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Abstract. In zircon (ZrSiO4), four different Periodic 
Bond Chains (PBCs) can be described, i.e. [001], (100), 
(1/2 1/2 1/2 ) and (1/2, 1/2, 11/2). F faces which grow 
slowly according to a layer mechanism, are {100} and 
{011}. Calculation of attachment energies, which are 
supposed to be directly proportional to the growth rates, 
is performed in electrostatic point charge models, 
model I: Zr 4+ Si 4+ O 2-,  model II: Zr 4+ Si 2+ O~ 5 -  and 
model III Zr 4+ Si~ . The theoretical growth form is 
short prismatic following {100} and is terminated by 
the dipyramid {011}. The lower the oxygen charge the 
more elongated is the crystal parallel to the c axis. The 
slice d011 can be defined either bounded by zirconium 
(db~01) or by silicate tetrahedra (doBll. As these slice 
boundaries differ in height of one half slice with thick- 
ness do22, and as these half slices d0A22 and dB22 are 
F faces, the growth of {011} may also take place by 
elementary growth layers of thickness do=. In that case 
the growth rates of COl 1} increase and the growth mod- 
els are even more prismatic. The S form {031} could 
only be present on the theoretical growth form with for- 
mal charges, provided that the growth of {011} takes 
place with half slices dog2 and the adsorption of impuri- 
ties establishes additional strong bonds parallel to its 
slice boundaries. On the models with lower silicon and 
oxygen charges the form {031} is not present, but a 
reduction of the attachment energy of less than 0.1 per- 
cent would result into the appearance of {031} on these 
models as well. If O - H . . .  O bonds could be formed 
by adsorption of protons, silica complexes or water mol- 
ecules, additional hydrogen bonds parallel to (110) 
would establish the F character of {110} and {001}, 
which has been observed sometimes on minerals and 
synthetic crystals. Neutrally charged solvated silica com- 
plexes, such as Si(OH)4.2H20, present as impurities on 
kink sites could reduce the growth rate of the forms 
{110} and {001}. NH4H2PO4 (ADP, Biphosphammite) 
has a crystal structure similar to that of zircon. The 
F forms of ADP are also {100} and {011}. The typical 
tapering observed on ADP crystals grown from Cr bear- 
ing aqueous solutions due to the presence of {Ok/} with 

k > l  is not common for zircon. The S form {031} of 
ADP has such a relatively low attachment energy that 
it could also be present on the theoretical growth form. 

Introduction 

The morphology of zircon (ZrSiO4) has already been 
analysed by Hartman (1956) in relation to the crystal 
structure. For that purpose, the crystal structure was 
reduced to Zr 4+ and SiO~- ions, which are assumed 
to be the building units during the crystallization pro- 
cess. The silicate ion was considered to be located on 
the site of the silicon atom. Neither the exact position 
of the oxygen ions nor the slice configuration at the 
scale of the individual oxygen ions had been taken into 
account. Periodic Bond Chains (PBCs) were described 
parallel to [001], (100), (*/2 1/2 1/2) and (110). Later 
Hartmann (1959) demonstrated that the (110) PBC has 
no physical meaning. Hence F faces parallel to at least 
two PBCs are {010} and {011}, while {110}, {112} are 
S faces. 

In the present study of zircon, the complete silicate 
ion is taken into account and special emphasis will be 
given to the different slice configurations which especial- 
ly exist for the slice do11. Furthermore the attachment 
energies will be computed in electrostatic point charge 
models (Woensdregt 1992) in order to construct the theo- 
retical growth forms. 

In addition, the crystal growth of zircon will be com- 
pared with that of ADP (NH4H2PO4), which is also 
known as biphosphammite. 

PBC Analysis 

Strong Bonds 

The crystal structure data and fractional coordinates of 
the atoms published by Hazen and Finger (1979) have 
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Table 1. Crystal structure data of zircon (ZrSiO4) 

Zircon (ZrSiO4) space group I41/amd 
ao = 0.66042 nm, co = 0.59797 nm 

model qezr a qes~ ~ weo ~ 

model I + 4 + 4 - 2 
model II +4  +2 - 1.5 
model III +4 0 - 1 

atom x y z 

Zr(1) 0.0000 0.0000 0.0000 
Si(1) 0.0000 0.0000 0.5000 
O(1) 0.0000 0.1840 0.3201 

The fractional coordinates of the oxygen O(1) have been obtained 
from the published values (xHv, Ynr and ZHF) by Hazen and Finger 
(1979) according to the following equations: Xo(t6)=yHv+l/4, 
YOI16)=XHF, ZO(16~=ZHv--1/S. The Zr and Si atoms are numbered 
with n = 1 . . . . .  4: (1) x, y, z(2) x, y +  1/2, z+  1/4 (3) x +  1/2 , y +  1/2, 
z+ 1/z (4) x+  1/2, y, z+ 3/4. The O atoms are numbered with n = 1, 
.... 8: (1) x, y, z(2) x, l - y ,  z(3) y, x, 1-z(4)  l - y ,  x, 1 - z  
(5) x, y + l / 2 ,  1/4-z(6) x, 1 /2-y ,  1/4-z(7) y, x + l / z ,  z+1/4 
(8) 1 - y ,  x +  1/2, 1/4+z. The coordinates of the O atoms numbered 
from 9 till 16 included are obtained from the symmetrical equiva- 
lent oxygens numbered from 1 to 8 included, by adding the I trans- 
lation [1/2 1/2 1/2 ] 
a units in lel 

been used in the present  study. These da ta  are listed 
in Table 1, in which the number ing  o f  the a toms  has 
been explained as well. The  zircon crystal  s t ructure 
(space g roup  I41/amd)  is character ised by the silicon- 
oxygen te t rahedra  which are bonded  to six different zir- 
con ium ions. On the other  hand  each z i rconium ion is 
su r rounded  by  six silicate te t rahedra ,  two o f  which by  

a pair  o f  relatively long Z r - O  bonds  (0.2267 nm) and  
four  others  only by one shor ter  Z r - O  b o n d  
(0.2128 nm).  

[ O 0 1 ] Z o n e  

In the project ion II [001] o f  the zircon crystal  s t ructure  
(Fig. 1) the [001] PBC can easily be recognised:  

00< 
Si (1) Zr  (1, 001) Si (1, 001) 

J (3)/j  or1) 
Within  the slice do2o this PBC is l inked to the equivalent  
PBC centered on Si(4) by  ano the r  PBC parallel  to [100] : 

Si (1 ) - -O  ( 3 ) - - ~ r  ( ~ - - O  (4)--Si  (1, i 00) 

O(2 ,010 )  O ( 1 ~  ~ 1 4 , 0 1 0 )  O(1 ,100 )  

Zr  (1 ) - -O  (16)--Si  ( 4 ) - - 0  (15) - -Zr  (1, 100) 

Being paral lel  to two PBCs the fo rm {020} is an F form.  
Within  the slice dz2o the [100] PBCs are not  l inked nei- 
ther  parallel  to [110] nor  to (1 / z  1/2 1/2 ). So {110} is 
an S face. 

[ 1 0 0 ]  Z o n e  

The [100] projec t ion  (Fig. 2) shows the [100] PBCs 
bonded  by bo th  the a l ready k n o w n  [001] PBC and the 

[OOll b' 

a020 

Zr = �9 

Fig. 1. Projection of the zircon crystal structure 
along the c-axis. The relatively short O -  O dis- 
tances of 0.2840 nm are given as dashed lines 
for 0(3) 
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Fig. 2. Projection of the zircon crystal structure 
along the a-axis. Only the Si -O strong bonds 
have been drawn. In the left low corner the 
Zr- (OH,F)-Zr  PBCs parallel to [010] and 
[1/2 1/2 1/2 ] are drawn. For 0(3) the four 
equivalent short O - O  bonds are drawn as 
dashed lines 

(1 /2  t/2 1/2)  PBC 

o(1) 

S] (I)--0 (3)--Zr (4)--0 (lO)--Si (3, 001) 

O (4, 1-00) (~Si  (1, 1/2 1/2 1/2) 
resulting in the F character of  {020} and {011}. The 
slice do~ ~ can be defined either as slice doazx bounded 
by Zr ions or as slice d~l ~ bounded by oxygen ions 
of  the silicate tetrahedra. The slice dg, ~ is not only undu- 
lated in the plane of  projection, but also in the third 
dimension, if silicon-oxygen bonds should not be broken 
by the slice boundaries. The shaded area of  Fig. 2, be- 
tween the silicon atoms Si(1) and Si(4), contains two 
boundaries, one with Si(1) linked to O(1) and O(2,010) 
which are all situated at height 0, and the other with 
Si(4) bonded to O(13) and O(14,010), all at height 0.5. 

Just as in case of  ADP (Aguil6 and Woensdregt 1984) 
all forms {Ok/} with k > l  are S forms. For the face (001) 
the slice thickness must comply with the conditions for 
{00/}: l=4n. Within a slice of  this thickness the [100] 
PBC does not exist and so {004} is a K face. 

<1/2 ~/2 1/2)zone 

The I cell symmetry of  zircon results in halving the peri- 
od of  the PBC parallel to [111 ]. The < ~/2 a/2 a/2 > transla- 

\ 2 ,0 i10  ,",,_ ,,4 
\ V 4'~176 30, ,  

(~16,OOl I I  

~ 14 0~ 1L'~--~13,001 ~ 0 O13 
o4 ~ ..... "O'4,001' '~ ~ 14,010 _ _  

3 0 4  N5,001 I  ' ~1~ 1193 I Id c I 
O' 14,01~0 & l  .~ ~"% (~1 11.~101 14,011~ 
. , .  , , - . , .  , 

\ ,._., .,..< , . . , 1  4 y4 3,542,Oll y .... . 
--':~1. \ 15 f"h16 II 15001 ("'~16001 ,A I \ k d -  ..-u-. 1 , k._,., ' 

\ . ,  y< -1,oo1 
-353 I 2,0i0f~ "y~l 2,011r-., 4001 .._.1 

- -  ~ o 4 L..) 5 U 
3 0 4  I I  

I~ I , I [  I~OOi 016,  ~176 
i, ~ i ,  [ 0 '  r -~ i ' 

3 ( ~ i  i - " ~  L'J1 3(~44 

d hkl .0.1 ~ \ 1 (~ 
E haklin koa, i tool. _ 0 / / %  I -~~1 I 1400 O13 

2,010 
Z r =  �9 

Si = 0 , , -755 
O = O 0.1 nm 

Fig. 3. Several possibilities for the slice configuration of dolz as 
seen in the projection parallel to the a-axis. In the boxes below 
each configuration the slice identifier with its attachment energy 
is indicated 
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Fig. 4. Projection of the zircon crystal structure 
along [*/2 1/2 1/2] 

tion period is the shortest translation period (0.5545 nm) 
of all PBCs. The (1/2 1/2 1/2) PBC described in the 
previous section is in the (1/2 1/2 1/2) projection (Fig. 4) 
a partial PBC, which means that the PBC is stoichiomet- 
ric but has a dipole moment perpendicular to its vector. 
It can be transformed into a complete PBC by taking 
it together with its equivalent one -centered around Si(2) 
and Zr(3,100). 

The [1/2 1/2 1/2 ] projection contains besides the al- 
ready described F form {011}, the forms {112}, {211} 
and {110}. The doa11 delineated in Fig. 4 is identical to 
the d~l I defined with the [100] PBC (Fig. 2), just as 
the alternative slice d~l 1. The {112} and {121} are S 
forms as their slices are only parallel to the (1/2 1/2 
1/2 ) PBC and other strong bonds parallel to their slice 
boundaries are absent. Moreover {110} is in this projec- 
tion a K face as the complete (1/2 1/2 1/2 ) PBC does 
not fit within the slice boundaries of d22o. 

(1/2, 1/2, 11/2) 

The fourth PBC parallel to (1/2 , 1/2 , 11/2) will not 
change the already described character of the crystal 
forms of zircon. The configuration of this PBC (see also 
Fig. 1) is as follows: 

0 (14'/010) ] 

Zr (1)--0 (16)--Si }4) 0 (13)--Zr (4)--0 (10)--  
! 

O (15) 

O_1(12, 0~)  

Si (31 001)--O (11, 001)--Zr (3, 

! 
0 (9) 

001)~Zr (1, 1/2 1/2 1/2) 

Qualitative Results 

Four complete PBCs are present in zircon, parallel to 
(100), [001], (1/2 1/2 1/2 ) and (1/2, 1/2, 11/2). The 
qualitative PBC analysis of ADP (Aguil6 and Woens- 
dregt 1984) leads to identical results. Consequently the 
only F forms of both, zircon and ADP, are {011} and 
{100}. The stereographic projection, given in Fig. 5, 
shows the PBCs and the classification of the most promi- 
nent crystal forms. 

The surface of the slice of dog0 is occupied by oxygen 
atoms, while that of {011} is bounded either by positive 
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100 

001 011 031 010 2 
';~'~"( ~l '/121 L / 

301 

�9 F face 
�9 S face 
�9 K face 
[ ]  F character by additional OH-Zr-OH bonds 

Fig. 5. Stereographic projection of zircon in which the PBCs and 
the classification of the most  prominent  crystal forms are indicated 

zirconium ions (doA11) o r  negative silicate ions (d~l 1)" The 
role of impurities and the surface diffusion will be differ- 
ent for each of these slice configurations. 

Attachment Energies 

Models 

Having classified the crystal forms in F, K and S forms, 
the quantitative morphological importance must be es- 
tablished. Hartman and Bennema (1980) indicated that 
the growth rate of F faces is directly proportional to 
their attachment energies. The calculations which can 
be performed in the electrostatic point charge models 
have been described in the foregoing paper (Woensdregt 
1992). By applying the Madelung formula for the poten- 
tial induced by an infinite row of equally spaced point 
charges, it is possible to calculate the slice energy, E~, 
the attachment energy, E a and the crystal energy, Ec. 
The exact definitions of these energies are given by 
Woensdregt (1992). The following relation is valid: 

Ec=E~+E~ (1) 

Three different point charge models have been used for 
the calculation of these types of energy. The first model 
(I) with the formal charge is Zr4+[Si4+O]-], and the 
two other models with the reduced silicon and oxygen 
charges are: Zr 4 +[Si 2 +O 21"5] (model II) and 
Zr4+[Si~ -1] (model III). As the ionicity of the S i - O  
bond is lower than 100%, this reduction of the formal 
charges may be considered as a measure of the influence 
of the covalency on the growth rates. 

Table 2. Chain energies in k J/tool 

[~O0]/dhk l 

hkl Ech Ech/E s 

011A --25613 0.97 
011B --24761 0.96 
022 A --23870 0.97 
011 B* -23596  0.91 
022 B* --22763 0.93 
011 c --22535 0.97 
022 c --21865 1.01 
020 --25655 0.96 
031 - 2 5 6 5 5  1.00 

[1/2 1/2 1/2]/d~k~ 

112 -22579  1.02 

Chain Energies 

There are four different PBCs in the zircon structure. 
The chain energy is a function of the chain configuration 
which is not always the same, even for the same direc- 
tion. This configuration is also determined by the slice 
thickness dhk I in which the chain is situated. Therefore 
the chain energies are given for a particular PBC [UVW] 
situated in one specific slice dhk I ([UF'FU] .'dhkl) and listed 
in Table 2. 

The [100]/dga I has the highest energy (-25612 kJ/ 
tool) compared to that of [100]/d0Bl~ (--24761 kJ/mol). 
All other PBCs, e.g. [100]/dg~ 1 and [100]/doCta, have 
much lower energy values. Halving the slice thickness 
reduces the chain energy as well. In addition, the chain 
energy contribution to the total slice energy is listed in 
Table 2. In all cases this contribution is more than 90 
percent. 

Another interesting aspect is that sometimes the chain 
energy is more negative than the total slice energy. In 
that case, the contributions of all the other chains except 
the central PBC are positive. This means that, within 
the slice, a repulsive force exists between the central PBC 
and the other chains. The most important examples of 
such chains are [1/2 1/2 1/2] /d l l  2 and [100]/do31. For 
the latter one, the difference between the chain energy 
E~c 31 and the slice energy E~ ~ is only 19 kJ/mol. Al- 
though the chain energy could be a measure of the 
strength of a PBC, it varies so much with its configura- 
tion, that a qualitative classification of the PBCs based 
on Ech is not very useful. 

Slice Energies and Attachment Energies 

Once the energy of slice (hkl), E~ hk~ and the crystal ener- 
gy, Ec, of a certain compound are known, the attachment 
energy, ~fk0 of that particular slice need not to be com- 
puted as these energies are related by (1). Only if the 
slice is polar, the attachment energy cannot be computed 
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Table 3. Chain energy, E~h, slice energy, Es, partial attachment 
energies, E,., and attachment energy, Ea of slice d0al 1, in k J/tool 

ion Ech E~ E1 E2 E3 Ea 

Zr -6281 -7312 -1381 12 - 1  -1370 
Si --9753 -10162 167 - 2  --1 164 
O --9579 -8909 -277 3 1 --273 

Total -25613 -26383 -1491 13 - 1  -1479 

and must  be calculated by subtracting the slice energy 
f rom the crystal energy. This has been performed for 
all the polar  slices do22, which will be discussed hereaf- 
ter. Although in all other cases it is not necessary to 
calculate both, the a t tachment  energy and the slice ener- 
gy, they are computed almost always. The constant sum 
of slice energy and at tachment  energy enables one to 
check that  no significant contributions have been ne- 
glected either in case of  the slice energy by calculating 
the contributions of  PBCs at distances of  several nm 
through a power series or in case of  the a t tachment  ener- 
gy by not taking into account the contributions of  the 
partial a t tachment  energies of  the slices Era+ ~, E,,+ 2, 
etc., when the calculated value of E~ is less than a mini- 
m u m  value. This minimum is normally chosen in the 
order of  a few hundreds of  k J/tool (for further details 
see Woensdregt 1992). An example of  such a calculation 
is given in in Table 3, which summarizes the partial ener- 
gies for the calculation of the slice energy E~ ~aA and 
the a t tachment  energy E~a l lA based on the [100] PBC. 
The at tachment  energy converges very rapidly, the third 
slice contributes only - 1 k J/tool to the a t tachment  ener- 
gy, and therefore, the contributions of  all layers with 
slice number  m > 3 can be neglected. The effective contri- 
butions to the a t tachment  energy are confined to the 
interaction energies of  the growth unit attached to the 
crystal surface with the underneath part  of  the crystal 
which is only about  1.3 nm thick, i.e. three slices do~ .  
There are rather significant differences among the con- 
tributions to the at tachment  energy with respect to the 
ion type. The largest contribution to the energy E~ ~A 
is made by the zircon ions. To the total amount  of  at- 
tachment  energies contributed by the zircon ions ( -  
1369 kJ/mol)  the Zr(4) ion alone contributes - 1 3 3 6  k J/ 
mol. For the purpose of  calculation, the crystal was di- 
vided into slices do ~ t which formed the half  crystal by 
a translation along the positive e axis (for further details 
see Woensdregt 1992). As the growth of the crystal pro- 
ceeds with the format ion of new slices dol~, the Zr(4) 
ion is the closest Zr ion to the surface of  the growing 
crystal (Fig. 2). Hence the partial a t tachment  energy of  
Zr(4) is much higher than that of  Zr(1). The contribution 
of Zr(4) is also the highest compared with those of  all 
other ions, which means that on a flat surface of (011) A 
the probabili ty to be attached as the first ion on such 
a surface is the highest for Zr(4). F rom that  moment  
on, the surface configuration is changed, and no further 
order of  a t tachment  can be derived f rom the calculated 
partial a t tachment  energies. 

Table 4. Slice and attachment energies of zircon in kJ/mol 

model I: Zr~+Si4+O 2- 

dhk! Es 1) Ea Ec" 

020 -26587 -1275 -27862 
011 a -26383 -1479 -27862 
011B -25698 -2165 -27863 
022 n -24701 -3161 b -27862 
011 B* -26057 -1803 -27860 
022 B* -24498 -4997 b -27862 
011 c -23321 -4539 -27861 
022 c -21581 -6281 b -27862 
031 -25636 -2225 -27861 
112 -22140 -5720 -27861 

modelII: Zr~+Si2+O~ "s- 

020 -14687 -1163 -15850 
011A -14363 -1487 -15850 
011 ~ -13789 -2061 -15851 
022 A -12743 -3106 c -15850 
031 -13661 -2189 -15849 

modellII: Zr~+Si~ 

020 -8002 -990 -8992 
011 a -7534 -1457 -8992 
011H -7113 -1880 -8993 
022 A -6048 -2945 a -8993 
031 -6908 -2083 -8992 

" not corrected for the Coulomb interactions within the [SiO.] 4- 
ion 
b calculated E.=Ec-Es= --27862--E~ 
c calculated E.=Ec--Es= -- 15850--Es 
d calculated E~ = Ec-- Es = -- 8993 - E~ 

Theoretical Growth Forms 

In the so-called Wulff plot (Wulff 1901), the distance 
f rom the central point to a certain face (hkl) is taken 
directly proport ional  to the absolute value of  the attach- 
ment  energy of  that  face. The innermost closed surface 
of the three-dimensional Wulff plot represents the theo- 
retical growth form. This growth form is constructed 
only on the basis of  the at tachment  energy data calculat- 
ed in an electrostatic point charge model, and is, there- 
fore, as reliable as the model represents the reality. 
Hence, the theoretical growth form shows the influences 
of  the crystal structure on the growth rates, not taking 
into account the action of impurities, the environmental  
symmetry,  the Born repulsion, and other than electro- 
static interaction energies. However, by lowering the for- 
mal charges the influence of  the covalency can be esti- 
mated. All theoretical growth forms presented in this 
paper  have been obtained by using the computer  pro- 
grams C R Y S T A L F O R M  and C R Y S T A L D R A W  
(Strom 1979). 

The calculated slice, a t tachment  and crystal energies 
are listed in Table 4. The slice and crystal energies are 
not corrected for the Coulomb interactions within the 
[SiO4] 4-  ion, which is assumed to be one of  the crystal- 
lizing units. The corrections are for both  the crystal and 
slice energy in case of  model I (Zr4+Si4+O2-)  �9 
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-12983kJ /mo l ,  and for model II (Zr4+Si2+Ol5-)  �9 
-2166kJ /mol ,  and for model III (Zr4+Si~ �9 
+3603kJ/mol .  The corrected crystal energies are 
-14879,  -13683  and - 1 2 5 9 6 k J / m o l  for model I, II 
and III, respectively. Only the values of the prism {100} 
and the dipyramids {011} and {031} are given for all 
the models. The attachment energies of all the other 
slices are too high to be present on the theoretical growth 
form. The attachment energy of (112) in model I ( -  
5720 kJ/mol) is an example of these high values for an 
S face. The slice do2o has in all the models the lowest 
attachment energy. This does not mean that all growth 
forms have a distinct prismatic habit, as the {011} at- 
tachment energies can have much higher values and still 
be present as a dominant form (model Ia, Fig. 6). Such 
an effect is caused by the geometrical factor (Woensdregt 
1982), which is purely the geometrical relation of one 
crystal form to its other neighbours. In Fig. 6 the theo- 
retical growth forms are shown for all models. 

The Dipyramid {011}. The slice do11 cannot be drawn 
unambiguously. The slice configuration with the lowest 
attachment energy (e.g., model I : - 1479 k J/tool), called 
slice dg11, is shown in Fig. 1. In that case the slice is 
bounded by Zr ions. The growth models Ia, IIa and 
IIIa are based on these slice configurations. It is also 
possible to trace the slice bounded by silicate ions, the 
slice d~l, configuration (see also Fig. 1). Both configura- 
tions and all the other ones based on half slices do22, 
which will be discussed later are summarized in the [100] 
projection of Fig. 3. The attachment energy of 411 is 
much higher ( -2165  kJ/mol) than that of slice doa11. 
If  more than one slice configuration can be drawn, which 
differ from each other in height by submultiples of dhkg, 
the growth may also take place by elementary growth 
layers with a thickness of a submultiple of dhk ~ as postu- 
lated by Hartman and Heijnen (1983) and Heijnen 
(1986). In that case the half slice must be an F face 
as well, which is true for both slices, d~22 and dg22 . 
The half slices doA22 and dg22 are symmetrically equiva- 
lent by the presence of a 2t screw axis and have the 
same attachment energy ( -3161 k J/tool). 

It is also possible to delimit the boundaries of dg,~ 
as straight as those of dA,1. These new configurations, 
do~, and doe11 have also their own half slices, respectively 
dg;2 and doC22 (see also Fig. 3). The slice configurations 
dg~ 1 and dg11 are not very probable as they are based 
on the formation of S i -  O bonds during the crystalliza- 
tion. Only if the silicate growth units do not consist 
of [SiO~] 4- ions, such slice configurations should be 
considered as alternatives. The attachment energies of 
both half slices are more negative than those of all other 
half slices as S i -  O bonds are broken by the slice bound- 
aries. Since the slice energy of any stoichiometric set 
of Zr, Si and O ions can be computed, the results must 
be carefully examined. An unrealistic choice of the 
growth unit with one or more broken S i - O  bonds per 
molecule leads to attachment energies, which are more 
negative than that of the energetically most favourable 
F slice configuration. Hence other slice configurations 
for the half slice than d0A22 are not very likely to have 

an influence on the growth of the face (011). In Table 4 
all the computed energies for all half slices of all models 
are listed. 

The surface energy of (011) A can be computed from 
the known Em0,~A energies, where m = l ,  2, 3, etc., 
(Woensdregt 1992). 

The surface energy for (011) A amounts to 
8277 mJm-2 and is defined as all other surface energies 
calculated in the electrostatic point charge models with 
reference to vacuum. The corresponding surface energy 
with reference to the actual growth medium could be 
in the order of one hundred mJm-2,  which is a reason- 
able value for a slightly soluble salt (S6hnel 1982). For 
that reason, the surface energies with respect to the actu- 
al growth medium 7~,k~ can be estimated from the corre- 
sponding values with respect to vacuum (VhkZ) as follows 

~fhk l ~ 1 0 - 27hkl. (2) 

The same correction factor holds also for the surface 
energy per mole E's( 0 with respect to the actual growth 
medium, that will be computed from the surface energy 
per mole with respect to vacuum, Es(i), as follows: 

E's(i) = 10- 2 E~(i ) (3) 

According to Heijnen (1986) the relative area, xi, occu- 
pied by the N different F configurations of {hkl} depends 
on the surface energy per mole with reference to the 
growth medium via a Boltzmann type of distribution 

exlJ [ ~ ]  (4) 

i=1 RT  

where RT is equal to 7.25 kJ/mol at 600 ~ C, to 10.6 kJ/ 
tool at 1000 ~ C, and to 12.7 kJ/mol RTa t  1250 ~ C. 

The surface energies per mole for d~l 1 (E~) TM) and 
g l J  ( E ~  aB) are, respectively 1467 and 2073 kJ/mol. Fol- 
lowing (3) and (4), the corresponding areas of (011) A 
and (011) B are, respectively 70 and 30% at 600 ~ C, 64 
and 36% at 1000~ C and 62 and 38% at 1250 ~ C. At 
all possible crystallization temperatures of zircon, the 
total area of (011) ~ present is sufficiently large enough 
that the growth of (011) can also take place with half 
slices of thickness do22. As this half slice has a higher 
negative attachment energy, the growth rate of (011) 
will increase and, consequently, the growth form will 
change. The growth rate of (011) will be proportional 
to E~ ~ at the minimum and to E~ ~ at the maximum. 
In the submodels *a (where *a = I, II or III) the attach- 
ment energies of dg11 have been plotted against those 
of do2o, while in the submodels *b the attachment ener- 
gies of doA22 are used instead of those of doz a. 

The dipyramid {031}. The form {031} is an S face. For 
ADP it has, however, such a low attachment energy 
that it could be present on the growth form (Aguil6 
and Woensdregt 1987). In that case the {031} must ob- 
tain an F character through the adsorption of impurities 
on the slice surface, which should provide additional 
strong bonds parallel to its slice boundaries. 
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Fig. 6. Theoretical growth forms of zircon 

The {031} of zircon is not present in those models 
derived from the attachment energies E ~ The theoret- 
ical growth forms calculated with E ~ show the form 
{031} only, when the oxygen charge is equal to -21el 
(model Ic). In the model IIb, with qeo equal to -1.51el, 
the E T M  is just too high (0.1 kJ/mol) for {031} to be 
present, and in the model IIIb, with qeo equal to -lel, 
this difference increases to 1 kJ/mol. These limiting 
values, which control the presence of the {031} on the 
growth form, are obtained from the CRYSTALFORM 
program (Strom 1979). 

Quantitative Crystal Morphology 

Figure 6 shows very clearly the influence of the different 
parameters in the point charge model calculations on 
the theoretical growth forms. The influence of the differ- 
ent slice configurations are shown horizontally, and that 
of the different charge distributions vertically. By lower- 
ing the charges of silicon and oxygen the habit becomes 
more prismatic following {100}. This effect is even more 
enhanced, when the attachment energies E ~ instead 
of E ~ are used. The S form {031} could be present 

on model Ib, which is presented as the separate Ic theo- 
retical growth model. 

Discussion 

Natural Zircon Morphology 

The relative morphological importance of the crystal 
forms of minerals can be estimated from their P- and 
F-values, respectively the Kombinationspersistenz and the 
Fundortpersistenz (Niggli 1923). The crystal forms of the 
mineral zircon with the highest P- and F-values, calculat- 
ed by Hartman (1956) from an inspection of the figures 
published by Goldschmidt (1923), are in order of de- 
creasing P-values as follows: {011}, {100}, {110}, {211}, 
{031}, {112}, etc. The first two are F faces, and the 
other ones S faces. 

Natural zircons show a prismatic habit mostly follow- 
ing {100} and terminated by {011} dipyramids. Some- 
times they are, however prismatic following {110} with 
{011} dipyramids (hyacinth habit, Hintze 1915, p 1628). 
In very rare occasions natural zircon shows the dipyra- 
midal habit following {011} (Azorite habit, according 
to the description by Hintze 1915, p 1658). It is not 
easy to relate the hyacinth habit with a special rock 
type with a characteristic chemistry or crystallization his- 
tory. Pupin et al. (1978) observed that the late over- 
growths of hydrozircon rich in radioactive elements are 
prismatic following {110} instead of {100}. This habit 
change could be related with the action of water as has 
been postulated by Pupin et al. (1978). The azorite habit, 
however, has been specially observed in peralkaline 
rocks (see for a review Floor 1966, p 48). Other dipyra- 
midal forms {Ok/} with k>l  are known, {031} occurs 
more frequently than {051}. Additional forms such as 
{112}, {121}, may be present as well on natural growth 
forms. Cesbron et al. (1985) observed, that in the sodi- 
um-rich pyroxene syenites of Meponda (Mozambique) 
tabular crystals of zircon with dominant {001} are pres- 
ent. 

Other occurrences of tabular crystals have been re- 
ported by these authors, but always in alkaline magmatic 
rocks which are both saturated or supersaturated in SiO2 
(syenites and granites) and hyperalkaline (Na). Charac- 
teristic minerals in these rocks are sodic amphiboles and 
pyroxenes. Kostov (1973) stated that excess of SiO2 lead 
to crystals, which are shorter parallel to [001]. 

Pupin and Turco (1981) summarized the results of 
the typomorphological study of zircon populations in 
a schematic diagram, in which each type of morphology 
is characterized by two coordinates, the prismatic index 
T and the pyramidal index A. They observed that the 
morphology depends on temperature, chemistry and the 
available water content. The deviations from the theoret- 
ical morphology as derived in the present paper, which 
correspond with rather high A and T indices, must be 
due to external factors, such as impurities and supersa- 
turation. The explanation of Pupin and Turco (1981) 
in terms of chemistry and water content could be seen 
as the influence of impurities on the crystal growth, while 
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the influence of the temperature must be related with 
the supersaturation. 

The length/width ratio, also known as the elongation 
ratio e, which is very often used in order to describe 
the crystal morphology of zircon in igneous and meta- 
morphic rocks can also be computed for the different 
theoretical growth models. They are 1.56, 1.73 and 1.98, 
respectively for model Ia, Ib and Ic, and 3.34, 3.60 and 
4.02, respectively for model Ib, IIb and IIIb. If the elon- 
gation ratio is significantly higher than four, the conclu- 
sion can be drawn, that such needle shaped crystals are 
due to external conditions, such as a high degree of su- 
persaturation. 

Crystal Growth Experiments 

The morphology of synthetic zircon crystals grown 
under hydrothermal conditions from different types of 
solutions has been studied by Caruba (1978). The crys- 
tals have a distinct prismatic habit, if they grow in solu- 
tions in the presence of alkaline components, such as 
LiCO3, LiMoO4 and K2CO3. However, crystals grown 
from acid solutions are mainly dipyramidal following 
{011}, and show in addition {001}. If K or Na has been 
added to these acid solutions as an impurity, the crystals 
show again prismatic forms. 

Caruba et al. (1988) described the crystal growth of 
zircon when using natural zircons as seeds in a sulphatic 
hydrothermal solution. They observed that the crystalli- 
zation on {011} is very slow with respect to that on 
{100}. As a result the experimental growth form shows 
a dipyramidal habit following {011}, even when the seed 
material was prismatic. 

The Role of  Hydrogen Bonds in Zircon 

Caruba (1978) and Caruba et al. (1988) explained such 
habit changes as described in the previous section by 
the replacement of SiO4 tetrahedra by F4 and (OH)4 
ones. The presence of OH has been proven by means 
of infrared (IR) analysis (Caruba et al. 1985). The substi- 
tution of SiO4 by (OH)+ or F~ would lead to the destruc- 
tion of the Z r -  Si - Zr PBCs and to the creation of Z r -  
O H - Z r  or Z r - F - Z r  PBCs. If in such a structure of 
(OH)4 or F~ tetrahedra the coordination of Zr has not 
changed significantly, two Z r - ( O H , F ) -  Zr PBCs could 
be formed (see also the lower left corner of Fig. 2), one 
parallel to (010) : 

Z r ( l ) -  O H , F ( / ) -  Zr(2)-  OH,F(2)-  Zr(1,010) 

and another one parallel to (1/2 1/2 1/2): 
Zr(1) - OH,F(1) -- Zr(2) -- OH,F(12) -- Zr(3) 
(=-Zr(1, 1/2 I/2 1/2)) 
Our model III calculation with qesi = 0, is a model of 
such a structure, as the S i - O  bonds do not contribute 
to the Coulomb surface energies as computed in this 
model. In this model IIIa the ratio between E~11/E~l~ 
increases slightly and the theoretical growth form be- 

comes even more prismatic. This is also true for the 
model IIIb calculations. 

The second explanation of Caruba et al. (1988) is that 
the growth of {011} will be reduced by the adsorption 
of protons on the silicate bounded surface of (011) at 
conditions of low pH. Thus, the differences between the 
surface energy of (011) A and (011) B increase as the pH 
decreases during the growth. The higher the adsorption 
the lower the probability that {011} will be bounded 
by two different slices which differ just a half slice do22 
in height. In that case the growth rate of {011} will 
decrease during the growth, which leads to a more dipyr- 
amidal habit. 

As the computed values of the attachment energies 
are now known, the following critical remarks can be 
made. Adsorption of the protons will lower the surface 
energy in such a manner that the attachment energy 
of dg 11 will be less negative. The adsorption must have 
such an effect that finally the attachment energy of d0B11 
will be much more less negative than that of d6~11. Only 
then the growth proceeds with a slice thickness of do11. 
The adsorption of hydrogens can be translated into a 
point charge model with lowered oxygen charges. The 
model III (with qeo- - -  fel) calculations indicate the ex- 
tent of the adsorption effect. This model shows a reduc- 
tion of the attachment energy of d0Bll (--1880 kJ/mol), 
but not to a value below that of doAll (--1457 kJ/mol). 
However, in this model III the qesi equals zero, which 
influences these calculations as well. 

The presence of OH ions could, however, lead to 
a different interesting aspect. In the zircon crystal struc- 
ture, there are four equivalent O - O  distances of 
0.2840 nm, which are short enough to comply with the 
conditions for a hydrogen bond O - H  ---O. In the 
{001} projection (Fig. 1) these short O - O  bonds are 
drawn for the oxygen 0(3). They could provide the addi- 
tional strong bonds parallel to (110) in order to estab- 
lish the F character of {110} and to reduce its attachment 
energy. The same type of bonds could also change the 
character of {001}. All four equivalent short O - O  
bonds are drawn in the [100] projection (Fig. 2) for the 
oxygen 0(3). Hydrogen bonds are much weaker than 
ionic bonds. So the F character of {110} and of {001} 
is not so pronounced as the genuine F forms {100} and 

What are the possible sources for such additional hy- 
drogen bonds? Caruba et al. (1985) could experimentally 
determine that the oxygens are partly replaced by OH 
in the crystal structure of zircon. The adsorption of pro- 
tons on the surface of the crystal during the growth 
from hydrothermal solutions could lead to the replace- 
ment of oxygens by hydroxyls. The appearance of {001) 
as a distinct form on the dipyramidal crystals could be 
caused by the formation of additional strong Z r -  OH - 
Zr bonds. 

Another conclusion may be drawn from the study 
of the solubility of quartz in supercritical H 2 0 - C O 2  
and H 2 0 - A r  systems by Walther and Orville (1983). 
Following these authors Si(OH)4" 2 H20 is the dominant 
aqueous silica species in the supercritical regions of these 
systems. This silica complex consists of four hydroxyls 
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tetrahedrally coordinated to the silicon atom with two 
water molecules attached by hydrogen bonding. Their 
internal S i - O H  and O - H . . .  O bonds coincide with 
the bonding scheme of zircon. The presence of these 
uncharged solvated silica species could act as impurities 
during the growth. Once incorporated in a kink site they 
reduce the growth rate of the slices dzlo and dool as 
they are neutrally charged. In fact they poison the suit- 
able kink positions which especially exist on {001} and 
{110} as has been shown before. 

Instead of silica complexes also water molecules could 
be adsorbed on the surface. In that case the hydrogen 
bonds of the water molecule act in the same way as 
those of the silica complex. 

A D P  

ADP (NH4H2PO~ or biphosphammite) has a crystal 
structure which is rather similar to that of zircon. The 
most important differences are, the lack of centrosym- 
metry in case of ADP (space group I742d) and the pres- 
ence of two hydrogens per molecule. In supersaturated 
solutions of which the pH is about 4, the ADP is almost 
completely dissociated into [NH~] + and [HzP04]-  ions 
(Sillen 1959). The only bonds to be taken into considera- 
tion as strong bonds (Aguil6 and Woensdregt 1984) are 
the N - H N . . . O  bonds between the crystallization units 
[NH4] + and [H2P04]- .  Each [HzPO,, ] - ion is bonded 
to six neighbouring ammonium ions by strong bonds. 
These bonds can be divided in two bonds with the rela- 
tive large N - H N "  . 0  distance of 0.3170 nm, and four 
ones with the shorter N - H N . . . O  distance of 
0.2909 nm. Each phosphate tetrahedral group is bonded 
to four others by the hydrogen atoms, Ho,  forming the 
hydrogen bond O -  Ho" �9 �9 O. This hydrogen bond is not 
to be considered as a strong bond, because the hydrogen 
bond involved is too weak to overcome the ionic repul- 
sion between the two negatively charged [H2PO,] - ions. 

Zircon and ADP are partly different with respect to 
the character of their strong bonds. Although their 
bonding scheme is almost identical, their charge distribu- 
tions are quite distinct, due to the presence of ammoni- 
um instead of the zirconium ions, the hydrogens and 
the phosphate ions with the central P~+ ion instead of 
the silicate ion with the central Si 4+. This could imply 
for zircon a significant deviation from the theoretical 
growth forms which have already been computed for 
ADP (Aguil6 and Woensdregt 1987). 

ADP and zircon theoretical growth forms differ from 
each other by the fact that those ADP models based 
on the do 1 ~ dipyramidal growth are almost always dipyr- 
amidal. Only if the growth of {011} proceeds with slices 
of thickness do22 the ADP growth forms are prismatic. 
For zircon the E~ 11/E~176 ratio is 1.16, 1.28, 1.47, respec- 
tively for the models Ia, Ib and Ic. The corresponding 
values of the ADP models with for both types of hydro- 
gen a qen equal to half the formal one, are 0.55, 0.66 
and 0.88 (Aguil6 and Woensdregt 1987). Only the last 
ADP model has the form {010}. ADP crystals grown 
from an Cr bearing aqueous solution show very often 

the so-called tapering, which is caused by the presence 
of the S forms {Ok/} with k > l, in addition to the form 
{011}. The S form {031} of ADP has such a low attach- 
ment energy that it could be present on the theoretical 
growth forms. However two conditions must be fulfilled. 
First the growth rate of {031} must be directly propor- 
tional to its growth rate, so it must grow as an F face. 
The presence of impurities must implicate the formation 
of strong bonds parallel to the slice boundaries of {031} 
in order to establish the characteristics of an F face, 
i.e. being parallel to two different sets of PBCs. Secondly 
the growth of {011} must take place via half slices (Agui- 
16 and Woensdregt 1987). Tapering of zircon crystals 
is not very common, which is confirmed by the calcula- 
tions of the attachment energies. Only if qeo = -2[el the 
{031} is present (model Ibc). In all other models {031} 
is absent, although only a slight reduction of the attach- 
ment energies would lead to the appearance of {031} 
on the other *.b models. It seems that the hydrogens 
located in ADP at the boundaries of the slice do31, just 
situated in between two adjacent PBCs, must reduce the 
attachment energy just enough in order that {031} could 
be present on so many growth forms. This is also corrob- 
orated by the fact that on the computed growth models 
the morphological importance is directly proportional 
with the qen. In models with a low qeu the {031} i s  
absent or strongly reduced, see also Fig. 3 c in the paper 
by Aguil6 and Woensdregt (1987). 

Conclusions 

1) In zircon the PBCs are parallel to (100), (1/2 1/2 
1/2), (001) and (1/2, 1/2, 11/2). The only F forms are 
the prism {100} and the dipyramid {011}. 
2) The surface of the prism { 100} consists of the oxygens 
belonging to the silicate ions. The boundary of {011} 
is occupied either by negative silicate ions or by positive 
zircon ions. The form {011} can also grow with elemen- 
tary growth layers with thickness do22. 

This enhances the prismatic habit of the theoretical 
growth forms. On these growth models the S form {031} 
could be present, if the oxygen charge qeo=-21el  and 
additional strong bonds are provided by the adsorption 
of impurities on the surface. 
3) Adsorption of protons, water molecules or silica com- 
plexes on the crystal surface of zircon during the growth 
could lead to additional hydrogen bonds parallel to 
(110). These bonds could change the S character of 
{110} and {001} into that o f F  faces. 
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