much enhanced, that {102} has not 

to be included in the construction of the theoretical growth form. Also in 

the case of {011} two configurations, differing by ~dhkl in level, appear 

at the surface of the growing crystal. In contrast with {102}, the layer 

with thickness ~dOll does have F character. Crystal growth will therefore 

take place via a layer growth mechanism. Probably the thickness of the ele

mentary growth layer is partly dOll and partly ~dOll. Because it is im

possible to decide whether the relative growth rate is proportional to the 

attachment energy calculated for the dOll (a) slice or to the difference 

between the crystal energy and the slice energy of a slice with thickness 

~d , three different possibilities are considered in the construction of 
011 

the theoretical growth form. 

Taking the central distances of the various faces directly proportional 

to their IE I, three-dimensional Wulff (1901) plots are constructed 
att 

using Strom's (1979) computer programmes CRYSTALFORM and CRYSTALDRAW. The 

thus obtained theoretical growth forms, all of which have the same volume, 

are presented in Fig. 7. They illustrate the morphological importance of 

the different F forms. Two trends can be distinguished in Fig. 7. Firstly, 

the forms in the [001] zone clearly increase in importance with increasing 

negative charge on the oxygens due to the different behaviour of E as a 
att 

function of qo for {002} as compared with {110} and {020}, shown in Fig. 6. 

Secondly, the area occupied by {011} faces decreases with increasing rela

tive growth rate of these faces, resulting in even the absence of {011} 

from the growth forms constructed with the supposition that {Oll}faces grow 

exclusively via layers with thickness ~dOll. 

3.2. Repulsion and dispersion energy calculations 

one of the objections which is often raised against a purely electro

static derivation of the theoretical growth morphology of a crystal as 

presented above, is that no repulsion energies are taken into account. If 

for each face the repulsion energy would be directly proportional to the 
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Fig. 7. Theoretical growth forms of aragonite constructed for three
 
different charge distribution models and three different relative
 
growth rates for the {Oll} form.
 

Coulombic attachment energy, then the inclusion of repulsion energy terms 

into the calculation of the attachment energies would not affect the re

sulting theoretical growth morphology. Several attempts have been made to 

correct the attachment energies for Born repulsion energies ('t Hart, 1978, 

1979; Hartman, 1980; Woensdregt, 1983). 

Hartman (1980) shows that the application of such a correction does not 

change the calculated growth form of corundum. This result is however by 

no means generally valid, because in the case of corundum one F form has a 
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far lower attachment energy than all the others. Its growth morphology is 

consequently determined by just that form, whether corrections are applied 

or not. The total repulsion energy calculated for corundum amounts to 19% 

of the Coulombic crystal energy, whereas the corrections in the attachment 

energies vary from 53 to 64%. The growth morphology of sinhalite on the 

contrary is very sensitive to the incorporation of the repulsion energy in

to the computation of the attachment energies as demonstrated by 't Hart 

(1979). The repulsion energy contributes 28 to 65% of the electrostatic 

attachment energy. The purely ionic growth form of sinhalite shows six 

forms, three of which are also present in the corrected growth form, which 

shows an additional form distinct from the above. A similar reduction in 

richness of crystal forms due to the inclusion of a correction for repul

sion into the calculated attachment energies is found for olivine ('t Hart, 

1978). In a study on the structural morphology of high sanidine Woensdregt 

(1983) does not succeed in calculating reasonable repulsion energy correct

ions. The obtained corrections are larger than the electrostatic attachment 

energies, which would therefore change sign if these corrections were to 

be applied. 

In contrast with the above discussed studies, in which the repulsion 

energies are derived from compressibility data, the contribution of repul

sion energy terms to the attachment energy for the different F slices of 

aragonite is calculated on the basis of a set of energy parameters made 

available by Yuen et al. (1978). In addition to repulsion energy terms, 

dispersion energy terms are also included in their theoretical chemical 

study. The analytical atom-atom forms are given by, respectively 

f(Pi+Pj)exp [(Ri+Rj-rij)/(Pi+Pj)] and CiCjr~;, where r ij is the distance 

between nonbonded atoms i and j; the other parameters are given in Table 6. 

The present study incorporates both corrections into the calculated attach

ment energies and the crystal energy. By means of a computer programme 

DISPREP (Strom, pers. comm.) the dispersion and repulsion energies are cal

culated by direct summation to a limiting radius of 10.0 ~ for the sphere 

around each atom. The results are given in Table 5. 
1 1Assuming the c+ 0 3 model to be a reasonable approximation to the charge 

distribution within the carbonate groups (Yuen et al., 1978), the contri

butions of the repulsion and dispersion terms are discussed with respect 

to the Coulombic energies calculated for this model. The repulsion energy 

term amounts to 25.6% of the electrostatic crystal energy and 31.7-64.3% 
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of the electrostatic attachment energy. For the dispersion energy term 

these percentages are 23.1 and 29.9-68.6 respectively. The combination of 

both leads to a net correction of 2.6% for E and a maximum of 4.3% for 
cr 

E It follows that the theoretical growth morphology remains unaltered 
att 

(Fig. 7). 

Although it is not suggested here that the corrections due to repulsion 

and dispersion will always neutralize each other, it can be concluded that 

the changes in the theoretical growth morphology as a result of the appli

cation of a repulsion energy correction to the calculation of the attach

ment energies, will be at least partly canceled when the dispersion energy 

is also taken into account. 

Table 6 

Energy parameters used in the calculation of dispersion and repulsion 

energies (Yuen et al., 1978) 

Atom ENE R G Y PAR A MET E R S 

c(e~5/2) P(~) R(~) 

Ca 

C 

o 

1.700 

1.269 

3.300 

0.0711 

0.0400 

0.2110 

1.322 

0.900 

1.480 

f 0.05007 e 2 ~-2 

3.3. Conclusion 

As stated in the introduction of the present paper, the main problem in 

explaining the observed morphology of aragonite on the basis of its crystal 

structure concerns the {011} form. The reason for this is shown to be the 

existence of two different F slice configurations differing in level by 

~dOll. Comparing the calculated surface energies for both leads to the con

clusion that the surface of {011} faces is for the greater part occupied 

by one configuration, but that the other configuration also appears on the 

surface. Since, in addition, the layer with thickness ~dOll is found to 

have F character, the relative growth rate of {011} faces is enhanced with 
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respect to the other F faces, for which the relative growth rates are taken 

directly proportional to E . The effect of the increase in the growth
att 

rate of the {Oll} form on the theoretical growth morphology is illustrated 

in Fig. 7. 

The second important factor determining the calculated growth morphology 

is the charge distribution within the carbonate ions. It is evident from 

the plots of the calculated electrostatic energies versus qo (Fig. 6), that 

the attachment energies of the various faces do not all show the same trend 

as the crystal energy. Moreover, the relative differences in E as a 
att 

function of qo appear to be very large. Fig. 7 presents the dependence of 

the theoretical growth form on the charge distribution. Yuen et al. (1978) 

show that the C+ 10;1 model is a good representation of the charge distri

bution within the carbonate ions. Combining this model with the enhancement 

of the relative growth rate of the {Oll} form results in the growth form, 

shown in Fig. 7e, as the conclusion of the present stUdy. 

In our calculations the charge on the calcium sites is kept constant at 

+21el and all oxygen atoms are supposed to have the same charge. Both 

assumptions are debatable. Pauling (1979) finds on the basis of the observ

ed diamagnetic anisotropy of the carbonate ion in calcite and aragonite 

that the Ca-O bonds are partly covalent. He arrives at a charge transfer of 

1.24 electrons to Ca 2+, which consequently has a resultant charge of +0.76 

lei. According to Hartman (1953) the Pb-O bonds in cerussite are more co

valent than the Ca-O bonds in aragonite, to which fact he attributes the 

observed differences in the -morphology of these minerals. The assumption of 

a partly covalent character of the bonds involves the incorporation of a 

broken bond model in addition to the electrostatic point charge model into 

the calculation of the theoretical growth morphology. The Coulomb energies 

are all reduced by the same factor when the charges on all atoms are re

duced by an equal percentage. Thus the theoretical growth forms, which are 

constructed on the basis of t~ relative differences in electrostatic E 
att' 

are identical, e.g. for the cal+c~+o~- and Ca 2 +C 1 +0 1 - models. If such a
3 3 

charge transfer from oxygen to calcium is accompanied not only by a change 

in the absolute value of the charges within the carbonate ions, but also 

by a change in their relative values, then the calculated electrostatic 

growth morphology will change. The incorporation of a broken bond model in

to the construction of the growth form of orthorhombic carbonates results 

in a more equidimensional habit, showing {020}, {110}, {002} and {Oll}; 
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the importance of the latter again depends on the assumed thickness of the 

elementary growth layer. 

Yuen et al. (1978) give slightly different values, -0.94 and -0.98Iel, 

for the two different oxygen atoms in aragonite. Since this difference is 

small in comparison with the estimated errors, and since these authors 

doubt its significance, the charges on all oxygen atoms are assumed to be 

equal in our study, which moreover facilitates the electrostatic energy 

calculations. Sahl (1974) states that in the case of cerussite this diffe

rence in charge is larger than in the case of aragonite. Whether this 

causes the observed differences in the morphology of these minerals cannot 

be decided on the basis of the present investigation. Starting from the 

crystal structure determination by Sahl (1974) the calculation of the theo

retical growth morphology of cerussite yields an almost identical set of 

growth forms as constructed for aragonite (Fig. 7). 

The theoretical growth m0rphology of niter, which is isostructural to 

aragonite, can also be derived from the present study. The estimated charge 

distribution is in between Kl+Nl+0~/3- and Kl+N2+0~-. The corresponding 

2+ 2+ 4/3growth forms are the same as those constructed for the Ca C 0 and
3 

ca2+c4+o~- models. Consequently the theoretical growth morphology of niter 

is more elongated along the c-axis than that of aragonite. 
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CHAPTER IX: 

THE MORPHOLOGY OF GEL GROWN CALCITE 

Abstract 

Two types of calcite crystals were grown in U-tubes filled with silica 

gel, through which 0.16M calcium chloride and ammonium carbonate solutions 

were brought together by diffusion. Crystals bounded only by cleavage rhom

bohedral faces were formed in the middle and lowest part of the tube. The 

morphology of crystals grown in the gel just below the CaC1 solution is
2 

also dominated by the cleavage rhombohedron {211}, but the steep rhombohe

dron {110} and the hexagonal prism {10l} are present as well. Both rhombo

hedra show a smooth surface, whereas the prism faces are striated and 

curved. These differences in surface structure can be explained by applying 

Hartman & Perdok's PBC theory to the calcite structure. PBCs are present in 

the directions <311>, <011> and <111>, which define {211} and {110} as the 

only two F forms; {10l} is an S form. 

1. INTRODUCTION 

Although the crystal structure of calcite is simple, its morphology is 

rich and complicated; Palache (1943) mentioned 328 certain crystal forms of 

calcite. This paradox can be explained by the fact that besides internal 

factors such as the crystal structure, external factors also affect the 

morphology. Sunagawa (1953) illustrated the relation between the crystal 

habit of calcite and the temperature of crystallization. Polk (1974) stated 

that the morphology of calcite is controlled mainly by the rate of crystal

lization, reflecting the degree of supersaturation, and the Mg 2 + and Na+ 

content of the precipitating waters. Kirov et al. (1972) reported its de
2+ 2

pendence upon the Ca IC0 ratio. MCCauley & Roy (1974) showed the effect
3 

of pH variations on calcite morphology. S6hnel & Mullin (1982) described 

the influence of Mg 2 +, Mn 2+, cr 3+ and P-. In addition to the multitude of 

crystal forms, calcite often shows morphological peculiarities such as vi

cinal faces, curved and striated faces. Impurities do not only modify the 

habit of calcite crystals, but can also affect the precipitating calcium 

carbonate phase. Although only calcite is thermodynamically stable at am
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bient conditions, aragonite and vaterite are also often formed in sponta

neous precipitation experiments. 

Before we can interpret the influence of impurities and other external 

factors on the morphology of calcite, we need to know the relation between 

its crystal structure and morphology. The PBC theory (Hartman & Perdok, 

1955; Hartman, 1973, 1979) enables us to deduce the theoretical growth form 

of a compound from its crystal structure. The theoretical growth form of 

calcite has only summarily been derived by Haseldonckx-Kok (1973), whose 

unpublished report has been the starting-point for the present study. Fur

thermore, the morphology of some gel grown calcites will be discussed in 

connection with the results obtained in the PBC analysis. 

2. EXPERIMENTAL 

2 . 1. Methods 

Crystals were grown in sodium silicate gel (Henisch, 1970; McCauley & 

Roy, 1974; Prieto et al., 1981). The experiments were carried out at a con

stant temperature of 21.0±0.2
o

C. Solutions were prepared using deionized 

water from a central system purified by means of a Millipore Milli-Q2 

system. All solutions were filtered through 0.22 ~m Millipore filters. 

A sodium metasilicate (Baker Analyzed Reagent) solution is acidified 

with 2M acetic acid (Merck zur Analyse) to a final pH of 7-8. This solution 

is poured into a U-tube. After setting of the gel, a O.16M calcium chloride 

(Merck Suprapur) solution is placed on top of it in one leg of the tube, 

while in the other leg a 0.16M ammonium carbonate (BDH AnalaR) solution is 

placed. The reaction takes place very slowly. After some months the 

crystals are separated from the gel and washed alternatingly in distilled 

water and iN NaOH (Merck zur Analyse) solution to remove adhering gel. 

The resulting dried crystals are observed by optical microscopy and sep

arated into various groups by means of handpicking. Guinier-de Wolff XRD 

patterns are obtained (ENRAF-NONIUS Guinier IV) for a portion of each 

group to enable identification of the phases. Samples of all groups are 

viewed with a Cambridge Stereoscan 600M Scanning Electron Microscope. In

terfacial angles of representative crystals of different morphologies are 

measured directly on SEM photographs, taken after rotating and tilting a 

crystal in such a way that an edge between two faces coincides with the 

optical axis of the microscope. 



127 

2.2. Results 

caC0 crystallized in two distinct places in the U-tube. The majority3 
of precipitates was fOrmed in the middle and horizontal part of the tube; 

a second accumulation of crystals developed in the upper part of the leg 

containing a calcium chloride solution on top of the gel. Both groups con

sist mainly of calcite, though globules of aggregated aragonite and/or va

terite are also present. The calcite crystals grown in the straight part 

of the tube between the legs differ both in size and morphology from the 

ones grown in the gel just below the calcium chloride solution. The former 

crystals are about 1 rom large and are bounded by cleavage rhombohedral 

faces only (Fig. 1). The latter crystals, however, are smaller (500-800 ~m) 

and show 18 faces (Fig. 2). Their morphology is dominated by six large 

smooth faces defining the cleavage rhombohedron {211} (indexing based on 

the smallest rhombohedral X-ray unit cell); six small smooth faces form 

the steep rhombohedron {110}; the remaining six striated and often curved 

faces constitute the hexagonal prism {10l}. Both types of calcite crystals 

are turbid due to the inclusion of silica gel (Henisch, 1970). 

2.3. Discussion 

As in the case of calcite crystals grown from aqueous solutions under 

low supersaturation, the cleavage rhombohedron {211} is usually the only 

form present on gel grown calcite crystals (Henisch, 1970; Barta et al., 

1971; Mccauley & Roy, 1974). Calcite crystals obtained by Prieto et al. 

(1981) as a by-product of the gel growth of calcium oxalate, however, ex

hibit a deviating morphology. In addition to flat {211} faces, these crys

tals show curved and striated regions corresponding to {2ll} and/or {543}. 

Kirov et al. (1972) grew calcite crystals with the method of counterdiffu

sion of calcium and carbonate ions in water. Varying both the ca2+/co~

concentration ratio and the degree of supersaturation in their experiments 

resulted in considerable changes in the morphology. The habit of calcite 

crystals grown at low supersaturations is determined by the steep rhombo
2+ 2- { }hedron {} at high Ca /C0 ratios and by the pinacoid 111 at low ra110 

3 
tios. When both ions are present in almost stoichiometric amounts, the cal

cite crystals are bounded by the cleavage rhombohedron {211} at low super

saturations, whereas at high supersaturations the rhombohedron {100} be

comes dominant. 
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Fig. 1. Caloite orystal grown in 
the horizontal part of a V-tube. 
The oleavage rhombohedron {211} is 
the only form present. 

a 

b 

Fig. 2. Two different views of the same oaloite orystal grown in the gel 
just below the oaloium ohloride solution. 
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The presence of {110} faces on the calcite crystals grown in the gel just 

below the calcium chloride solution, where the ca2+/co~- ratio is high, is 

in good agreement with the observations by Kirov et al. (1972). However, the 

surface structure of these faces is different in both studies. The {110} 

faces of our crystals are smooth, whereas those described by Kirov et al. 

(1972) are dull, striated and often curved. The latter authors also reported 

the occurrence of {10l} on one of their crystals, but did not describe its 

surface structure, which is curved and striated for our crystals. 

Since the surface s~ucture reflects the growth mechanism of a crystal 

face, we must first derive the growth mechanisms of the different crystal 

forms from the calcite crystal structure. 

3. QUALITATIVE PBC ANALYSIS 

3.1. Introduction 

In the PBC theory (Hartman & Perdok, 1955; Hartman, 1973, 1979) crystal 

growth is looked upon as the formation of strong bonds between crystalli
2zing units, ca + and co~- ions in the case of calcite. Periodic Bond Chains 

(PBCs), defined as stoichiometric uninterrupted chains of strong bonds, are 

present in only a limited number of directions in a crystal structure. Ha

ving established the PBCs in a given structure, the crystal faces can be 

classified in three types according to the number of PBCs present within a 

slice of thickness ~kl: 

- F or flat faces, which contain at least two PBCs and grow according to a 

layer mechanism; growth steps on such faces are parallel to PBC direct

ions; 

- S or stepped faces, which contain only one PBC; only one-dimensional nu

cleation is needed for growth; a corrugation perpendicular to the PBC di

rection is often present on such faces; 

- K or kinked faces, which do not contain any PBCs; they grow continuously 

resulting in rough surfaces. 

3.2. Calcite structure, PBCs and F faces 

The present analysis starts from the crystal structure determination by 

Chessin et al. (1965), which has been transformed to a rhombohedral cell. 

Cell and atomic parameters are given in Table 1. Each calcium ion is, in 

its first coordination sphere, surrounded by six oxygen atoms from distinct 
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Table 1 

Calcite cell parameters and atomic coordinates in a rhombohedral axial 

system, transformed from the hexagonal cell given by Chessin et al. (1965) 

x y z x y z 

Cal 0 0 0 02 ~ 0.4929 0.0071 

ca2 ~ ~ ~ 03 0.0071 % 0.4929 

Cl ~ ~ ~ 04 0.5071 0.9929 ~ 

C2 ~ ~ % 05 \ 0.5071 0.9929 

01 0.4929 0.0071 ~ 06 0.9929 ~ 0.5071 

a : 6.3576 ~ ct 46.214
0 

S.G. : R3c 

c0
3
2-

groups. Each oxygen atom is bonded to two calcium atoms at interatomic 

distances of 2.356 ~ and one carbon atom at 1.283 R. The latter internal 

bond in the carbonate ion exists prior to the crystallization process, 

which can therefore be described as the formation of bonds between ca 2 + 

and c0
2-

ions. All such bonds occurring within a unit cell are listed in
3 

Table 2, in which the carbonate ions are represented by their central C 

atoms. 

Table 2 

Bonds between calcium (Ca) and carbonate (C) ions, formed during crystalli

zation; indices following the index number of the ions denote the transla

tion direction [uvw] to adjacent cells 

Cal Cl,100 Cl,010 Cl,OOl C2,011 c2,Ioi C2,110 

Ca2 Cl,010 Cl,100 Cl,OOl c2,oIo c2,Ioo C2,001 

Cl Cal,100 Cal,010 Cal,OOl ca2,OIO ca2,IOO Ca2,001 

c2 Ca 1,011 Cal,101 Cal, 110 Ca2,010 Ca2,100 Ca2,001 
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The primitive PBCs are determined by enumerating all possible combina

tions of bonds from this list. From these chains complete PBCs, i.e. stoi

chiometric and possessing no dipole moment perpendicular to their respect

ive directions, can be constructed parallel to only three directions: 

<all>, <111> and <311>. Stoichiometric chains can also be found along other 

directions, but none of these satisfies the nonpolarity condition. 

The cleavage rhombohedron {211} and the steep rhombohedron {all} result 

as the only two F forms of calcite. In order to show and discuss the PBC 

and F slice configurations the three directions containing PBCs are dealt 

with successively. 

3.3. The <all> direction 

This direction is parallel to the longer diagonal of the cleavage rhom

bohedralfaces and to the c-o bonds in the carbonate ion. It runs parallel 

to a twofold rotation axis and perpendicular to the threefold axis and a 

c-glide plane. Its translation period of 4.990 ~ is the shortest of all 

directions in the calcite structure. The simplest PBCs in this direction 

consist of one calcium and one carbonate ion, e.g.: 

Cal cl,oIo Cal,oIl 

Cal c2,IIo cal,011 

These chains are polar perpendicular to [011], but can be developed into 

complete PBCs, which contain the full unit cell content and are nonpolar. 

As described by Heijnen (1982) for several PBC directions in the calcium 

oxalate trihydrate structure, such nonpolar complete PBCs can only be con

structed, if some of the additional ions, situated on the boundary between 

two adjacent chains, are statistically divided. In this way two groups of 

PBCs, [all] and [011] , are found with either calcium or carbonate ions 
a b 

statistically divided. Six chains are schematically presented in Fig. 3 

and drawn in a projection along [all] in Fig. 4. A symmetrically equivalent 

set of PBCs can be constructed as well, but is not given here. 

In Fig. 4 are drawn all bonds emanating from the constituent atoms of 

the PBCs. Heavy solid lines represent bonds within the chains between atoms 

which form part of all three PBCs within a group, whereas heavy dashed 

lines indicate the three possible choices of statistically divided border 

ions as given in Fig. 3. Thin solid lines depict bonds to atoms belonging 



132 

(J) 
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, 1 / (J) 
", I // 

'1/
Ca 1.000 ---03,010 Ca 1 oi 1 \ ' 
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/ 1 , 
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/ 1 ,
 

/ 1 ,
 

,,/ I " 

"Cl,OOO :,cl.iol "Cl,ll0 
CD CZl (J) 

Fig. 3. Schematic configuration of PECs II [011]: heavy solid lines 
are internal bonds in the carbonate ions; thin solid lines, Ca-O 
bonds formed during crystallization; dashed lines, possible choices 
of statistically divided border ions; the statistically divided 
carbonate groups in [011]b are represented by their central carbon 
atom only. 

to neighbouring PBCs. The resulting connections to adjacent PBCs define 

the possible F slices: d d (a) and d (b). The PBCs can also be211 , 011 011 
linked with each other to form d and d slices, which, however, should

111 100 
be halved to d and d , respectively due to the space group symmetry;

222 200 
these halved slices do not contain any PBCs. 

The elementary growth layer of the cleavage rhombohedron {211} has a 

very flat surface (Fig. 4). Two different F slices, d (a) and d (b)'
011 011 

have been established for the steep rhombohedron. They are shifted with 

respect to each other by a distance ~dOll. The d (a) growth layer has a011 
slightly undulated surface structure (Fig. 4); its borders are composed of 

Ca atoms, whereas the central part of the slice contains carbonate groups 

only. The d (b) slice, however, has a more undulated surface winding be
011 
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• 

, 

/~~ 
d 011(a) 

- ,
2,011 , , 

, 0,, , 

,

e-e-.'" 

o 

o 

\ 

\ ~ \ 
" ~011(b)" 
_\ ~ • \ ?' ~-, d211 ,~~ 

o  -.e(. '\ IL----
Fig. 4. Projection along [011]: A =PBC [011]a; B = [011]b; subscripts r 
and h indicate rhombohedral and hexagonal unit cells, respectively; solid 
squares are Cal atoms; open squares Ca2; small circles C atoms; large cir
cles 0 atoms; filled circles carbonate groups containing Cl; open circles 
carbonate groups with C2; heavy solid lines represent bonds within the 
PBCs; heavy dashed lines, bonds to statistically divided border ions; thin 
solid lines bonds to adjacent PBCs; thin dashed lines slice boundaries. 
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tween carbonate groups; the calcium atoms constitute the central part of 

this slice. Two additional F slices can be defined, which are not further 

considered here, since they are symmetrically equivalent to d (a) and
011 

d (b) via either a twofold rotation axis or a centre of symmetry. Hartman
011 

& Heijnen (1983) and Heijnen & van Duijneveldt (1984) recently pointed out 

the consequences of the existence of different slices of one F form for the 

growth mechanism of such an F form. A determining factor is whether the 

layer with thickness ~d011' which is the difference between the two slices 

d (a) and d (b)' has the character of a slice of an F face. It is evi
011 011 

dent from Fig. 4 that this is not the case. Therefore growth occurs in 

slices with thickness dOll' if one slice is more stable than the other. In 

order to evaluate the relative stability of the dOll slices, surface energy 

calculations have been carried out, which will be presented in the next 

section. 

3.4. The <111> direction 

This direction is parallel to the shorter diagonal of the cleavage rhom

bohedral faces. Its translation period is 8.082 ~. Along <111> the distance 

between successive calcium atoms, or successive carbon atoms of the carbo

nate groups, is shorter than in any other direction in the calcite struct

ure. 

Four complete PBCs parallel to [111] are obtained from the enumeration 

of all possible chains starting from the list of bonds given in Table 2. 

Two of these can be transformed in each other via a centre of symmetry. The 

remaining three different chains are schematically given in Fig. 5 and 

drawn in a projection along [111] in Fig. 6. 

Each type of PBCs can be mutually connected to define the d F slice.
l12 

In addition, PBCs [111]b can be linked with each other to form d (a) and
101 

d (a) F slices; d (b) and d (b) F slices can be constructed using
011 101 011 

[111] or [111] PBCs. Being parallel to <011> and perpendicular to <111>, 
a c 

the undulation of the slice boundaries is more manifest in the [011] pro

jection (Fig. 4), whereas it is more difficult to indicate in the [111] 

projection (Fig. 6). The average boundary positions given in Fig. 6 suggest 

a flat surface of the {011} growth layers. The real surface, however, winds 

between successive carbonate groups or calcium atoms, which lie above each 

other in this projection. The two d (b) slice configurations, which are
101 



135 

03,020 02,i21 
.......... .,/


c2,i20 

I 
[111] a: Ca1,000---04,110---Ca2,110-__01,110-----.Ca1,111 

I 
C 1,100 

./' ..........
 
Os,i01 06,200 

Ca 1,000--_0 4,iio 06,200---Ca 2,200----0 1,200 0 2,211----->Ca 1,ii1 
.......... ,.,/	 .......... /'


C1,100	 C 2,210 

I ,	 I 
OS,101	 03,iio 

01,200 

L 
C 2,210
 

[111]c: Ca1,000---,OS,0Ii 06,iio---ca2,iio--_03,li~ "o2,211--.ca1,ii1
 
.......... /'


c1,oio 

I 
04,020 

Fig. 5. Schematic configuration of PEGs II [111]. Symbols as in
 
Fig. 3.
 

defined by either the [111] or the [111] PBCs are symmetrically equiva
a c 

lent. 

Recapitulating, the {011} form of calcite is built up of an alternation 

of Ca 2 + layers and C0 2 
- layers. The present PBC analysis results in two

3 
different possibilities for the outermost surface structure; it is composed 

2of either half a ca + layer or half a CO~- layer. For both surfaces two 

symmetrically equivalent configurations can be constructed. 

3.5. The <311> direction 

This direction is parallel to the edges of the cleavage rhombohedron. 

Its translation period is 12.842 ~. Only one PBC exists parallel to [311]; 

its composition is schematically given in Fig. 7. A structure projection 

along [311] is not presented for two reasons. First, Cal, Cl,100, ca2,200 

and C2,300 are all situated exactly above each other in the [311] direc

tion, which causes the structure projection to become obscure. Secondly, 

the only F form, which results from interconnecting the [311] PBCs, is the 
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cleavage rhombohedron {211}, which has already been discussed in the pre

ceding sections. 

4. QUANTITATIVE DERIVATION OF THE GROWTH ~10RPHOLOGY 

Now that the F forms have been established, two further questions re

main to be answered. First, which is the more stable slice configuration 
2

for the {Oll} form, the one with the Ca 2+ surface or the one with the C0
3 

surface? Secondly, what is the morphological importance of {011} as com

pared with {211}? 

Energy calculations have therefore been carried out in an electrostatic 

point charge model using Woensdregt's (1971) computer programme ENERGY. 

Details concerning this method and its application to various minerals are 

given by Hartman (1973, 1979), 't Hart (1978, 1979), Woensdregt (1983) and 

Heijnen & van Duijneveldt (1984). Following Hartman & Bennema (1980) the 
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Fig. 7. Schematic configuration of PEG II [311]. Symbols as in Fig. 3. 

relative growth rate of a crystal face with an F character is assumed to be 

directly proportional to its attachment energy, E , defined as minus the 
att

energy released per molecule, when a new slice with thickness d crystal
hkl 

lizes on an already existing crystal face (hkl). The slice energy, E , is
sl 

defined as minus the energy released per molecule, when a new slice d
hkl 

is formed from vapour, neglecting the influence of edge energies. The 

crystal energy, E ' is defined as minus the energy released per molecule, 
cr 

when a crystal is formed from the crystallizing units. These three energies 

are related by: 

E = E + E (1) 
cr sl att 

The calculations have been carried out for three different charge dis
-2 0 +1 -1 +4 -2

tributions within the carbonate ion, namely C 03' C 03 and C ° , and
3 

taking a charge of +2 e on the Ca sites. Being parabolic functions of the 

charge on the oxygen atoms, the energies for any four-centre charge dis

tribution of the carbonate ion can be easily derived from the results given 

in Table 3. 

If the complete carbonate group is considered as a single point charge 

of -2 e situated at the central carbon atom, the attachment energies for 

the two different {Oll} slices are equal (Table 3). In this case {Oll} is 

a K form instead of an F form, because the layer between two successive 

configurations with a minimum surface energy does not contain any PBCs. 

The theoretical growth form is then the only remaining F form, the cleavage 

rhombohedron {211}. 

However, the above simplified charge distribution for the carbonate ion 

is no more realistic than a completely ionic one. A better approximation 

seems to be the C+ 10;1 model arrived at by both Yuen et al. (1978) and 

Effenberger et al. (1981) on the basis of different theoretical chemical 
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Table 3 

Attachment energies and crystal energies for the three different charge 

distribution models. The last two columns give E and Y, calculated for 
s 

the C+ 10;1 model. 

+1 -1
Face Energy (kJ/mol) modelC 03 

C- 20O 
3 

+1 -1 
C 03 

+4 -2 
C 03 E (kJ/mol)

s 
Y (mJ/m 2 ) 

211 -231.2 -266.8 -359.9 -264.6 -1089 

011 (a) 

011 (b) 

E 
cr 

-656.6 

-656.6 

-2977.8 

-693.8 

-809.2 

-3163.7 

-764.8 

-1039.7 

-3447.0 

-677.8 

-831. 3 

-3547 

-4351 

considerations. Taking a charge of -0.98 e at the oxygen sites, Yuen et al. 

(1978) obtained a value of -3165 kJ/mol for the lattice Coulombic energy; 

using the same charges in the present study results in -3159 kJ/mol, which 

is in fairly good agreement. In the C+ 10;1 model the two {011} slices have 

different attachment energies (Table 3). According to Hartman & Heijnen 

(1983) the relative areas, x and ~, occupied respectively by the d (a)
a 011 

surface containing Ca 2+ and the dO 11 (b) surface containing CO~-, depend on 

the surface energies. The calculated surface energies per mole, E ' and the 
s 

specific surface free energies, Y, both with respect to vacuum, are given 

in Table 3. Since the interaction of the surrounding aqueous solution with 

the crystal surface is not taken into account in our computations, the cal

culated y's differ considerably from the estimation of y = 120 mJ/m 2 

(S6hnel & Mullin, 1982), which is 0.11 times the calculated y for the {211} 

form. We assume that the same correction factor can be applied to the sur

face energies per mole, leading to E~ = 0.11 E ' Assuming a Boltzmann type
s 

of distribution for the occupation of the {011} surface, the relative areas 

can be calculated from: 

-1 
x =l-x = {1+exp[(E'b- E ' )/RT] } (2)

a b s sa 

Taking RT = 2.5 kJ/mol results in x = 0.999 and x = 0.001, so that the 
a b 

d (a) slice is the more stable one; crystal growth will consequently take 

place in layers of thickness dOll' 
011 
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On the theoretical growth form for the C+ 10;1 model constructed with 

Wulff's (1901) method, in which the distance from the central point to each 

face is taken directly proportional to the absolute value of its attachment 

energy, the cleavage rhombohedron {211} is the only form present. 

5. DISCUSSION 

The majority of the frequently observed calcite crystal forms is concen

trated in three zones: <311>, which is the richest zone, <111> and <all> 

(Niggli, 1941). These are the only directions parallel to which PBCs are 

present in the calcite structure. In contrast to Prieto et al. (1981), who 

stated that the cleavage rhombohedron {211} is the only possible F form in 

calcite, the present study has shown that two F forms can be found: {211} 

and the steep rhombohedron {all}. By means of energy calculations the theo

retical growth form has been constructed, which is determined by {211} only. 

This is in fair agreement with the observation that {211} is by far the 

most frequently occurring crystal form of calcite. Departures from this 

structure-derived morphology should be explained by external factors such 

as the presence of impurities during crystallization. On the basis of the 

present PBC analysis the growth mechanism, and consequently the most likely 

surface structure, of the other crystal forms can be determined as well. 

Besides {211}, only {all} is expected to grow according to a layer mecha~ 

nism and therefore to show a smooth surface. If present, the remaining 

forms, having S or K character, could show rougher surfaces. 

In the light of the above considerations the surface structure of the 

three crystal forms exhibited by our gel grown crystals can be explained. 

Those crystals, which are bounded by cleavage rhombohedral faces only 

(Fig. 1), with all edges parallel to <311>, do indeed show smooth surfaces. 

The morphology of the second type of crystals (Fig. 2) consists of a com

bination of the cleavage rhombohedron {211}, the steep rhombohedron {all} 

and the hexagonal prism {I01}. The edges between the crystal faces are pa

rallel to either <311> or <111>. In accordance with their F character both 

rhombohedra exhibit smooth surfaces, although on {all} some macrosteps pa

rallel to <111> are present (Fig. 2b). The {101} form is the S form with 

the largest interplanar spacing d . Different S surface profiles can be
hkl 

constructed parallel to both <311> and <111>. The {I01} faces show coarse 

striations parallel to <111> and possibly consist of an alternation of the 
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2+ 2
two adjacent steep rhombohedral faces. A high Ca IC0 concentration ratio

3 
apparently favours the surfaces containing <111> PBCs at the expense of 

those containing <311> chains. If {lOl}had shown striations parallel to 

<311>, it would have been more difficult to understand why these prism 

faces interjacent to two cleavage rhombohedral faces do occur on the 

crystals. 

Whether surface reconstruction of the {Oll} faces takes place, as occurs 

on the related halite {lll} faces, is not sure. A simplified presentation 

of the calcite structure is often given as an NaCl structure slightly com

pressed along one of the three-fold rotation axes. Due to the loss of sym

metry accompanying this compression, the halite {lll} octahedron cor

responds with two calcite forms, which are not symmetrically equivalent: 

the steep rhombohedron {Oll} and the pinacoid {lll}, of which only the 

latter is perpendicular to a three-fold axis. For halite {lll} the surface 

energy repeat distance is d and it consequently does not show F charac
222 

ter. The calcite {Oll} form, on the contrary, is an F form since the Ca 2+ 

and C0
2-

surfaces have different surface energies due to the fact that the
3 

carbonate ion cannot be simplified to a single point charge. 

Hartman (1978) attributed habit changes of calcite to external factors. 

In addition to the structural cell (R3c; Z = 2) a cell determining the 

growth process can be defined. The symmetry and content of the latter de

pend on whether the Ca 2 + ion and the two differently oriented co~- ions 

can be distinguished in the growth process. If so, the X-ray cell and the 

cell operating in the growth process are identical. In order to predict the 

morphological importance of the various crystal forms Hartman (1978) 

applied the Donnay-Harker law (Donnay & Harker, 1937) on this cell. This 

law states that the larger the interplanar distance d of a crystal form
hkl 

{hkl}, the more important that form is for the crystal morphology. In the 

determination of the ~kl values submultiples due to space group symmetry 

have to be taken into account following the same rules as the systematic 

extinction of diffracted X-rays. The four most important forms are then in 

order of decreasing ~kl: {Oll}, {211}, {222} and {101}. If the Ca 2+ and 

CO~- ions can be considered as point charges and therefore as identical, a 

smaller cell suffices to describe the growth process. In that case appli

cation of the Donnay-Harker law results in the sequence: {211}, {101}, 

{022}, {332}. This halving of dOll also appeared in the section on energy 
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calculations in the present paper, in which it was concluded that for the 
-2 0

C 03 charge distribution model the surface energies of the two dOll slices, 

differing in height by ~dOl1 are equal. So both studies indicate a tendency 

of the {011} form to increase in morphological importance with increasing 

difference in behaviour of the Ca 2+ ions with respect to the CO~- ions. 

When calcite crystallizes at low supersaturation from a stoichiometric 

aqueous solution, both ions behave largely as point charges, resulting in 

{211} as the only crystal form. When under high supersaturation or in the 

presence of impurities, they become more distinguishable, {011} will appear 

on the crystals. 
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CHAPTER X: 

CATHODOLUMINESCENCE ACTIVATION AND ZONATION IN CARBONATE ROCKS: AN 
EXPERIMENTAL APPROACH 

Abstract 

Calcite crystals have been grown with the objective of studying the 

cathodoluminescence (C.L.) characteristics. No trace elements other than 

Mn 2 + were needed to activate luminescence similar to that observed in 

natural carbonates. C.L. observations, combined with Mn and Fe analyses of 

synthetic crystals, natural calcites and dolomites, show that: 

1.	 15-30 ppm and 30-35 ppm Mn is sufficient to activate luminescence in 

calcites and dolomites, respectively. 

2.	 The intensity of luminescence is controlled by the absolute amount of 

Mn 2 + and not by the Fe 2 +/Mn 2+ ratio. 

Both conclusions are valid provided Fe concentrations are low « 200 ppm). 

3.	 Luminescent zonation, common in synthetic and natural carbonates, re

flects differential Mn 2 + uptake during growth, caused by: 

a. changes in the Mn 2 + concentration of the precipitating fluid, or 

b. changes in the rate of crystal growth independent of the Mn 2 + con

centration in the fluid. 

The latter process has not been considered sufficiently in former C.L. 

studies, but will have important consequences for interpretation of lumi

nescence features: e.g. definition of the geochemical history of pore 

fluids by characterisation of the rock's C.L., may not always be justified. 

Specifically, the concept of cement stratigraphy (i.e. correlation of si 

milar luminescent colours or intensities) should be handled with care and 

only applied when it can be demonstrated that the zones are the result of 

bulk geochemical changes in the pore fluids and not merely 'of differences 

in crystal growth rate. Tentative criteria for such a differentiation are 

discussed. 
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1. INTRODUCTION 

Cathodoluminescence (C.L.) microscopy has become an extremely powerful 

and essential tool in the investigation of carbonate sedimentary rocks 

(Nickel 1978; Richter & Zinkernagel 1981; Amieux 1982; Miller, in prep.). 

Many petrographical and diagenetic features are revealed by cathodolumi

nescence, whereas they often remain invisible using conventional trans

mitted light microscopy. The method of cathodoluminescence microscopy in

volves electron bombardment of an uncovered thin section or rock slab in 

an evacuated sample chamber. This results in emission of electromagnetic 

radiation including visible light, characteristic for the material being 

bombarded. Luminescence in carbonate rocks generally exhibits yellow

orange-red colours (540-675 nm wavelength) and is caused by the presence 

of trace elements. Manganese is known to be the most effective activator 

of luminescence in calcites and dolomites, whereas Fe is regarded to be a 

quencher of luminescence (Long & Agrell 1965; Smith & Stenstrom 1965; 

Sommer 1972). 

Interpretation of C.L. observations is, however, severely impaired by 

various uncertainties: 

- What is the minimum Mn 2 + concentration necessary to activate luminescence 

in carbonate minerals? 

Does the luminescence intensity depend on Mn 2+ concentration only, or is 

it controlled by the Mn 2 +/Fe 2 + ratio? 

- How does luminescence (i.e. trace element composition of the rock) relate 

to the trace element composition of the precipitating fluids? 

- What is the cause of luminescent zonations so often observed in calcites 

and dolomites? 

Various publications dealt with these uncertainties, all approaching them 

in a similar way by first establishing the luminescence of the rock and 
2subsequently analysing its Mn +, Fe 2 + content. However, no consensus exists 

and the minimum amount of Mn 2 + necessary to activate luminescence is most 

commonly reported to be between 100-1000 ppm (Pierson 1981; Frank et al. 

1982; Fairchild 1983). It is usually assumed that the luminescence of a 

rock reflects the trace element composition of the fluid from which it pre

cipitated. This led many investigators to conclude that the geochemical 

history of pore fluids (e.g. redox potential) could be defined by studying 

the luminescent characteristics of the carbonate minerals (Carpenter & 
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Oglesby 1976; Frank et al. 1982; Grover & Read 1983). This assumption has 

been specifically applied to the frequently observed luminescent zoning 

in carbonate minerals. This promoted the introduction of the concept of 

cement stratigraphy as one of the most promising applications of C.L. in

vestigations (Meyers 1974, 1978): similar luminescent colours or intensi

ties are correlated between samples over large distances to delineate re

gional cementation patterns. 

Extensive C.L. investigations carried out at KSEPL (Koninklijke/Shell 

Exploratie en Produktie Laboratorium) on a variety of carbonate rocks, 

provided arguments to consider alternatives to various published inter

pretations of C.L. patterns. To enhance our understanding of luminescent 

features in carbonates, KSEPL and the Department of Crystallography of the 

Instituut voor Aardwetenschappen, University of Utrecht, engaged on a 

joint project to investigate, by experimentation, the existing interpre

tive uncertainties. Utrecht carried out some fifty calcite growth experi

ments in solutions with varying Mn 2 + concentrations and KSEPL stUdied the 

resulting crystals by C.L. microscopy. The objective was twofold: 

1.	 To gain a better insight into both cathodoluminescence activation and 

zonation in carbonate minerals. 

2.	 To compare the experimental results with existing data of natural car

bonates. 

By using an experimental approach, our line of investigation differs con

siderably from previous studies. Additionally, it has the advantage of 

being able to control the geochemical composition of the precipitating 

fluid, therefore reducing the effect of other trace elements which possi

bly influence luminescence (Machel, in press) . 

2.	 METHODS 

2.1. Crystal growth 

Two different experimental methods have been used to grow calcite 

crystals: 

1.	 solution growth 

2.	 gel growth 

The solution growth experiments, numbering about 40, were carried out 

following Gruzensky's (1967) method which has been slightly modified. 

4.8 g CaCI ·4H 0 (Merck Suprapur) is dissolved in 200 ml water (deionised
2 2
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water purified by means of a Millipore Milli-Q2 system); 40 g NH CI (Merck
4


Suprapur) is added in order to increase the solubility of CaC0 in water.

3 

Manganese is in most cases introduced, by adding MnCI °4H 0 (Merck Zur Ana
2 2

lyse). The initial Mn 2+/Ca 2+ concentration ratio is varied in the range 

0-0.002. This solution is filtered through a 0.22 ~m Millipore filter to 

remove small particles, which might otherwise enhance nucleation. The fil 

trate is put into a 250 ml Erlenmeyer flask. A glass tube filled with 

ammonium carbonate (BDH AnalaR) is placed on top of this flask, separated 

from it by a tap. The assembly (Fig. la) is then transferred to a thermo

statically controlled room kept at a constant temperature of 2100 ± 0.2
o

C. 

The tap is slightly opened after a few hours, allowing vapour phase diffu

sion of partly dissociated ammonium carbonate to the unstirred solution. A 

few days later transparent crystals form, attached to the wall just below 

the surface of the solution. The crystals subsequently increase both in 

size and in number. In addition, a cluster of small crystals usually 

appears floating on the solution. The experiment is stopped when small 

white (hemi)spheres can be seen in the flask (in most cases after about 

12 days). The solutiOn is then filtered through a 0.45 ~m Millipore filter. 

The precipitate is rinsed twice with water and once with ethanol. After 

drying, the crystals are observed by optical microscopy and separated into 

various groups by means of handpicking. 

The second experimental method used for the remaining 12 experiments is 

gel growth (Henisch 1970; McCauley & Roy 1974; Prieto et al. 1981; Garcia

Ruiz 1982). A sodium metasilicate, Na Si0 °9H 0 (Baker Analyzed Reagent),
2 3 2


solution is acidified with 2M acetic acid (Merck Zur Analyse) to a final
 

pH of 7-8. This solution, to which MnCl 04H 0 is in most cases added, is
2 2

poured into a U-tube (Fig. lb). After gelation a 0.16M calcium chloride 

solution is placed on top of the gel in one leg of the tube, while in the 

other leg a 0.16M ammonium carbonate solution is placed. The reaction 

takes place very slowly. After a few months the crystals were separated 

from the gel by handpicking and washed alternatingly in distilled water 

and 1N NaOH solution to remove adhering gel. 

In order to investigate the effect of changes in the Mn 2 + concentration 

of the precipitating fluid on the C.L. characteristics of synthetic calcite 

crystals, several twin growth experiments were performed. Two experiments, 

A and B, were carried out simultaneously, both starting off with the same 
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Fig. la. Apparatus for growing calcite crystals from 
solution; l=ammonium carbonate; 2=tap; 3=aqueous solution 
containing NH4Cl+CaCl204H20 ± Mn Cl204H20; 4=site where 
the first calcite crystals are formed. 

Mn 2+ concentration in the solution or gel. When visible crystals were 

formed, an extra amount of Mn 2+ was added to experiment B. In the case of 

solution growth, we introduced 1 ml of a MnC1 04H 0 solution directly to
2 2

the precipitating solution, whereas in gel growth experiments a Mn 2+ con

taining solution was added to the leg containing the CaC1 solution. After
2 

this both experi~ents were continued as described above. 
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~ Silica gel 

r===::l 
~ Aqueous solution 

Fig. lb. U-tube used in gel growth experiments; 
l=calcium chloride solution; 2=ammonium carbonate 
solution; 3=portion of the tube where the first 
calcite crystals are formed; 4=site where secondary 
crystallization occurs. 

2.2.	 Characterisation 

The following methods were applied: 

-	 Guinier-De Wolff X-ray diffraction patterns were obtained (ENRAF-NONIUS 

Guinier IV) for a portion of the crystals of each experiment to enable 

identification of carbonate minerals. 

Mn and Fe analyses of calcite crystals were carried out using atomic ab



149 

sorption spectrometry (Perkin-Elmer 460) on circa 50 mg sample dissolved 

in 5 ml 1:19 HCl solution. 

- Representative crystals of different morphologies were studied with a 

Cambridge Stereoscan 600M scanning electron microscope. 

- About 8-10 representative crystals of every experiment were selected for 

C.L. investigation. They were split into two groups of which either one 

thin section and one impregnated block or two impregnated blocks were 

prepared. The blocks/thin sections were carefully cut until a good 

section through the crystals was obtained. Occasionally they were slight

ly polished. The samples were subsequently investigated in a Nuclide 

ELM-2BX luminoscope equipped with a SM Lux Pol microscope. The operating 

conditions were 14 kV accelerating voltage, 140 mtorr vacuum and 0.2-0.5 

rnA current. Photographs were taken with a Leitz photomultiplier system 

using both slides (Ektachrome 400 ASA) and prints (Kodacolor 1000VR). 

C.L. intensities were visually estimated, always by the same observer. A 

second indication of the intensities was derived from the exposure times 

used in making the photographs. 

3. CRYSTAL MORPHOLOGIES 

The solution-grown crystals have been subdivided into three groups: 

1. Very clear, transparent calcite crystals with shiny faces and a diameter 

of 0.3-0.7 rom. The cleavage rhombohedron is usually the only crystal form 

present (Fig. 2a). 

2. White (hemilspheres or globules, which only developed in the very last 

stage of crystal growth. XRD analyses showed these to be aggregates of very 

small aragonite and/or vaterite crystals. The vaterite spheres (Fig. 2b) 

consist of plates, whereas the aragonite spheres (Fig. 2c) are more massive 

and Show a surface composed of needles. The (hemi) spheres often have one 

smooth plane, which was situated against the wall of the flask during 

growth. 

3. The remaining material, i.e. aggregates of globules and rhombohedra 

grown together, and less perfect calcite crystals, some of which show non

singular crystal faces in combination with the rhombohedral faces (Fig. 2d 

+ e). The latter type of similar morphologically curious crystals was also 

described by Prieto et al. (1981) as a result of growth in silica gel at 

very low concentration gradients. They could not preclude the presence of 
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Fig. 2. a) solution grown calcite rhombohedron (scale bar is 200 wm) 
b) solution grown vaterite globules (scale bar is 100 wm) 
c) solution grown aragonite hemisphere (scale bar is 100 ~m) 

d,e) two views of the same solution grown calcite crystal showing curved 
faces (scale bar is 200 wm) 

f) calcite crystal grown in gel with high Ca2+/CO~- concentration ratio 
(scale bar is 200 ~m) 
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silica gel as a possible cause of the nonsingular crystal faces. We propose 

that this deviating morphology is a consequence of crystal growth in an 

unstirred solution with a complicated pattern of convection flow and 

diffusion flux. 

The gel-growth experiments furnished two different types of calcite 

crystals: 

1. Crystals grown in the middle and lowest part of the U-tube, indicated 

by the number 3 in Fig. lb. They are bounded by cleavage rhombohedral faces 

only, but differ from solution-grown rhombohedra in size (being about rom) 

and in being turbid when observed in optical microscopy. This turbidity is 

due to the inclusion of silica gel (Henisch 1970). 

2. Crystals grown in the upper part of the leg containing a calcium chlo~ 

ride solution on top of the gel. That portion of the tube is indicated by 

the number 4 in Fig. lb. They are smaller and show 18 faces (Fig. 2f). 

Their morphology is dominated by six large smooth faces defining the clea

vage rhombohedron {10Il1 ; six small smooth faces form the steep rhombohe

dron {0221}, whereas the remaining six striated faces constitute the hexa

gonal prism {1120}. The occurrence of {0221} agrees with the observation 

of Kirov et al. (1972), who found this form present on calcite crystals 

grown from a solution with an excess of Ca 2+ ions. The total amount of this 

type of calcite crystals formed is too small to allow analysis for Mn and 

Fe by means of AAS. 

4. CATHODOLUMINESCENCE RESULTS AND DISCUSSION 

4.1. Cathodoluminescence activation 

4.1.1. Resu~ts 

Each individual calcite crystal produced in a particular experiment is 

assumed to have the same average Mn and Fe content, as determined by means 

of AAS, using a large representative sample of crystals. This assumption is 

founded on two experimental measurements. Firstly, all 8-10 crystals in a 

thin section show similar C.L. intensities. Secondly, Mn analyses of seve

ral individual crystals from one experiment by means of instrumental neu

tron activation analysis (INAA) at I.R.I. (Delft) (Heijnen, in prep.), in

dicated that the variation in Mn content of different crystals remains 

within 25% of the average value. 

The results of Mn-activated luminescence in the synthetic calcites are 
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summarized in Fig. 3, which presents the luminescence characteristics of 

the crystals in relation to their Fe and Mn concentration. Although we used 

the purest chemicals available, the Merck Suprapur CaCl 04H 0 still con2 2
tains about 3 ppm Mn and 7 ppm Fe, whereas in the Suprapur NH CI no detect

4
able amounts of these metals are present. Due to this contamination, even 

crystals grown from solutions to which no MnCl 04H 0 was added, still con2 2

tain 4-10 ppm Mn and 10-50 ppm Fe, showing however no luminescence. Two
 

conclusions can be drawn: 

1. 15-30 ppm Mn 2+ is sufficient to activate luminescence. 

2. Intensity of luminescence increases with increasing Mn 2+ concentration 

up till about 200 ppm. 

Both conclusions are only valid for the low « 200 ppm) Fe concentrations 

present in the synthetic crystals. 

4.1.2. Discussion 

The experiments were conducted in such a way that Mn 2+ concentrations in 

the calcite crystals showed as wide a variation as possible (4-8646 ppm) , 

whereas Fe concentrations were kept low (10-157 ppm). At these Fe concen

trations no quenching effect has been observed. Hence, the suggestion of 

Frank et al. (1982) that luminescence is controlled by the Fe/Mn ratio 

rather than the absolute amounts of Mn 2+ is not supported by the data ob

tained from synthetic calcites. 

By using very pure chemicals, the influence of other trace elements was 

minimised. It has been argued that other trace elements such as Pb 2 +, Ce 2 + 

(as activators and/or sensitisors) and Ni 2+ (as a quencher) influence lumi

nescence in carbonates (Machel, in press). It should be pointed out that 

our experiments show luminescence to be exclusively activated by Mn 2 +, with 

no other trace elements being present besides Fe. Calcite crystals grown 

from a solution to which Pb 2+ instead of Mn 2+ was added, did not show any 

luminescence. 

The minimum Mn 2+ concentration necessary to activate luminescence varied 

slightly between the two types of crystals grown. Solution-grown crystals 

invariably showed luminescence when more than 15 ppm Mn was present, whilst 

gel-grown crystals needed higher Mn concentrations. This could be explained 

by some Mn 2+ being attached to the silica gel which is incorporated in the 

crystals. Hence, this Mn 2+ will be analysed and will add to the total 

measured Mn of the crystals, but it will not contribute to luminescence 
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since it does not occupy a Ca 2+ site in the calcite structure. 

Two solution-grown crystals, containing 5 and 10 ppm Mn respectively, 

showed a zoned luminescence in spite of their very low (bulk) Mn content. 

The zones comprise a non-luminescent core and a luminescent outer rim 

(Fig. 5a). Since the rim contributes only 1/3 to the bulk volume of the 

crystal, it will actually contain some 15-20 ppm Mn, which corresponds well 

with the other data. 

4.1.3. Conparison with natural carbonates 

a. Calcites. Comparison of the results obtained from our synthetic cal

cites with published analyses of natural calcites shows that the minimum 

Mn content necessary to activate luminescence is generally considerably 

lower in the former than in the latter. The literature-derived lower limits 

are shown in Fig. 3 for comparison. The explanation for this discrepancy 

may be twofold: 

1. the (unknown) effect of other trace elements in natural rocks; most
 

natural calcites contain considerably more Fe 2+ than our synthetic crystals;
 

2. differences in analytical methods which have been applied.
 

Most Fe, Mn determinations provided by literature were carried out by mi


croprobe analyses, the detection limit of which is significantly higher
 

than that of atomic absorption spectrometry, which has been used in the
 

present paper. Interestingly enough, Richter & Zinkernagel (1981) - provi


ding the only literature data on natural calcites which were in agreement
 

with our data (Fig. 3) - also used AAS. Furthermore, KSEPL data on Pliocene
 

calcites confirmed the results of synthetic calcites by showing lumines


cence when more than 20-25 ppm Mn (at low Fe concentrations) is present.
 

b. Dolomites. Results of two KSEPL data sets on dolomites are presented 

in Fig. 4. One set is from subsurface Miocene dolomites of the Bahamas and 

the other of subsurface Upper-Jurassic dolomites from the Middle East. Fe 

and Mn analyses were carried out by AAS, and luminescence investigations 

were performed with the same equipment as that used for the synthetic cal

cites. Fig. 4 shows that 30-35 ppm Mn is sufficient to activate lumines

cence in both dolomites. Comparison with the results of synthetic and natu

ral calcites indicates two main differences: 

1. Most existing data on dolomites suggest that a higher minimum Mn concen

tration is necessary to activate luminescence, e.g. 80 ppm (Pierson 1981) 

and 180 ppm (Fairchild 1983). 
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Fig. 4. Luminescence characteristics of two sets of natural dolo
mites. The minimum Mn concentration, necessary to activate lumines
cence in dolomites, is 30-35 ppm. 

2. The lower limit of Mn-activated luminescence for dolomite (30-35 ppm) is 

slightly higher than for calcite (15-30 ppm). This could be explained by 

the observations of Sommer (1972), who demonstrated that Mn-activated lu

minescence in calcites is far more intense than in magnesite (MgC03)' Man

ganese on the Ca site is a more efficient activator of luminescence than 

Mn on the Mg site. In dolomite, Mn 2+ largely occupies the Mg 2 + site and 

far less the Ca 2 + site as shown by electron paramagnetic resonance studies 
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(Wildeman 1970) and as theoretically explained by Kretz (1982). Hence, cal

cites need lower amounts of Mn 2 + to produce luminescence than dolomites. 

Experimental results showed that, if Fe 2 + concentrations are very low, 

even small amounts of Mn 2 + will be sufficient to activate luminescence. 

Consequently, cathodoluminescence in carbonates should be the rule rather 

than an exception, and occur more commonly than already observed. Indeed, 

one may be more justified in wondering why a calcite or dolomite does not 

show luminescence than why it does. 

4.2. Cathodoluminescence zonation 

4.2.1. Results 

Many of the synthetic calcite crystals produced in the experiments dis

playa luminescent zonation (Fig. 5) comparable to that commonly observed 

in natural carbonates. Microprobe analyses indicate that these variations 

in luminosity are possibly related to variations in the Mn content of the 

calcite crystals. Regrettably no further progress can be expected from 

microprobe analysis since the Mn concentrations occur near the detection 

limit of the instrument. In order to gain a better insight into the exact 

Mn distribution within a single crystal we are presently carrying out cal

cite growth experiments using solutions containing radioactive 54Mn tracer, 

the resulting crystals can then be studied by both autoradiography and 

C.L. microscopy (Heijnen, in prep.). 

4.2.2. Discussion 

Assuming that differences in luminescence result from differences in Mn 

content within a crystal, we first have to consider the possible causes of 

differential Mn 2 + uptake during growth. Meyers (1974), Pingitore (1978) 

and Frank et al. (1982) attribute variations in the Mn content of calcite 

solely to variations in the Mn 2 + concentration or the Mn 2 +/Ca 2 + concen

tration ratio of the precipitating solution. A second significant factor 

influencing the Mn content of calcite, which has not been considered in 

past luminescence studies, is the crystal growth rate. Lorens (1981) mea

sured the Mn distribution coefficient (DMn ) in calcite as a function of 

calcite precipitation rate. His experiments showed that Mn 2+ is preferen

tially incorporated in the calcite structure, so DMn is always greater than 

1. DMn at very low growth rates appeared to be more than 10 times larger 
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than at very high growth rates. Moreover, the most rapid changes in DMn 

occurred at comparatively low precipitation rates; rates which approximate 

the diagenetic reactions of calcite recrystallization and aragonite-to

calcite transformation. 

Supposing that both the Mn 2+/ca 2 + concentration ratio in the fluid and 

the growth rate of the calcite crystals determine the Mn content of the 

growing calcite crystals, we now have to examine how these two variables 

evolve in the course of our experiments. In both solution and gel growth 

experiments the Mn 2 + concentration in the fluid decreases with time, ex

cept in those experiments (hereafter called twin B experiments) to which 

an extra amount of Mn 2+ is added after some initial crystal growth. 

In order to get a quantitative impression of the development of the 

Mn 2+/ca 2+ concentration ratio during an experiment, and of the average 

effective DMn' a representative example of a type A solution growth expe

riment is considered in more detail. It should be emphasized that crystal 

growth in our solution growth experiments takes place far from equilibrium 

at ill-defined conditions. We were, however, obliged to grow from unstirred 

SOlutions, since the calcite crystals obtained from stirred, well con

trolled aqueous solutions are not sufficiently large to be studied by means 

of C.L. microscopy. 

From a solution with an initial Mn 2+/ca 2+ concentration ratio of 

0.00019, 250 mg calcite precipitated containing 250 ppm Mn. This corres

ponds with a Mn 2 +/ca 2 + concentration ratio of 0.00045 in the calcite 

crystals; about 23% of the initially present Mn 2 + and 10% of the Ca 2 + was 

incorporated in the crystals. As a result of the calcite precipitation, 

the Mn 2+/ca 2 + concentration ratio in the solution decreased to 0.00016 by 

the end of this experiment, which is 85% of the initial ratio. Rather than 

applying corrections to the concentrations in order to determine the acti

vities, we have obtained the average kinetic DMn from the concentrations 

directly as 2.4-2.8. 

The above described variations in DMn and Mn 2+/Ca 2 + ratio in the fluid 

are too small to cause the variations in C.L. intensities shown by crystals 

grown in type A experiments. A direct proportionality of the Mn 2+/ca 2+ 

ratio in the growing crystal to that in the solution, i.e. a constant 

value of DMn , can therefore only explain the C.L. zonation observed in 

crystals grown in twin B experiments, in which the Mn 2 +/Ca 2 + ratio in the 

solution is suddenly increased. This can be traced in the C.L. pattern 
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Fig. 5. (facing page) Cathodoluminescence photographs of synthetic cal
cite crystals 
a) Solution grown crystal. Zonation is supposed to be due to an increasing 
Mn uptake during ~rowth as a result of a decreasing crystal growth rate 
with time. The Mn + concentration in the solution remained approximately 
constant during the experiment. 
b) Gel grown crystal. Zonation is due to a change in the chemical compo
sition of the ~el. Zone 1 grew in a Mn-free gel. Subsequently a large 
quantity of Mn + was added and a brigtly luminescing overgrowth developed 
(zone 2). Smearing is caused by polishing of the sample. 
c) Solution grown crystal. Zone 1 probably represents the outline of the 
crystal in an earlier stage of growth. Zone 2 developed later, while zone 1 
still was attached to the glass wall of the experimental flask. The Mn2+ 
concentration in the solution remained approximately constant during the 
experiment. 
d) Solution grown crystal. Arrows indicate boundaries between growth sec
tors. C.L. variations within a growth sector are probably caused by growth 
rate variations resulting from convection and/or turbulence. A very thin, 
brightly luminescing overgrowth was formed after introduction of an extra 
amount of Mn 2 +. 
e,f) Calcite crystals bounded by cleavage rhombohedral faces only, grown 
in a twin gel-growth experiment. Both experiments had the same initial Mn 
concentration. To sample f (twin B) a large quantity of Mn was added after 
formation of the first visible crystals. Both crystals show similar zona
tions (zones 1 and 2) which are due to an increasing ,~ uptake attributable 
to a decrease in crystal growth rate. Zone 3 is, however, only present in 
sample f and is interpreted to represent growth after addition of extra Mn, 
i.e. zone 3 is the result of a chemical change in the composition of the 
precipitating fluid. 
g,h) Similar set of twin growth experiments as in 5e + f. However, these 
crystals show 18 instead of 6 faces and grew by a different mechanism and 
at a different position in the gel as compared to the crystals shown in 
Figs, 5e and Sf. 





reflecting the Mn distribution in the crystals. Fig. 5b shows a C.L. photo-
graph of a crystal formed in a twin B gel growth experiment. The nonlumi-
nescing core grew in the absence of Mn2+, whereas the brightly luminescing
overgrowth developed after the addition of a Mn2+ containing solution. In
the more complex C.L. patterns of Fig. 5d and f the bright luminescence of

nations (Fig. Sa, e and g) observed in crystals grown from a solution or
gel with an approximately constant Mn2+/Ca2+ concentration ratio cannot be
explained by the direct proportionality of the Mn2+/ca2+ ratio in solution
to that in the growing crystal; should that be the case, then the simul-
taneous occurrence of more or less constant values of both DMn and the
Mn2+/ca2+ ratio in the fluid would have resulted in a more uniform C.L.
pattern than observed.

To appreciate the second important factor determining the Mn content of
calcite, we have to know the crystal growth rate as a function of time.
Since our growth experiments take place in unstirred solutions or gels, in
which considerable local variations in concentration of the reactants are
admissible, it is impossible to present an exact quantitative description
of the growth rate in the course of an experiment, but we can make an
attempt to outline it. Assuming volume diffusion of the reactants to be
the rate-controlling process in both growth methods, we can apply Frank's
(1950) results. He considered systems in which the growth rate is limited
only by volume diffusion and not in any sense by processes at the crystal
surface itself. By solving the appropriate equation for diffusion in three
dimensions he found that the radius r of a growing phase is directly pro-
portional to t~, where t is time. It follows that the growth rate, dr/dt,
is proportional to t-~, i.e. growth rate decreases with time. Although
this relation strictly holds in an idealized model only, Henisch (1970) and
Garcia-Ruiz (1982) provided experimental arguments to support its applica-
tion to gel growth systems. We suggest that it is reasonable to make use
of this diffusion-controlled model in unstirred aqueous solutions as well.

Both the solution growth experiments and the gel growth experiments
however, deviate from Frank's (1950) idealized model in which steady-state
concentrations are assumed. In both methods such steady-state concentra-
tions are not yet present at the beginning of an experiment. In the case
of gel growth at least two more limitations have to be taken into account.
Firstly a progressive exhaustion of the reagents takes place during growth
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(Henisch 1970). Secondly the Ca 2 + flux from the CaCl
2
-containing leg to

wards the horizontal part of the tube, where the large rhombohedra grow, 

diminishes from the moment the smaller crystals bounded by 18 faces start 

growing in the upper part of the leg. Both processes result in a further 

decrease of the crystal growth rate with time in our gel growth experi

ments. In the case of solution growth the condition of steady-state con

centration is not satisfied either. The deviation is, however, in the 

opposite direction. The initial solution is undersaturated with respect to 

calcite. Supersaturation is built up as the experiment proceeds, resulting 

in nucleation and growth of calcite crystals. This increase in supersatu

ration is reflected in an increase of the pH from about 4 to 8. In the 

course of a solution growth experiment the overall supersaturation increa

ses with time, attaining such a high value towards the end of an experi

ment, that the thermodynamically unstable aragonite and vaterite precipi

tate. The decrease in growth rate due to the dominance of the growth pro

cess by volume diffusion is assumed to be larger than the increase in 

growth rate due to the rising overall supersaturation. 

Recapitulating we can state that, because volume diffusion is supposed 

to be the rate-controlling process, the crystal growth rate decreases with 

time during our experiments. Other processes seem to strengthen this trend 

in gel growth experiments, whereas it is weakened in solution growth expe

riments. 

We will now combine the above theoretical considerations on the beha

viour of the growth rate in our experiments with Lorens's (1981) experi

mental evidence on the dependency of DMn upon the growth rate. If we 

assume a constant Mn 2+/Ca2 + concentration ratio in the solution or gel, 

the decrease of the growth rate from the core towards the rim of the 

crystals results in an increasing luminosity from the centre outwards. This 

effect is observed more pronouncedly in gel-grown crystals (Fig. Se) than 

in solution-grown crystals (Fig. Sa), which is in fair agreement with our 

postulated differences in the course of the growth rate with time between 

gel-growth and solution-growth experiments. 

Solution-grown crystals (Fig. Sa, c, d) also differ from those grown in 

gels (Fig. Sb, e-h) in exhibiting a more complex and less homogeneous C.L. 

pattern. We suggest that this can be explained by differences in the growth 

methods. Firstly, in addition to diffusion, transport of reactants also 

takes place by convection and turbulence. These two processes play a more 
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important role in solution-growth than in gel-growth experiments, in which 

they are suppressed (Henisch 1970). Hence the steady-state concentrations 

of Frank's (1950) volume diffusion model are more often disturbed in solu

tion-growth experiments. These disturbances may give rise to relatively 

large variations in growth rate and conseque.ntly in Mn incorporation and 

luminescence (Fig. Sd). Secondly, the solution-grown calcites were formed 

attached to the wall of the experimental flask, whereas most gel-grown 

crystals were formed supported by the gel and thus in a more homogeneous 

surrounding than those growing in unstirred aqueous solutions (Fig. Sc, d), 

which again is reflected in the respective C.L. patterns. 

From our experiments we may conclude that luminescent zonation can be 

caused by intrinsic (crystal growth rate) as well as external (geochemical 

changes in precipitating fluids) factors. We obtained C.L. patterns con

sisting of a dull- or non-luminescing core and a bright luminescing over

growth both from crystals grown in a solution (Fig. Sa) or gel (Fig. Se) 

with an approximately constant Mn 2+/ca 2+ concentration ratio and from a 

solution or gel (Fig. Sb) to which an extra amount of Mn 2+ was added after 

some initial crystal growth. Twin gel-growth experiments have shown that 

one crystal can exhibit the combined effect of changes in fluid composition 

and variations in crystal growth rate. C.L. patterns of the two morpholo

gically different types of calcite crystals are presented in Fig. Se-h for 

both the twin A and twin B experiments. The crystals grown in the twin A 

experiments (Fig. Se, g) increase in luminosity, reflecting a decrease in 

growth rate, from the centre outwards; those grown in twin B experiments 

(Fig. Sf, h) show an additional luminescing outermost rim, which resulted 

from the introduction of an extra amount of Mn 2+. 

The two morphologically different types of calcite crystals described 

in the section on crystal morphology, exhibit different C.L. zonations. 

The cleavage rhombohedron is the only form present on the crystals in 

Fig. Se, f, whereas the crystals in Fig. Sg, h are bounded by 18 faces. 

These two types of crystals were formed by different growth mechanisms and 

at different positions in the V-tube (Fig. lb), which could be responsible 

for the observed differences in C.L. zonation. 

The present experimental observations imply that C.L. zonations may not 

necessarily always reflect variations in the trace element composition of 

the fluid as so often assumed. Consequently, correlation of luminescent 

zones over large distances (i.e. application of the concept of cement stra
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tigraphy) is therefore only valid after having established that the zones 

do indeed reflect geochemical events in the pore fluids. Such luminescent 

zones may be identified by a sudden, marked colour (i.e. wavelength) 

change (cf. Amieux 1982) or they may be separated by a geological event such 

as fracturing or dissolution. Whenever a zonation consists of alternating 

non-, dull or bright luminescing zones of similar wavelength, an intrinsic 

cause (i.e. variation in crystal growth rate) is just as likely as an ex

ternal cause (i.e. changes in trace element concentration in the fluid). 

5. CONCLUSIONS 

Cathodoluminescence studies of synthetic calcites compared with those 

of natural carbonates gave rise to the following tentative conclusions: 

1. Luminescence in synthetic calcites has been exclusively activated by Mn 2+, 

yet is similar to that observed in natural carbonates. Hence, no other 

trace elements appear to be required as activators or sensitisors. 

2. No Fe 2+ quenching of luminescence occurs up to concentrations of 200 

ppm. 

3. At the current state of our instrumentation it has been established 

that 15-30 ppm Mn in the crystal structure is sufficient to activate lu

minescence in calcites, whereas 30-35 ppm Mn is necessary in dolomites; 

these minimum concentrations are significantly lower than currently report

ed. The slightly higher Mn concentrations required in dolomites reflect 

the less effective activation by Mn 2+ incorporated on the Mg 2+ site than 

on the Ca 2+ site (cf. Sommer 1972). 

4. Intensity of luminescence is controlled by the absolute Mn content and 

not by the Fe/Mn ratio, for Fe concentrations of, at least, up to 200 ppm. 

5. Luminescent zonations in carbonates reflect differential Mn 2+ uptake 

during crystal growth which can be caused by: 

a. changes in trace element composition of the precipitating fluid, or 

b. changes in the crystal growth rate independent of the Mn 2+ concentration 

in the fluid. 

6. The experimental results indicate that luminescence (i.e. a record of 

the trace element composition of the rock) does not necessarily reflect 

the trace element composition of the pore fluid. This highlights the need 

for very careful interpretation of C.L. patterns, particularly, when they 

are used to deduce the geochemical history of pore fluids (e.g. redox po
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tential). Apparently great care is required to discriminate between com


positional and saturation events of the formation fluids.
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CHAPTER XI: 

THE EFFECT OF Mn 2+ AND Fe2+ ON THE GROWTH AND CATHODOLUMINESCENCE OF 
SYNTHETIC CALCITE 

1. INTRODUCTION 

The investigation described in the preceding chapter on the one hand 

solved most of the posed problems, but on the other hand raised some new 

ones. Broadly outlined, it was shown that the amount of Mn 2 + incorporated 

in the growing calcite crystals depends on the amount of Mn 2+ available in 

the precipitating solution as well as on the rate of crystallization. A 

relation was established between the overall C.L. intensity as observed in 

about ten representative crystals from an experiment, and the bulk Mn con

tent as determined on circa 50 mg calcite grown in the same experiment. 

Variations in the C.L. intensity were assumed to correspond with variations 

in the Mn concentration in the calcite crystals. However, this assumption 

was not supported by analytical evidence. AAS, which was used to determine 

the Mn contents, is not suited for the purpose of such detailed analyses. 

Hence the remaining uncertainties concern the homogeneity of the incorpo

ration of Mn 2+ both on the scale of different crystals grown in one expe

riment and on the still smaller scale of different regions within an indi

vidual crystal. In order to obtain supplementary data on the distribution 

of Mn 2+, the present study makes use of radiochemical methods. The required 

experiments have been carried out at the Interuniversity Reactor Institute 

(Delft) in collaboration with Dr. J.J.M. Binsma and Dipl.Ing. Z. Kolar. 

The second part of this chapter describes some preliminary experiments 

which have been carried out for the purpose of demonstrating the possibili

ties to grow sufficiently large calcite crystals containing Fe 2+ in addi

tion to Mn 2+. If such crystals can be grown, then the effect of Fe 2+ on 

the C.L. characteristics of calcite can be systematically investigated. 

2. VARIATIONS IN THE DISTRIBUTION OF Mn 2+ 

2.1. Methods 

Calcite crystals were grown from aqueous solutions following the method 

described in Chapter X, in which three changes were made. Firstly, in 
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addition to the Mn 2+, 0.7-1.7 MBq (20-45 ~Ci) radioactive 54Mn 2+ (Amersham) 

was introduced into the growth medium. Secondly, 100 ml instead of 250 ml 

Erlenmeyer flasks were used. Thirdly, the experiments could not be perform

ed in a thermostatically controlled room, but had to be carried out in a 

fume cupboard in a laboratory subject to considerable temperature fluctuat

ions. 

Assuming that the known specific activity (Bq/mol) of manganese prevail

ing in the solution is maintained in the growing crystals, the Mn concentra

tion in a given individual calcite crystal was calculated from its weight 

and from the intensity of the y-rays emitted by the 54Mn incorporated in it, 

as measured with the aid of a Ge-Li detector. The distribution of Mn within 

the crystals was determined by means of microautoradiography. The same un

covered, polished thin section, prepared of 5-10 representative crystals, 

as used in the C.L. investigation was therefore laid down on an electron 

sensitive film (Agfa-Gevaert Scientia 23D56). After an exposure of about one 

week, the film was developed and viewed using an optical microscope. Photo

graphs of the resulting microautoradiograph were then compared with photo

graphs of the obtained C.L. pattern in order to investigate the relation 

between variations in the C.L. intensity and the Mn concentration. 

2.2. Results 

A detailed description of just one experiment, No. 8403, suffices to 

demonstrate our findings. The initial solution was prepared by dissolving 

1.05'10- 2 mole CaCl2 '4H20 and 0.299 mole NH4Cl in 80 ml water containing 

1.25'10- 6 mole MnCl ·4H 0. After filtration 41 ~l of a radioactive 54MnCl22 2
solution was added, having an activity of 1.7 MBq (45 ~Ci), and contribu

ting 1.5'10- 10 mole Mn 2+ to the solution. The initial Mn 2+/ca2+ concentra

tion ratio in the solution was 1.2'10- 4. After ten days the experiment was 

stopped. The resulting precipitate contained a relatively large amount of 

globules (Chapter X). By means of handpicking five representative crystals 

were selected for Mn analysis and six similar ones for C.L. investigation 

and autoradiography. 

The former five weighed 275, 164, 156, 244 and 216 ~g respectively; the 

corresponding Mn contents were 184, 173, 227, 198 and 235 ppm. The average 

Mn content was 203 ppm, the standard deviation 27 ppm. Consequently the 

average Mn/Ca concentration ratio in the crystals was 3.7'10-4 and the 
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average kinetic D was 3.1, defined with respect to the initial concentra
Mn 

tion ratio in the solution. 

The uncovered, polished thin section containing six crystals was first 

investigated by means of C.L. microscopy. All six showed similar C.L. inten

sities, but the distribution of regions with high and low luminosity varied 

per crystal. The simplest C.L. pattern obtained is presented in Fig. la; 

the most complicated in Fig. lc. After that an microautoradiograph was made 

of the thin section. The resulting patterns for the same two crystals are 

shown in Fig. lb and ld, respectively. The more 54Mn is present, the 

blacker the film is, resulting in a contrast reversal with respect to the 

C.L. photographs. 

2.3. Discussion 

Both assumptions on which a substantial part of the study described in 

the preceding chapter was founded, are confirmed by the present investiga

tions. Firstly, the variation in Mn content of different crystals grown in 

one experiment appears to be relatively small. It is therefore justified to 

apply the average concentrations, as obtained by means of AAS using large 

samples, to individual calcite crystals as observed by means of C.L. micro

scopy. Secondly, the variations in luminosity within an individual crystal 

are indeed caused by local variations in the Mn content. The patterns ob

tained by means of microautoradiography so closely resemble the C.L. 

patterns that the direct relation between Mn concentration and C.L. inten

sity can no longer be doubted. The C.L. patterns are not due to optical 

effects, like internal reflection, as was objected by several investigators 

after having looked at our C.L. photographs. 

The present crystals show a more complicated distribution of Mn than 

those grown in the previous study, in which usually an increasing incorpo

ration of Mn from the centre outwards could be recognized, although this 

overall trend was often disturbed in several regions within the crystals. 

These disturbances were attributed to convection and turbulence occurring 

in unstirred solutions. The present C.L. patterns are characterized by a 

very irregular distribution and at the same time by very sharp boundaries 

between the regions with different Mn concentrations. It is evident from 

Fig. 1 that these boundaries are at one time parallel to crystal faces or 

boundaries between growth sectors, but at another they run along arbitrary 
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Fig. 1. C.L. patterns (a + oj and microautoradiographs (b + dJ of two 
calcite crystals grown in experiment 8403. 
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directions. Besides, it looks as if only regions with either high or low 

~m concentrations are present in the crystals, whereas no regions with in

termediate ~ concentrations are found. The mechanism responsible for such 

an inhomogeneous incorporation of ~ in the calcite crystals is as yet un

known. The large temperature fluctuations as compared to the previous ex

periments might be a significant factor. However, one should keep in mind 

that crystal growth in these experiments takes place far from equilibrium 

at rather ill-defined conditions, allowing considerable local variations 

in concentration and flow pattern. 

3. GROWTH OF FERROAN CALCITE 

3. 1. Methods 

The growth experiments were carried out following a slightly modified 

version of the method described in Chapter X. Besides ~CI2'4H20, FeCI ' 
2 

4H 0 (Merck Zur Analyse) was added to the solution. In order to prevent
2

oxidation into Fe 3 +, the experiments were performed under a nitrogen at

mosphere. Moreover, the initial solution was saturated with N for the pur
2 

pose of expelling the oxygen, prior to the introduction of the ferrous 

chloride. Notwithstanding these precautions lepidocrocite, y-FeO(OH), co

precipitated with CaC0 in the earlier experiments, indicating that small
3 

quantities of oxygen were still present in the system. For that reason 

100 mg L(+)-ascorbic acid (Merck Zur Analyse), which is more easily oxi

dized than Fe 2+, was added in the later experiments. All experiments 

described in Table 1, except 8402, contained ascorbic acid. At the end of 

the experiments the solutions were filtered, the filtrate was rinsed twice 

with boiled, distilled water and once with ethanol, while maintaining a 

nitrogen atmosphere. Finally, the crystals were characterized using the 

techniques described in the preceding chapter. 

3.2. Results 

Table 1 gives the initial ~omposition of the precipitating solutions, 

the Fe and ~ contents of the grown calcite crystals and the corresponding 

average kinetic distribution coefficients. Both D~ and D are greater
Fe 

than 1, which means that both metals are preferentially incorporated in the 

calcite structure. As already discussed in the previous chapter the presen

ce of some Fe in the suprapur CaC12'4H20 results in the uptake of 10-50 ppm 
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Table 1 

Summary of experimental conditions and results 

Grown crystals
Experiment Concentration ratio 
number in initial solution Content Concentration 

ratio 
Mn(ppm) Fe (ppm) Mn/Ca Fe/Ca 

8402 1.9.10- 4 208 32 3.8.10- 4 2.0 

8404 1.9.10- 4 208 9458 3.8.10- 4 1.7.10- 2 2.0 1.8 

8405 1.9.10- 4 159 36 2.9.10- 4 1.5 

8406 3.8.10- 4 310 36 5.6.10- 4 1.5 

8407 3.8.10- 4 420 5517 7.6.10- 4 9.9.10- 3 2.0 2.1 

Fe in calcite crystals grown from solutions to which no FeCI ·4H 0 was
2 2

added. 

C.L. investigations revealed large differences in the luminosity of the 

five samples. Estimated on the basis of visual observation and exposure 

times required for photographing the C.L. images, the average C.L. inten

sity decreased in the following order: 8406 > 8402 > 8405 > 8407 » 8404. 

The calcite crystals grown in experiment 8406 brightly luminesced, whereas 

those grown in 8404 only showed a very dull luminescence. 

The addition of ascorbic acid to the precipitating solution dia not 

affect the morphology of the calcite crystals, which, in Fe-free experi

ments, was still dominated by the cleavage rhombohedron. Fig. 2b shows a 

calcite crystal characteristic of experiment 8405. However, ascorbic acid 

did affect the nature of the precipitating phases. No aragonite crystal

lized in experiments containing ascorbic acid; only vaterite (Fig. 2c + d) 

was found as a byproduct in experiments 8404 to 8407. In the ascorbic acid 

free experiment 8402 both aragonite and vaterite were formed. 

No ascorbic acid was introduced in the first experiments to which 

FeCI ·4H 0 was added. The precipitating solution turned yellow and, be
2 2

sides calcium carbonate, lepidocrocite was formed. These experiments are 

not included in Table 1. When both ascorbic acid and FeCI ·4H 0 were added
2 2

to the initial solution, no colour change was observed. However, the re

sulting vaterite globules showed a very pale yellowish colour, whereas the 
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Fig. 2. SEM photographs of synthetic Ca~u3
 
a) ferroan calcite crystal grown in experiment 8404 (scale bar is 200 um)
 
b) calcite rhombohedron grown in experiment 8405 (scale bar is 200 um)
 
c,d) vaterite globules grown in experiment 8405 (scale bars are 100 urn)
 
e,f) ferroan calcite crystals grown in experiment 8407 (scale bars are
 

100 urn and 200 urn respectively) 
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calcite crystals were colourless. Irrespective of whether ascorbic acid 

was present in the precipitating solution, the morphology of Fe-containing 

calcites, as shown in Fig. 2a, e + f, was characterized by the presence of 

nonsingular faces, although some rhombohedra were also found. Fig. 2e 

shows a calcite crystal on which one additional face occurs along with the 

six rhombohedral faces. Such crystals were obtained in all experiments, in

cluding those described in the previous study. The crystallographic orien

tation of this extra face varied for different crystals. Moreover, the 

symmetrically equivalent faces did not appear on such crystals. Therefore, 

this extra face is thought to be the surface with which the crystal was 

originally attached to the wall of the flask. 

3.3. Discussion 

The above described experiments have shown that it is possible to grow 

ferroan calcite crystals of a size appropriate for C.L. studies. It has 

also been demonstrated that Fe 2 + inhibits the luminescence of synthetic 

calcite, which is activated by Mn 2+ Therefore the way to a systematic in

vestigation of the dependence of the C.L. intensity of calcite on its Fe 

and Mn contents lies open. 

The obtained values of 1.8 and 2.1 for D compare favourably with those
Fe 

given by Veizer (1983) and Fuchtbauer (1980). The average kinetic distri

bution coefficient of Mn in calcite varies considerably in our experiments: 

Table 1 gives 1.5-2.0; the preceding section, 3.1; chapter X, 2.4-2.8. 

Obviously crystal growth in our experiments takes place far from equili

brium in an non-reproducible way. 

Meyer (1984) found that Fe 2+ strongly retards the growth rate of rhom

bohedral calcite crystals. It is the most effective inhibitor of the 32 

studied additives. The Fe 2+ concentration needed for a reduction of the 

growth rate by 50% is 150 times lower than for Mn 2 +. The fact that Fe 2+ 

blocks the spreading of elementary growth layers on the rhombohedral faces 

of calcite might cause the peculiar morphology of the ferroan calcite 

crystals formed in the present study. 
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SUMMARY 

The main purpose of the research described in this thesis is to estab

lish a relationship between the crystal structure and morphology of calcium 

oxalate and calcium carbonate crystals grown from aqueous solutions. 

Starting point is the PBC (Periodic Bond Chain) theory formulated by Hart

man and Perdok in 1955, which has further been developed since that time 

and also during the co~rse of this investigation. By means of this theory, 

the growth mechanism of the different crystal faces can be deduced from the 

crystal structure. The most important faces grow in layers, in which the 

atoms are mutually bound by strong bonds; owing to their surface structure, 

these faces are called F (flat) faces. In addition to theoretical consider

ations, attention is focussed on the role played by calcium oxalate hy

drates in the formation of urinary stones. As far as calcium carbonate is 

concerned, the relation between the growth and cathodoluminescence of 

manganese containing calcite is under experimental study. 

After a general introduction, an extension to the classical PBC theory 

is treated in chapter II, for cases where a number of different growth 

layers (slices) can be assigned to a single F face. The way in which such 

faces grow is in the first place dependent on the relative stability of 

the slices, for which the surface energy values are assumed decisive. When

ever the differences among these values are so slight that several slices 

appear side by side, then the growth mechanism depends on the relative 

positions of these slices within the crystal structure. If they lie at 

equal heights, then the face grows like a normal F face in layers of thick

ness ~kl. If however they lie at different heights, then the growth rate 

becomes in any case higher, while the presence of F configurations within 

layers of thickness ~kl is crucial in deciding whether or not layer 

growth takes place. 

Chapter III treats the determination of the crystal structure of calcium 

oxalate trihydrate (COT). The space group is pI; cell parameters are: 
0 0 

a = 6.110 ~, b = 7.167 ~, c = 8.457 ~, a = 76.50 , S = 70.35 and y = 
70.62°; the unit cell contains two formula units. Just as in monohydrate 

and dihydrate, each calcium ion in COT is surrounded by 8 oxygen atoms. 
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The structure is composed of strong, stoichiometric layers parallel to 

(010), in which the calcium and oxalate ions are situated in the middle, 

while the water molecules are found on the outer boundaries. Hydrogen 

bonds form the much weaker links between the layers themselves. 

A PBC analysis of COT based on this crystal structure is presented in 

chapter IV. A total of 48 PBCs are found, distributed in 15 different 

directions. Pairwise combination of these leads to 21 F slices and 17 F 

forms. Taking account of the differences in bond strength, the PBCs in the 

directions <100>, <101> and <101> are found to be the most important. As a 

consequence, {Ola} must determine the morphology, which is in good agree

ment with the predominantly platy habit of synthetic COT crystals grown 

from pure aqueous solutions. When however EHDP is added to the solution, a 

compound which, even in small concentrations, checks the growth of calcium 

oxalate monohydrate (Ca1), then COT is stabilized at the cost of COM. More

over, a change results in the COT morphology: {DOl} instead of {Ola} 

becomes the most important crystal form. 

The role played by COT in urinary stone formation is illuminated in 

chapter V. As is shown by means of scanning electron microscopy and infra

red spectroscopy, COT occurs in many more stones than had thus far been 

assumed. The fact that, moreover, COT always forms the outer layer of such 

stones can be important for a better understanding of the formation pro

cess of urinary stones. 

The following two chapters give an account of the derivation of the 

theoretical morphology of calcium oxalate dihydrate (COD). The qualitative 

analysis (chapter VI) contains the first application of a computer pro

gramme developed by Strom which determines by means of graph theoretic 

methods the PBCs in a given structure. There result 5 F forms: {llO}, 

{101}, {12l}, {2ll} and {100}. The attachment and surface energies of the 

various F slices are computed in an electrostatic point charge model of 

the COD structure, in chapter VII. In the construction of the theoretical 

growth form which follows, use is made of the extension .to the PBC theory 

treated in chapter II. The relative growth rate of {lla} increases as a 

result of the presence of different F configurations side by side; hence 
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the theoretical growth form of COD shows only the forms {lOa} and {lOll, 

which is in good agreement with the observed morphology of natural as well 

as synthetic COD crystals. 

The structural morphology of aragonite is the subject matter of chapter 

VIII. Seven F forms seem to exist: {Oll}, {110}, {020}, {lll}, {002}, 

{102} and {112}. The computed growth form depends strongly on the chosen 

model for the charge distribution of the carbonate ion, as well as on the 

extent to which the relative growth rate of {011} is considered to in

crease as a result of the presence of two different surface configurations 

during growth. Because a good set of energy parameters is known for arago

nite, in contrast to COD, in addition to electrostatic contributions, re

pulsion and dispersion energies can also be included in the calculations. 

These two contributions turn out to be approximately equally large but of 

opposite sign. A cautious conclusion which follows is that the merely 

electrostatic computation of growth forms seems to be a better approxima

tion than had thus far been assumed. 

The morphology of gel grown calcite crystals is treated in the light of 

the PBC theory in chapter IX. The only F forms are the cleavage rhombohe

dron {211} and the steep rhombohedron {110}. Two different slices exist 

for {110}, both of which are equally stable when the calcium as well as 

the carbonate ions behave like point charges; however they differ consider

ably whenever these two ions do not behave in the same way. It is there

fore possible to explain why in our experiments {110} occurs only on 

crystals grown at a very high ca2+/co~- ratio in the gel. The third 

crystal form observed, {lOll, is an S form, which also manifests itself 

by striations parallel to <111> on these faces. 

The last two chapters (X and XI) are concerned with the cathodolumi

nescence of synthetic manganese containing calcite against the background 

of research done earlier on natural carbonates. The luminescence is acti

vated by the presence of at least 15-30 ppm Mn in the calcite, whereas the 

presence of iron reduces the intensity. In the absence of iron, variations 

in intensity can be directly coupled to variations in the incorporated 

amount of manganese, as can also be shown on a very small scale, within a 
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single crystal, with the help of microautoradiography. The incorporation 

of manganese in the growing calcite crystals depends not only on the Mn 2+ 

concentration in the solution, but also on the crystal growth rate. The 

latter had never been taken into account in explaining the zonations in the 

observed luminescence patterns in the course of previous cathodolumines

cence studies. 
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Het hoofddoel van het in dit proefschrift beschreven onderzoek is het 

leggen van een verband tussen de kristalstructuur en de morfologie van in 

waterige oplossingen gegroeide calciumoxalaat en calciumcarbonaat kristal

len. Hierbij wordt uitgegaan van de door Hartman en Perdok in 1955 gefor

muleerde PBC(Periodic Bond Chain)-theorie, die sindsdien verder ontwikkeld 

is, ook nog in de loop van dit onderzoek. Met behulp van deze theorie kan 

het groeimechanisme van de verschillende kristalvlakken worden afgeleid 

uit de kristalstructuur. De belangrijkste vlakken groeien volgens lagen 

waarin de atomen door sterke bindingen aan elkaar gebonden zijn; naar hun 

oppervlaktestructuur worden dergelijke vlakken F-vlakken (flat faces) ge

noemd. Naast theoretische beschouwingen wordt bovendien aandacht besteed 

aan de rol van calciumoxalaat hydraten bij de vorming van urinewegstenen. 

Wat betreft calciumcarbonaat wordt nog de relatie tussen de groei en de 

kathodeluminescentie van mangaanhoudende calciet experimenteel bestudeerd. 

Na een algemene inleiding, wordt in hoofdstuk II een uitbreiding van de 

klassieke PBC-theorie behandeld voor gevallen waarin voor een F-vlak een 

aantal verschillende groeilagen (slices) bestaat. De wijze waarop derge

lijke vlakken groeien is allereerst afhankelijk van de relatieve stabili

teit van de slices, waarvoor de oppervlakteenergieen maatgevend worden ge

steld. Zijn de onderlinge verschillend hierin zo gering dat meerder slices 

naast elkaar voorkomen, dan hangt het groeimechanisme af van de ligging 

van deze slices ten opzichte van elkaar in de kristalstructuur. Liggen ze 

op gelijke hoogte, dan groeit het vlak als een normaal F-vlak in lagen met 

een dikte ~kl. Wanneer ze op verschillende hoogte liggen, wordt de groei

snelheid in ieder geval hoger, terwijl voor het al dan niet laagsgewijs 

groeien de aanwezigheid van F-configuraties binnen lagen met dikte ~kl 
doorslaggevend is. 

Hoofdstuk III behandelt de bepaling van de kristalstructuur van calcium

oxalaat trihydraat (COT). De rUimtegroep is pI; de celparameters zijn: 
0 0 a = 6,110 R, b = 7,167 R, c = 8,457 ~, a = 76,50 , S = 70,35 en y 

70,620 
; de eenheidscel bevat twee formuleeenheden. Net als bij het mono

hydraat en het dihydraat wordt elk calcium ion in COT omringd door 8 zuur
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stof atomen. De structuur is opgebouwd uit hechte, stoechiometrische lagen 

evenwijdig aan (010), waarin de calcium en de oxalaat ionen in het midden 

zitten, terwijl de water moleculen zich aan de buitenkant bevinden. Water

stofbruggen vormen de veel zwakkere verbinding tussen de lagen onderling. 

Uitgaande van deze kristalstructuur wordt in hoofdstuk IV een PBC-analy

se van COT gepresenteerd. In totaal worden 48 PBC's gevonden, verdeeld over 

15 verschillende richtingen. Paarsgewijze combinatie hiervan leidt tot 21 

F-slices en 17 F-vormen. Rekening houdend met de verschillen in bindings

sterkte, zijn de PBC's in de richtingen <100>, <101> en <101> het belang

rijkst. Daaruit voIgt dat {010} bepalend moet zijn voor de morfologie, het

geen goed overeenkomt met de meestal plaatvormige habitus van synthetische 

COT kristallen, gegroeid uit zuivere waterige oplossingen. Wordt aan de op

lossing echter EHDP toegevoegd, een stof die al in kleine concentraties de 

groei van calciumoxalaat monohydraat (CaM) remt, dan wordt COT gestabili

seerd ten koste van CaM. Bovendien heeft dit een verandering van de COT 

morfologie tot gevolg: {001} wordt de belangrijkste kristalvorm in plaats 

van {010}. 

De rol van COT in de vorming van urinewegstenen wordt belicht in hoofd

stuk V. ~let behulp van rasterelektronenmicroscopie en infraroodspectrosco

pie wordt aangetoond dat COT in veel meer stenen voorkomt dan tot voor kort 

werd aangenomen. Daar het bovendien altijd de buitenkant van zulke stenen 

vormt, kan dit belangrijk zijn voor een beter begrip van het vormingsproces 

van urinewegstenen. 

De volgende twee hoofdstukken beschrijven de afleiding van de theoreti

sche morfologie van calciumoxalaat dihydraat (COD). Bij de kwalitatieve 

analyse (hoofdstuk VI) wordt voor de eerste maal een door Strom ontwikkeld 

computerprogramma toegepast, waarmee met behulp van grafen-theoretische 

methoden de in een gegeven structuur aanwezige PBC's kunnen worden bepaald. 

Dit resulteert in 5 F-vormen: {110}, {101}, {121}, {211} en {100}. In 

hoofdstuk VII worden de aanhechtings- en oppervlakteenergieen voor de ver

schillende F-slices berekend in een electrostatisch puntladingen model van 

de COD structuur. In de daaropvolgende constructie van de theoretische 

groeivorm wordt gebruik gemaakt van de in hoofdstuk II behandelde uitbrei

ding van de PBC-theorie. De relatieve groeisnelheid van {110} wordt ver
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hoogd als gevolg van de aanwezigheid van verschillende F-configuraties 

naast elkaar, zodat de theoretische groeivorm van COD aIleen de vormen 

{100} en {101} vertoont, hetgeen goed overeenkomt met de waargenomen mor

fologie van zowel natuurlijke als synthetische COD kristallen. 

De structurele morfologie van aragoniet is het onderwerp van hoofdstuk 

VIII. Er blijken 7 F-vormen te zijn: {Oll}, {110}, {OZO}, {lll}, {OOZ}, 

{lOZ} en {llZ}. De berekende groeivorm hangt sterk af van het gekozen la

dingsmodel voor het carbonaat ion alsmede van de mate waarin de relatieve 

groeisnelheid van {Oll} wordt geacht toe te nemen als gevolg van de aan

wezigheid van twee verschillende oppervlakteconfiguraties tijdens de groei. 

Omdat voor aragoniet, in tegenstelling tot COD, een goede set energiepara

meters bekend is, kunnen naast de electrostatische bijdragen ook repulsie

en dispersieenergieen in de berekeningen worden meegenomen. Deze laatste 

twee bijdragen blijken ongeveer even groot maar tegengesteld van teken te 

zijn. Een voorzichtige conclusie hieruit is dat de louter electrostatische 

berekening van groeivormen een betere benadering lijkt dan tot nu toe werd 

aangenomen. 

In hoofdstuk IX wordt de morfologie van in gel gegroeide calciet 

kristallen behandeld in het licht van de PBC-theorie. De enige F-vormen 

zijn de splijtingsrhornboeder {Zll} en de steile rhornboeder {110}. Voor 

{110} bestaan twee verschillende slices, die beide even stabiel zijn wan

neer zowel de calcium als de carbonaat ionen zich als puntladingen gedra

gen, maar behoorlijk van elkaar verschillen wanneer deze twee ionen zich 

niet op dezeIfde manier gedragen. Hiermee kan goed worden verklaard dat 

{110} in onze experimenten aIleen voorkomt aan kristaIIen gegroeid bij een 

zeer hoge ca2+/co~- verhouding in de gel. De derde waargenomen kristalvorm, 

{loT}, is een S-vorm, hetgeen zich ook manifesteert in streping evenwijdig 

aan <TTl> op deze vlakken. 

De Iaatste twee hoofdstukken (X en XI) belichten de kathodeluminescentie 

van synthetische mangaanhoudende calciet tegen de achtergrond van eerder 

onderzoek aan natuurIijke carbonaten. De Iuminescentie wordt geactiveerd 

door de aanwezigheid van minstens 15-30 ppm Mn in de calciet, terwijl de 

aanwezigheid van ijzer de intensiteit doet afnemen. Variaties in de inten
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siteit zijn, bij afwezigheid van ijzer, eenduidig te koppelen aan varia

ties in de ingebouwde hoeveelheid mangaan, hetgeen met behulp van micro

autoradiografie ook op zeer kleine schaal, binnen een enkel kristal kan 

worden aangetoond. De opname van mangaan in groeiende calciet kristallen 

hangt niet aIleen af van de Mn 2+ concentratie in de oplossing, maar ook 

van de kristalgroeisnelheid. Met dit laatste is in vroegere kathodelumi

nescentie studies nooit rekening gehouden bij het verklaren van zoneringen 

in waargenomen luminescentie patronen. 
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