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tThe [4℄Al/Si and [6℄Al/Mg order-disorder behaviour of minerals in the tremolite-ts
hermakitesolid solution (namely, end-member ts
hermakite and the 50:50 
omposition, magnesio-hornblende) has been investigated by Monte Carlo simulation, using a model Hamiltonianin whi
h atomi
 intera
tion parameters Ji were derived from empiri
al latti
e energy 
al
u-lations, and 
hemi
al potential terms �j (to express the preferen
es of 
ations for parti
ular
rystallographi
 sites) were derived from ab initio methods. The simulations performedwere in
reasingly 
omplex. Firstly, ordering in one tetrahedral double 
hain with Al:Si= 1:3 (ts
hermakite) was simulated. Although the low-temperature 
ation distribution inthis system was ordered, there was no phase transition (due to the quasi-one-dimensionalnature of the system). Next, intera
tions between tetrahedral Al:Si = 1:3 double 
hainswere in
luded, and a phase transition was observed, with the 
ation distribution in onedouble 
hain lining up with respe
t to that in the next. Finally, intera
tions between1



tetrahedral and o
tahedral sites were in
orporated, to model the whole unit 
ell, and 
om-positions 
orresponding to ts
hermakite and magnesiohornblende were investigated. Thewhole-
ell simulation results 
ompare favourably with experimental 
on
lusions for mag-nesiohornblende, in that Al at T1 is preferred over Al at T2, and Al at M2 is favoured overthat at M1 and M3, but the signi�
ant amount of Al at M1 is at odds with experimentalobservation.Introdu
tionIn this paper we present a 
omputer simulation study of the order-disorder behaviour oftwo 
ompositions in the aluminous tremolite (tremolite-ts
hermakite) solid solution: the�
tive end-member, ts
hermakite, [A℄2[8℄Ca2[6℄(Mg3Al2)[4℄[Si6Al2℄O22(OH)2 and the 50:50
omposition, magnesiohornblende, [A℄2[8℄Ca2[6℄(Mg4Al)[4℄[Si7Al℄O22(OH)2. This work fol-lows on from our previous simulation studies of 
ation ordering in minerals, in whi
h wehave investigated the e�e
ts of both the number of ordering spe
ies and the number of typesof 
rystallographi
 sites a
ross whi
h these spe
ies may order. Our work on Al/Si orderingin mus
ovite (Palin et al., 2001) investigated the behaviour of two types of 
ations on onetype of site. Our study of phengite (Palin et al., 2003a) explored the ordering behaviourof three types of 
ation a
ross two types of site, namely tetrahedral Al/Si and o
tahedralAl/Mg ordering, and the nature of the 
oupling between these ordering pro
esses. Subse-quently, we investigated the behaviour of three ordering spe
ies a
ross one type of site, inthe 
ase of Al/Fe/Mg ordering in the general dio
tahedral phyllosili
ate sheet (Sainz-Diazet al., 2003a,b; Palin et al., 2004). Finally, in our work on glau
ophane (Palin et al., 2003b),we investigated Al/Mg ordering a
ross three 
rystallographi
ally-distin
t sites.Though we have previously studied 
oupled ordering pro
esses (phengite) and orderinga
ross several site types (glau
ophane), we have not previously studied both phenomena in2



one mineral system. The present study addresses this; we explore two ordering pro
essesand a total of �ve 
rystallographi
ally-distin
t sites taking part in ordering in aluminoustremolites.The interest in the order-disorder behaviour of tremolite-ts
hermakite minerals stemsfrom their potential importan
e in geothermobarometry. If a better understanding 
ouldbe gained of the thermodynami
s governing 
ation ordering in this system, amphiboles mayo�er an opportunity to 
reate geothermometers in 
onditions where other minerals are notappropriate. For example, studies of divalent 
ation ordering in olivines (Redfern et al.,1997), whi
h have been suggested as potential geothermometers, show that Mg/Mn2+and Mg/Fe2+ ex
hange 
an be su�
iently fast that high-T 
ation distributions are notpreserved in natural samples, with the result that geothermometers based on olivine maybe ina

urate. By 
ontrast, it appears (Raudsepp et al., 1987) that ex
hange of heterovalent
ations is mu
h slower, meaning that 
rystallisation temperatures 
ould be dedu
ed frome.g. Mg/Al distributions. Clearly, aluminous tremolites, with [6℄Al/Mg and [4℄Al/Si, 
ouldbe appropriate for su
h an appli
ation. This study is not intended to provide 
on
lusiveresults with respe
t to geothermobarometry, but the 
omputational approa
h that we haveused yields simulated Mg/Al site o

upan
ies and 
ation distributions, whi
h may be ofuse in further investigations.A further motivation for study is that the ts
hermakite end-member is not known to ex-ist in nature � ts
hermakiti
 bulk 
ompositions yield Al-ri
h amphibole and other phasessu
h as 
hlorite, spinel and forsterite (Jenkins, 1994). However, ts
hermakite remains in-teresting with referen
e to 
omparative studies a
ross the solid solution. Moreover, solidsolutions at the tremolite-ri
h end of the series do o

ur naturally, and also 
an be synthe-sised; the most ts
hermakite-ri
h 
omposition that 
an be synthesised along the tremolite-ts
hermakite join is usually 
onsidered to be magnesiohornblende. A 
omputational studyof this system 
ould provide a new perspe
tive on the reasons for the 
ompositional limits3



of stability in this series.Stru
ture of tremolite-ts
hermakite amphibolesThe amphibole stru
ture is shown in Figure 1. The sites whi
h are relevant in this studyare the two distin
t tetrahedral (T) sites, T1 and T2, and the three distin
t o
tahedral(M) sites, M1, M2 and M3. The tetrahedral sites are 
orner-linked to form a tetrahedraldouble 
hain (so named by analogy with the single-
hain stru
ture of pyroxenes), with T1sites o

urring along the 
entres of the double 
hains and T2 sites along the edges, giving aT1:T2 ratio of 1:1, and eight T sites per formula unit. The o
tahedral sites are edge-linkedto form ribbons, with M3 sites running down the 
entre, M2 sites along the edges and M1sites between the two, su
h that the ratio of numbers of M sites is M1:M2:M3 = 2:2:1,and there are �ve M sites per formula unit. One o
tahedral ribbon is sandwi
hed betweentwo tetrahedral ribbons, to produ
e the familiar �I-beam� stru
tural unit. The other sitesshown in the diagram are the distorted, highly-
oordinated M4 site (important in de�ningthe major amphibole groups � 
al
i
, sodi
-
al
i
, alkali) and the A site, situated betweenadja
ent I-beams.Tremolite and ts
hermakite end-member 
omponents are related by the Ts
hermaksubstitution [6℄Mg[4℄Si 
 [6℄Al[4℄Al, and so we must 
onsider Al both on the o
tahe-dral and the tetrahedral sites, and the possibility of 
oupling between o
tahedral andtetrahedral ordering s
hemes. Many experimental studies have been undertaken in or-der to determine the ordering behaviour of Al in aluminous tremolites (e.g. Hawthorneet al., 2000; Jenkins et al., 1997), and on other 
losely-related minerals su
h as pargasiteand pargasiti
 hornblendes (e.g. Raudsepp et al., 1987; Wel
h et al., 1994). Pargasite,[A℄Na[8℄Ca2[6℄(Mg4Al)[4℄[Si6Al2℄O22(OH)2, is relevant to this study as it has the same o
-tahedral 
ation ratio as magnesiohornblende, and the same tetrahedral 
ation ratio asts
hermakite. 4



To date, the following dedu
tions have been made for ordering a
ross o
tahedral sites.Hawthorne (1981; 1983) argued from bond-valen
e 
onsiderations that in these minerals[6℄Al should o

ur at M2. Raudsepp et al. (1987) 
on
luded from IR, MAS-NMR andstru
ture re�nement studies that [6℄Al should o

ur at M2 and M1/M3, a �nding whi
hwas later supported by MAS-NMR and IR investigations by Wel
h et al. (1994). Laterstudies by X-ray stru
ture re�nement (Oberti et al., 1995a), neutron di�ra
tion (Wel
hand Knight, 1999), IR spe
tros
opy (Ventura et al., 1999), IR and triple-quantum NMR(Hawthorne et al., 2000) revised this to M2 and M3, but not M1. For the tetrahedral 
ationbehaviour, bond-valen
e 
al
ulations (Hawthorne, 1981, 1983, 1997) suggest that Al shouldorder preferentially at T1. This proposition was 
orroborated by 29Si MAS NMR studies(Wel
h et al., 1998). It was also 
on
luded by Oberti et al. (1995b) that an Al 
ontent ofmore than two tetrahedral Al atoms per formula unit leads to Al at T2, but that less Al-ri
h 
ompositions had Al at T1. Additionally, a re
ent 
omputational/experimental study(Najorka and Gotts
halk, 2003) of both tetrahedral and o
tahedral order in tremolite-ts
hermakite assumed that [4℄Al was lo
ated at T1, and then used Monte Carlo simulationsto infer o
tahedral o

upan
ies from IR spe
tros
opy data. The two o

upan
y models usedby these authors had Al at M2 and Al at M2 and M3; simulations gave better agreementfor the latter. These diverse and sometimes 
ontrasting results for both the o
tahedral andtetrahedral sites highlight the need for further investigation of this system.It has been suggested that 
oupling between M and T sites is an important 
ontrol onordering in 
ertain amphiboles. Hawthorne (1997) suggested that 
oupling o

urs betweenAl at M2 and T1 on the grounds that if Al rather than Si is at T1, a more favourablebond-valen
e sum is in
ident at the O1 atom. This theory is supported by the experimentalresults of Jenkins (1994), who studied a series of tremolite-ts
hermakite amphiboles andfound that agreement between his experiment and a
tivity-
omposition models was bestfor a model involving 
oupling between Al at M2 and T1. Subsequently, Wel
h et al. (1998)5



proposed that 
oupling between Al at M2 and T2 was a signi�
ant fa
tor in 
ontrolling thelong-range order behaviour of Al and Si in the tetrahedral sites. The simulation methodwe have employed in this work is 
apable of a

ounting for possible 
oupling terms, byin
luding intera
tions between the tetrahedral and o
tahedral sites (T�O), as well as T�Tand O�O intera
tions.MethodsThe method we employed in this work is identi
al to that previously employed in our studyof glau
ophane (Palin et al., 2003b). The general approa
h is des
ribed in detail elsewhere(Boseni
k et al., 2001; Warren et al., 2001), here we simply note that it 
omprises twostages: �rstly, latti
e energy minimisation methods are used to 
ompute values for atomi
intera
tion parameters and 
hemi
al potentials; and se
ondly, these values are used inMonte Carlo simulations of ordering. In this work, as for glau
ophane, the atomi
 intera
-tion parameters were determined using an empiri
al method, and a quantum me
hani
alapproa
h was used to 
al
ulate the 
hemi
al potentials.The general expression for the ordering energy isE = E0 +Xi N iAl�AlJi +Xj �jxjAl (1)where E denotes the energy of a parti
ular 
on�guration of 
ations, E0 denotes an energy
onstant subsuming all energy terms not involved in the ordering pro
ess, Ji indi
ates theith pair intera
tion parameter, and N iAl�Al denotes the number of Al�Al linkages 
orre-sponding to Ji (the 
hoi
e of atom type here is arbitrary, any of the atom types involvedin ordering 
ould be 
hosen). Where there is more than one type of site (e.g. tetrahedralvs. o
tahedral), a 
hemi
al potential �j 
an be in
luded to express the preferen
e of a
ation for a parti
ular site type j (again we have 
hosen to 
ompute 
hemi
al potentials6



with respe
t to Al; the value of the 
hemi
al potential is multiplied by xAl, the fra
tion ofsites of type j whi
h are o

upied by Al). Equation 1 is simply a multilinear regressionproblem; given a set of N iAl�Al and E values, 
omputer algorithms 
an be used to solve forE0 and a set of J values (and � values, if used). The E values are obtained by 
onstru
tinga set of model 
on�gurations in whi
h the 
ations of interest are randomly lo
ated a
rossthe sites whi
h take part in ordering; ea
h of these 
on�gurations is optimised using thelatti
e energy minimisation program GULP to yield an E value. For ea
h 
on�guration, theN iAl�Al values are determined by a spreadsheet method. The spe
i�
 pro
edure is dis
ussedbelow.Interatomi
 potentials and model testingThe ts
hermakite model 
onsists of two parts: stru
tural data (
ell parameters and atomi

oordinates), and a series of empiri
al interatomi
 potentials to model the intera
tionsbetween the atoms. The parameters used in the interatomi
 potentials for the ts
hermakitemodel are given in Table 1. Four types of potential are employed, and two types of oxygenatom are 
onsidered: �O1� is used to denote oxygen atoms forming part of a hydroxylgroup, and �O2� is used for all other oxygen atoms.Bu
kingham potentials are used to model short-range intera
tions su
h as Si�O andK�O: E (r) = A exp (�r=�)� Cr�6 (2)where A, � and C are adjustable parameters. When C = 0, as is the 
ase for all short-range intera
tions ex
ept for Si�O2 and O�O, the fun
tional form is that of the Born-Mayerpotential.The Morse potential is used to model the hydroxyl group (i.e. bonding between O1 and7



H): E (r) = D �(1� exp [�a (r � r0)℄)2 � 1� (3)where D, a, r and r0 are adjustable parameters. The polarisability of the oxygen atomis modelled via the 
ore-shell potential, in whi
h ea
h oxygen atom is 
onsidered as a
ore 
onsisting of the nu
leus and inner ele
trons, and a massless shell 
onsisting of theouter ele
trons. The 
ore and shell are linked by an harmoni
 intera
tion, related to thedispla
ement of the 
ore with respe
t to the 
entre of the shell, d:E (d) = 12Kd2 (4)where K is an adjustable parameter. Atoms 
omprising polyhedral units (MgO6 and AlO6o
tahedra, and AlO4 and SiO4 tetrahedra) are held together by three-body potentials,whi
h a
t against unrealisti
 distortions of the polyhedra, and are of the formE (�) = 12k (� � �0)2 (5)where k is an adjustable parameter, and �0 is taken to be the ideal angle at the 
entre of thepolyhedron (i.e. 90Æ for o
tahedral 
oordination and 109.47Æ for tetrahedral 
oordination).Before pro
eeding with the 
al
ulation of any J parameters, it is �rst ne
essary to 
re-ate a disordered model of the system, from whi
h a data set of 
on�gurations (and hen
evalues for E and NAl�Al) 
an then be generated. Disorder is represented by assigningto ea
h site available for ordering a virtual o

upan
y 
orresponding to the statisti
ally-disordered (high-temperature) 
ase; this is known as the �virtual 
rystal approximation�(VCA). In the 
ase of ts
hermakite, this means that all the tetrahedral sites are o

upiedby 0.25 Al and 0.75 Si, and all o
tahedral sites by 0.4 Al and 0.6 Mg. Sin
e ts
hermakite isnot a naturally-o

urring mineral, no 
ell parameters were available for the initial model.8



Instead, the 
ell parameters were extrapolated ba
k from experimental 
ell parametersfor tremolite (Hawthorne et al., 1997) and magnesiohornblende (Jenkins et al., 1997), as-suming a linear relationship between 
ompositions (Vegard's Law). The initial atomi

oordinates used were those for glau
ophane. The model was optimised with GULP at
onstant pressure (i.e. allowing the 
ell parameters to 
hange), using the potential param-eters in Table 1. Whilst in this study the optimised stru
ture 
annot be 
ompared withan experimentally-determined one, its 
ell parameters were sensible for 
al
i
 amphiboles,and visual inspe
tion of the stru
ture with Cerius2 showed that the atoms were in feasiblepositions with 
orre
t 
oordinations.Cal
ulation of J values and 
hemi
al potentialsAs already spe
i�ed above, this study investigates the e�e
t of 
oupled ordering s
hemes(Al/Mg in the o
tahedra vs. Al/Si in the tetrahedra), and of the possible preferen
e of Alfor a parti
ular type of site (T1/2, M1/2/3). It was thus ne
essary to use three sets of Jvalues � namely for T�T, O�O and T�O intera
tions. The �rst stage of the pro
ess wasto 
al
ulate a set of T�T intera
tions. Rather than 
al
ulating new O�O intera
tions, thevalues determined for glau
ophane were used (Palin et al., 2003b); these are reprodu
edin Table 2. The se
ond stage was to 
ombine these O�O intera
tions with the 
al
ulatedT�T intera
tions to enable the evaluation of the T�O intera
tions. Chemi
al potentialswere also determined; as dis
ussed below.The ordering behaviour of tremolite-ts
hermakite was examined by beginning from amodel of end-member ts
hermakite, despite the fa
t that it does not o

ur naturally. Thereason for this is that 
ompositions in the naturally-o

urring part of the solid solution
annot be used for this purpose � tremolite be
ause all sites are o

upied by one spe
iesonly, giving no 
apa
ity for 
ation ordering; and magnesiohornblende be
ause the tetra-hedral o

upan
y is very dilute (Al:Si = 1:7), and would not result in a su�
ient N iAl�Al9



database from whi
h to 
al
ulate the JT�T parameters.Cal
ulation of T�T Js and 
hemi
al potentialTo 
al
ulate the T�T intera
tions, the optimised VCA model of ts
hermakite was used togenerate a data set of 90 
on�gurations, ea
h with Al and Si atoms randomly lo
ated onthe tetrahedral sites and the VCA employed for the o
tahedral sites, sin
e the behaviourof the o
tahedral 
ations was not known. These 
on�gurations were ea
h then optimisedwith GULP.The T�T intera
tion parameters were assigned by visual inspe
tion of the ts
hermakitemodel using Cerius2. Intera
tions within the same double 
hain were 
onsidered; examplesof these are shown in Figure 2. In addition, intera
tions between sites in di�erent double
hains were in
luded; these have been grouped a

ording to the di�eren
e in the fra
tionalx-
oordinates of two intera
ting sites, here labelled w. Figure 3 illustrates the groupings:intera
tions with w = 0:59 operate between tetrahedral sites in the same I-beam, a
ross theo
tahedral ribbon; w = 0:41 denotes intera
tions whi
h operate between tetrahedra in I-beams adja
ent along x, and w = 0:09 shows intera
tions whi
h operate between tetrahedrain I-beams adja
ent along y. Examples of the assigned Js for inter-
hain intera
tions areshown in Figures 4 and 5.The distan
es over whi
h all the T�T intera
tions operate are given in Table 3. Initially,the T1 and T2 sites were 
onsidered separately; the intera
tion parameters 
al
ulated aregiven in Table 4(a). However, as this Table shows, the separate values for J1 T1�T1/J1 T1�T2, J2 T1�T1/J2 T1�T2, J3 T1�T1/J3 T2�T2 and J4 T1�T2/J4 T2�T2 were within errorof one another. Hen
e, these values were 
onsidered together, and a new �t performed(J2 T2�T2 was not within error of the other J2 values, so it was still 
onsidered separately).The J values resulting from this new �t are given in Table 4(b).The quality of the �t is shown in Figure 6, the R2 values are 0.956 for the initial model10



and 0.953 for the simpli�ed model. This shows that the simpli�
ation does not a�e
tthe quality of the �t, so the se
ond set of Js, from the simpler model, were used in allsubsequent investigations. Additionally, both the sign and the magnitude of �(T1) areapproximately the same in both �ts.Cal
ulation of T�O Js and 
hemi
al potentialsHaving the 
al
ulated T�T intera
tion parameters, the next stage of the pro
ess was to
al
ulate the T�O Js, so that a 
omplete model of ts
hermakite 
ould be 
onstru
ted (usingthe O�O Js from glau
ophane). The set of T�O intera
tions (Table 5) was 
hosen so thatit in
ludes the nearest- and next-nearest T�O neighbours for all possible types of T�Ointera
tion (i.e. all permutations between T1/T2 and M1/M2/M3). Nearest-neighbourT�O intera
tions are labelled J1a, J1b et
.; next-nearest neighbour T�O intera
tions arelabelled Jb, J
 et
. Again, this en
ompasses intera
tions between sites in the same I-beam,and between sites in di�erent I-beams (see Figures 7 and 8). The 
hemi
al potentialswere 
hosen to be �(M1), �(M2) and �(T1); only three 
hemi
al potentials are required.In general, if there are n types of site a
ross whi
h ordering 
an o

ur, there are n � 1independent 
hemi
al potentials. In ts
hermakite, there are �ve site types, but there arethree 
hemi
al potentials, not four: ex
hange of Si and Mg between the tetrahedral ando
tahedral sites is not expe
ted in amphiboles, and this e�e
tively adds a further 
onstraintto the 
hemi
al potentials. To put it another way, there are three o
tahedral site types,leading to two independent o
tahedral 
hemi
al potentials, and two tetrahedral site types,leading to one independent tetrahedral 
hemi
al potential.For the 
al
ulation of the T�O Js, a new data set of 90 
on�gurations was generated,with Al and Si randomly lo
ated a
ross the tetrahedral sites and Al and Mg randomlylo
ated a
ross the o
tahedral sites. The VCA 
an no longer be used for the o
tahedral sitessin
e intera
tions are now being 
ounted between o
tahedra and tetrahedra; the o
tahedral11



o

upan
y did not a�e
t the previous 
ount of intera
tions between tetrahedra only. Thein
lusion of a new set of 
on�gurations also e�e
tively in
reases the size of the overalldata set used, sin
e overall there is a large number of �tted parameters and the numberof 
on�gurations should be 
onsiderably larger than the number of parameters. The �tin
luded all the T�T Js (using the simpli�ed set from Table 4(b)), all the O�O Js fromglau
ophane, and the T�O Js shown in Figures 7 and 8. Although all parameters werein
luded in the �t, only the T�O intera
tions and the 
hemi
al potentials were allowed tovary (as well as the E0 value).The set of T�O Js and 
hemi
al potentials obtained by this �tting pro
edure is givenin Table 6, and the R2 value for this �t was 0.83. The nearest-neighbour intera
tions areall large and negative, implying favourable Al�Al intera
tions a
ross su
h distan
es.SIESTA 
al
ulationsIn our previous study of glau
ophane, we found that there was a dis
repan
y betweenthe 
hemi
al potentials that were 
al
ulated via the empiri
al method (GULP) and those
al
ulated using the ab initio 
ode SIESTA. In some respe
ts this was a little surprising,be
ause we had anti
ipated that the empiri
al models would be 
apable of handling theenergeti
s of ordering between 
hemi
ally similar sites (unlike the 
ase where 
ations orderbetween sites of di�erent 
oordination number). Therefore, in the present study we testedour empiri
al models on this point by 
al
ulating 
hemi
al potentials for the ts
hermakitesystem using both empiri
al and ab initio methods following the approa
h used in ourstudy of glau
ophane.For the SIESTA 
al
ulations, eight ordered 
on�gurations were produ
ed, and optimised.As was the 
ase with glau
ophane, the 
on�gurations were 
hosen so that they were sig-ni�
antly di�erent from one another in an attempt to 
ompensate for the small number of
on�gurations. Four of them had Al on T1, and four had Al on T2; for ea
h set of four,12



the o
tahedral Al was in
orporated on either M1, M2, 12M2 + M3, or 12M1 + M3. Thepseudopotentials used were produ
ed for other systems: Mg from MgO and Si from solidsili
on (Anglada et al., 2002), Al from alumina, Ca from 
al
ite, and O and H from watersimulations (all unpublished data). The basis sets were DZP in ea
h 
ase, with semi-
orestates in
luded for the Ca atoms, and 
al
ulations were performed with the generalisedgradients approximation (GGA).To determine the 
hemi
al potentials, we 
onsidered the separate 
ontributions to theenergy: E = E0 + ETT + EOO + ETO + E� (6)from whi
h it is assumed that the di�eren
e between the ex
hange energy (ETT + EOO +ETO) and the total energy E of a 
on�guration is due to di�eren
es in the value of E0, the
onstant term, and E�, the energy due to the 
hemi
al potential. For ea
h 
on�guration,the ex
hange energies, 
omputed from the J and NAl�Al values, were subtra
ted from theenergies of the relaxed stru
tures 
al
ulated using SIESTA. The value of �3 was set to zeroas an arbitrary origin, and the values of E0, �1 and �2 were adjusted to give the leastdis
repan
y between the SIESTA energy and the sum of E0, the ex
hange energy and the
hemi
al potential energy. This pro
edure led to a level of agreement represented in Figure9, the 
orrelation 
oe�
ient R2 is 0.81.The � values obtained are given in Table 7. As it happens, these values are not toodi�erent from those 
al
ulated with GULP (hen
e the similar R2 values, 0.83 and 0.81).Contributions to the 
hemi
al potentials from elasti
 (strain) e�e
ts and those from bondinge�e
ts 
an have di�erent degrees of signi�
an
e in di�erent systems, the former beingmodelled well by GULP and the latter being modelled well by SIESTA. Where the agreementbetween the two methods is high, one 
an infer that the ts
hermakite 
hemi
al potentials13



are mostly due to strain (size-related e�e
ts).Finally, as was the 
ase for glau
ophane, it should be noted that the energy 
ontributionfrom the J values is of the same order of magnitude as that from the 
hemi
al potentials,so the behaviour of the system 
annot simply be predi
ted from the J values or 
hemi
alpotentials alone; both 
ontributions must be in
luded.Monte Carlo simulationsThe pro
edure employed in the Monte Carlo (MC) simulations is explained in detail in anearlier review paper (Warren et al., 2001). The program used to perform the simulationsis OSSIA, see http://www.es
.
am.a
.uk/ossia for details. We will not 
onsider thedetails of the MC simulation pro
ess here, but we note that for the purposes of the MCsimulations, it is more 
onvenient to express the energy of the system in the following form:E =Xhi;ji JijSiSj +Xj �jSj (7)In Equation 7, the quantity S denotes a site variable whi
h is de�ned to be 1 if the site iso

upied by Al and zero otherwise. Jij is the intera
tion parameter between site i and sitej, with the angle bra
kets h: : :i denoting that no intera
tion is 
ounted twi
e, and �j isthe 
hemi
al potential asso
iated with a parti
ular site j. Equation 7 is thus equivalent toEquation 1, with the omission of the 
onstant term E0, whi
h does not a�e
t the orderingpro
ess and therefore does not need to be in
luded in the MC simulations. Impli
it in thisformalism is the representation of the system of interest as a set of spins intera
ting with aspe
i�ed 
onne
tivity and spe
i�ed energies of intera
tion (the J parameters); these spinsare then mapped onto a 
rystal stru
ture at the end of the simulation.OSSIA 
an output the thermodynami
 averages of the energy hEi and order parameterhQi of the system at a parti
ular temperature, together with the mean squared values14



hE2i and hQ2i. These quantities are useful sin
e they allow dire
t 
al
ulation of the heat
apa
ity C and sus
eptibility � of the system:� = hQ2i � hQi2kBT (8)C = hE2i � hEi2kBT 2 (9)At a phase transition, there will be anomalies in both the heat 
apa
ity and sus
eptibility,thereby enabling one to determine whether or not a system exhibits a phase transition byexamining the simulation data.In this work, we have performed several MC simulations for ts
hermakite. The �rstsimulation is of one isolated tetrahedral double 
hain, ex
luding intera
tions with other
hains. This system is interesting be
ause it 
an be 
onsidered as a quasi-1D system, andit is a well-known result that 1D systems do not exhibit phase transitions.The se
ond simulation is of intera
ting tetrahedral double 
hains. This in
reases thedimensionality of the system. Our interest here is in investigating whether intera
ting
hains will still order in the same pattern as the non-intera
ting 
hain, and whether theinter-
hain intera
tions 
onstrain the order in one 
hain with respe
t to that in the next.Previous work on mus
ovite (Palin et al., 2001) suggested that ordering within one sheet oftetrahedrally-
oordinated 
ations o

urred independently of neighbouring sheets � inter-a
tions between sheets were mu
h weaker than those within sheets. One might expe
t thequasi-1D tetrahedral 
hain to show di�erent behaviour from the mus
ovite sheet, whi
h ise�e
tively two-dimensional.Finally, the whole set of 
al
ulated parameters is 
ombined, and whole-
ell simulationsperformed. This is a realisti
 model of the behaviour of the whole system, and it should giveseveral insights � whether the T�O intera
tions a�e
t the ordering seen in the tetrahedral15



sheet; if so, what the nature of the new ordering behaviour is; whether the system undergoesany phase transitions; and whether any 
omparisons 
an be drawn with experimentally-observed behaviour. A �nal whole-
ell simulation is performed for magnesiohornblende, inorder to investigate any di�eren
es between its overall behaviour and that of ts
hermakite.ResultsMonte Carlo simulations of ts
hermakiteSimulation of an isolated tetrahedral double 
hainSin
e the tetrahedral double 
hain is a quasi-1D system, we performed some MC simulationsof simpler 
hains, in order to draw 
omparisons with the real system. These simulationswere of 
hains based on a square latti
e, with varying widthsW (see Figure 10). A 1:1 ratioof atoms was used, and intera
tions were de�ned only between nearest-neighbour atoms.The results for the 1D 
ase (i.e. W = 1) and for W = 2; 3; 4; 8 are shown in Figure 11;it 
an be seen from these results that there is no phase transition in the 1D system, norin any of the quasi-1D systems � although the rapid drop to zero of the order parametersuggests that phase transitions o

ur, the heat 
apa
ity graphs are 
hara
teristi
 broad,asymmetri
 peaks (�S
hottky anomalies�), not the divergent peaks one would asso
iatewith a phase transition. Results for a 2D simulation (that is, W = 1) are also shown inFigure 11; the sharper heat 
apa
ity anomaly is 
learly visible. The results for the 1D and2D systems are in exa
t agreement with the well-known theoreti
al results for 1D and 2DIsing models.The tetrahedral double 
hain is topologi
ally similar to the W = 2 
ase, but with everyother 
ross-link missing. The two systems are not identi
al be
ause only one J value (thatfor nearest neighbours) was used in the W = 2 
ase, whilst the simulation of the real16



system used the �rst �ve J values (i.e. all the intra-
hain intera
tions), and �(T1) fromTable 4(b). Furthermore, the 
omposition of the double 
hain was that of ts
hermakite,i.e. Al:Si = 1:3, and not 1:1 as in the test 
ases. The double 
hain simulation results forthe heat 
apa
ity show two S
hottky peaks superimposed on one another, but no anomaly
orresponding to a phase transition. Representative examples of the 
hain 
on�gurationsat di�erent temperatures are shown in Figure 12, and for further 
lari�
ation, Figure 13shows the evolution of the numbers of ea
h type of intera
tion as a fun
tion of temperature,together with the heat 
apa
ity pro�le. These �gures show that at the lowest temperatures,all Al o

urs on the T1 sites, intera
ting via J3 intera
tions. This gives rise to a �para�arrangement of Al atoms. At slightly higher temperatures, Figure 12 shows that some J2intera
tions begin to o

ur, giving rise to some �meta� 
on�gurations; there are 
onsiderablenumbers of �meta� 
on�gurations as T in
reases. The �meta� 
on�gurations result in anin
rease in the energy, however, whi
h is a less favourable situation than the 100% �para�
on�guration. The presen
e of both 
on�gurations is 
onsistent with NMR measurementsof pargasite (Wel
h et al., 1998), whi
h has the same Al:Si ratio as that simulated.Visual examination of the 
on�gurations in Figure 12 suggests that the �rst S
hottkypeak in Figure 13 
orresponds to the formation of J2 linkages (and hen
e the generationof some �meta� 
on�gurations); it is somewhat less straightforward to determine the originof the se
ond, broader S
hottky peak.Simulations of a system of intera
ting tetrahedral double 
hainsThe next stage of the investigation was to in
lude the intera
tions between tetrahedraldouble 
hains. Hen
e, this simulation in
luded all the Js and �(T1) in Table 4(b). In thissystem, a phase transition o

urs, with Al atoms ordering onto T1 sites, intera
ting viaJ3 intera
tions (the �para� 
on�guration mentioned above). Figure 14 shows the sudden
hanges in the numbers of 
ertain intera
tions � at low T all the intra-
hain Al intera
tions17



are J3, but a sudden de
rease in nJ3 (and 
orresponding sudden in
rease in nJ2(T1�T1,T1�T2)) 
an be seen with in
reasing T .The low-temperature ordering within one 
hain in a simulation with intera
ting tetra-hedral double 
hains is therefore the same as that in a simulation of just one tetrahedraldouble 
hain, although the isolated 
hain simulation has no phase transition and the in-tera
ting 
hains do. The similarly-ordered stru
tures do not imply that the inter-
hainintera
tions are insigni�
ant; in fa
t, the 
onverse is true: most of the inter-
hain parame-ters are large and positive, so they are energeti
ally not favoured. This is re�e
ted in thenJ plot in Figure 14 whi
h shows the o

urren
es of most of the inter-
hain intera
tions de-
reasing to zero with de
reasing T . Conversely, the smallest of the inter-
hain parametersis J7, and this is manifested by an in
rease in the number of J7 intera
tions with de
reasingT . Inspe
tion with Cerius2 of the ordered state reveals that the ordering in ea
h I-beamdoes line up with respe
t to that in the next, with Al atoms intera
ting by means of J7intera
tions. J7 is a T1�T1 intera
tion between I-beams; a straight line drawn betweenthe two intera
ting T1 sites is approximately equidistant from three �A� sites (whi
h areva
ant in these stru
tures), yet all the other inter-I-beam intera
tions are unfavourable.It is 
lear from the values of J13 and J14 that intera
tions between tetrahedral sites indi�erent 
hains but the same I-beam are unfavourable, an interesting fa
t given that thesesites are separated by the o
tahedral ribbon. These fa
ts all illustrate that there are many
ompli
ated 
ontrols on the behaviour.Whole-
ell simulationsThe �nal simulations on ts
hermakite in
luded the T�T intera
tions from Table 4(b), theT�O intera
tions from Table 5 and the O�O intera
tions from glau
ophane (Table 2). The
hemi
al potentials used were those from Table 7.The simulation results indi
ate that there is no ordering phase transition in ts
hermakite18



� the heat 
apa
ity pro�le shows a S
hottky anomaly. Figure 15(a)) shows the evolution ofthe number of 
ertain Js of various types as a fun
tion of temperature; all of these Js showa 
ontinuous 
hange with temperature. Also shown is a plot of the Al site o

upan
iesas a fun
tion of temperature (Figure 15(b)). These o

upan
ies are derived from orderparameter variations in the simulation; the plot shows that there is little variation. Thesesite o

upan
ies suggest an Al preferen
e for the T1 site over the T2 site (T1:T2 � 60:40)and for the M2 site over the M1 and M3 sites (M1:M2:M3 � 30:60:10).Monte Carlo simulations of magnesiohornblendeIn the whole-
ell MC simulation of magnesiohornblende, the J and � values used were thesame as those for the ts
hermakite whole-
ell simulations, with the only di�eren
e betweenthe two simulations being the 
ompositions.In 
ontrast with the ts
hermakite simulations, the 
hanges in the nJ plot (Figure 16(a))for magnesiohornblende are somewhat more obvious. In parti
ular, the numbers of J2(T1�T1, T1�T2) and J3 linkages are high at high temperature, but drop to zero as T de
reases.The numbers of O�O intera
tions 
an also be seen to diverge at T � 1700 K, where e.g.the J1�4(O�O) intera
tions are in
reasing in number and the J5(O�O) intera
tions arede
reasing in number. In spite of these 
hanges in the nJ plot, this probably does notindi
ate a phase transition � the 
hanges are not dis
ontinuous, and visual examinationof randomly-sele
ted ribbons of tetrahedra and o
tahedra shows a small amount of short-range order and o

asional medium-range order, but no long-range order. Moreover, theheat 
apa
ity anomaly for magnesiohornblende is not dissimilar from that in ts
hermakite,where there was de�nitely no phase transition.The Al site o

upan
y plot (Figure 16(b)) shows that over experimentally-viable tem-peratures (i.e. < 2000 K), the simulated Al site o

upan
y of the M2 site is �60%, andthat of the T1 site is �70�80%. There is also a signi�
ant amount of Al at M1 (�30%).19



Dis
ussionThe aluminous tremolite model formulated here is the most 
omplex model that we havestudied, with a total of 38 J values and three 
hemi
al potentials. Both whole-
ell simu-lations suggest an Al preferen
e for T1 over T2, and for M2 over M1 and M3. It is notpossible to 
ompare the ts
hermakite results with experiments, sin
e ts
hermakite is a �
-tive end-member, not realised as a ma
ros
opi
 phase in nature or experiment. However,experiments on magnesiohornblendes are in agreement with this simulated T1 preferen
e.The 
onsisten
y with experimental data is not as 
lear for o
tahedral sites. Experimentalstudies of [6℄Al o

upan
y have always 
on
luded that Al should o

ur at M2, but theissue of M1/M3 o

upan
y has been somewhat more di�
ult to resolve, with more re
entstudies 
on
luding that Al 
an o

ur at M3 but not M1. Our simulations show Al at M2in a

ordan
e with experiment, but the fa
t that the M1 
omponent (�30%) is larger thanthat at M3 (�15%) is at odds with experimental �ndings. It is not 
lear from this workwhy this is the 
ase, as the quality of the �t for the whole-
ell model (Figure 9) was high,with R2 = 0:81. The results presented here suggest that further study of these mineralsmay be ne
essary in order to rationalise their behaviour.At �rst sight, the signi�
ant (20�30%) [4℄Al at T2 in magnesiohornblende is unexpe
t-edly high. However, minor Al at T2 o

urs in some high-temperature, Al-ri
h 
al
i
 andsodi
-
al
i
 amphiboles. A 29Si MAS NMR study (Wel
h et al., 1998) of tetrahedral order-ing in 
al
i
 and sodi
-
al
i
 amphiboles 
onsidered �uoredenite, a sodi
-
al
i
 amphibolewith the same tetrahedral Al:Si ratio as magnesiohornblende, and 
on
luded that all Alo

urred at T1. However, pargasite, with the same tetrahedral Al:Si ratio as ts
hermakite,was also studied; in 
ontrast to �uoredenite, it was 
on
luded that pargasite had as mu
has 0.55 Al per formula unit (i.e. just over 25% of the total [4℄Al) at T2. The latter resultwas surprising, being unlikely on bond-valen
e grounds (Hawthorne, 1997), but 
on�rmed20



later by neutron powder di�ra
tion experiments (Wel
h and Knight, 1999). A suggestedrationalisation of this situation was that in pargasite, at high temperatures, distortions 
ano

ur around the O4 atom (whi
h is more underbonded if T2 = Al than if T2 = Si). Su
hdistortions would allow a higher valen
e sum to be in
ident at O4. Fluoredenite, on theother hand, has only Mg on the M sites, and these divalent 
ations will result in a lowerbond valen
e sum at O4 than in pargasite, so that, even at high temperatures, it is notpossible to a

ommodate su
h a low sum.A �nal noteworthy result of these simulations is that the T�O intera
tions in alumi-nous tremolites are shown to be important. They are of the same order of magnitude tothe nearest-neighbour T�T and O�O intera
tions, and this supports the suggestion that
oupling between Al in the o
tahedra and tetrahedra is at least as important in 
ontrollingordering as are the T�T and O�O 
ouplings. All the nearest-neighbour T�O intera
tionsare negative, implying favourable Al�Al 
oupling between tetrahedra and o
tahedra. The
orrelated errors on the values unfortunately do not permit the singling out of any spe
i�
T�O 
oupling as being more important than others.Con
lusionsThis paper has dis
ussed the appli
ation of a 
omputer simulation approa
h to studying thebehaviour of 
omplex amphiboles. The 
omplex model we have formulated in
orporatesa large number of variables. Simulations of an isolated tetrahedral double 
hain yieldedinteresting results with respe
t to the dimensionality of the system. The extension of themodel to a system of intera
ting tetrahedral double 
hains produ
ed di�erent thermody-nami
 behaviour, but the same intra-
hain 
ation distribution at low temperatures, whi
hdemonstrates the 
omplexity of the 
ontrols on the ordering behaviour of the system. Fi-nally a whole-
ell model was simulated, with intera
tions between tetrahedra, intera
tions21



between o
tahedra and intera
tions between the two. Neither the ts
hermakite nor themagnesiohornblende 
ompositions exhibited a phase transition. Additionally, the simula-tion of intera
ting 
hains exhibits a phase transition, while the whole-
ell model does not� this shows that the in
orporation of T�O intera
tions results in di�erent behaviour fromthat observed in T-only and O-only simulations. We also observed this phenomenon in ourstudy of Al/Mg and Al/Si ordering in phengite (Palin et al., 2003a).By 
onsidering whole-
ell simulations of aluminous tremolites, we have shown some sim-ulation results for magnesiohornblende whi
h 
ompare reasonably well with experimentalresults from real samples. A parti
ular advantage of this work is that it has been possibleto model the site o

upan
ies for ea
h 
rystallographi
 site, whi
h is di�
ult to a
hieveby experiment, and there was reasonable agreement at experimentally-viable temperaturesbetween most of the magnesiohornblende site o

upan
ies and 
orresponding values fromexperiment.A
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Figure 1: (a) The amphibole stru
ture viewed down z. The M4 (six- to eight-fold), tetra-hedral and o
tahedral sites are labelled (M1 is obs
ured by the M2 and M3 sites in thisproje
tion), and the A site is shown as va
ant (dotted 
ir
le) here. The box indi
ates theunit 
ell, and also shown at the bottom right (in 
artoon form) is one �I-beam� unit. (b)The o
tahedral ribbon showing M1�3 sites. (
) The tetrahedral double 
hain showing T1and T2 sites.
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Figure 2: Examples of distan
es 
orresponding to J parameters for ts
hermakite intra-
hainT�T intera
tions. 27
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Figure 3: End-on view of tetrahedral double 
hains in the ts
hermakite stru
ture (top),with 
artoon view (bottom) showing groupings of inter-
hain T�T intera
tions a

ordingto w, the di�eren
e in the fra
tional x-
oordinates of intera
ting sites. Boxes indi
ate unit
ells.
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Figure 4: Proje
tion on (100) of sele
ted tetrahedral sites in ts
hermakite, showing exam-ples of distan
es 
orresponding to J parameters for inter-
hain w = 0:41 and w = 0:59T�T intera
tions. Solid lines 
orrespond to intera
tions for whi
h w = 0:41, dotted linesto intera
tions for whi
h w = 0:59. Box indi
ates unit 
ell.28
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ting sites are joined by solid lines.
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Type and spe
iesa Parameter values Referen
ebBu
kingham: A (eV) � (Å) C (eV Å�6)Si 
 � O1 
 999.9 0.3012 0 1Si 
 � O2 s 1283.907 0.3205 10.66 1Al 
 � O1 
 1142.677 0.2991 0 2Al 
 � O2 s 1460.3 0.2991 0 1O2 s � O2 s 22764 0.149 27.88 1O1 
 � O2 s 22764 0.149 27.88 1
O1 
 � O1 
 22764 0.149 27.88 1
H 
 � O2 s 311.97 0.25 0 1Mg 
 � O1 
 1142.677 0.2945 0 3Mg 
 � O2 s 1428.5 0.2945 0 1Ca 
 � O2 s 2272.74 0.2986 0 4Ca 
 � O1 
 2272.74 0.2986 0 4
Spring (
ore-shell): K (eV Å�2)O2 
 � O2 s 74.92 3Morse: D(eV) � (Å�1) r0 (Å) rmax (Å)O1 
 � H 
 7.0525 2.1986 0.9485 1.4 1Three-body: k (eV rad�2) �0 (Æ) rmax(1-2) (Å)d rmax(1-3) (Å)O � Si 
 � Oe 2.0974 109.47 1.8 3.2 1O � Al1 
 � O 2.0974 109.47 1.95 3.4 1fO � Al2 
 � O 2.0974 90 2.2 3.2 1O � Mg 
 � O 2.0974 90 2.2 3.2 3a 
 = 
ore, s = shell.b Referen
es: 1 � Winkler et al. (1991), 2 � S
hröder et al. (1992), 3 � Sainz-Diaz et al.(2001), 4 � Bush et al. (1994).
 Assumed by analogy with similar potentials in spe
i�ed referen
e.d rmax(1-2)= rmax(2-3).e �O� denotes any oxygen atom (O1 or O2).f rmax values modi�ed from potential in spe
i�ed referen
e.Table 1: Parameters used in interatomi
 potentials (Equations 2�5).
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Parameter Distan
e (Å) Type Value (eV)J1 3.077 Intra-ribbon 0.60(3)J2 3.098 Intra-ribbon �J3 3.107 Intra-ribbon �J4 3.148 Intra-ribbon �J5 5.313 Intra-ribbon 0.20(3)J6 5.369 Inter-ribbon �0.02(5)J7 5.400 Intra-ribbon 0.23(4)J8 6.155 Intra-ribbon 0.21(4)J9 6.176 Intra-ribbon 0.21(3)J10 6.296 Intra-ribbon 0.20(11)J11 6.325 Inter-ribbon 0.02(5)J12 6.652 Inter-ribbon 0.01(5)J13 7.267 Inter-ribbon �0.01(5)J14 7.381 Inter-ribbon 0.01(2)Table 2: Assigned J parameters for glau
ophane. Figures in bra
kets indi
ate the standarderror on the �nal digit. Taken from Palin et al. (2003b).Parameter Distan
e (Å) Intera
ting sites Type wJ1 T1�T1 3.0653 T1�T1 Intra-
hain �J1 T1�T2 3.0565 & 3.1165 T1�T2 Intra-
hain �J5 3.5809 T2�T2 Inter-
hain 0.09J6 3.9074 T2�T2 Inter-
hain 0.41J7 4.058 T1�T1 Inter-
hain 0.41J8 4.2459 T2�T2 Inter-
hain 0.09J9 4.3855 T1�T2 Inter-
hain 0.09J10 4.5425 T1�T2 Inter-
hain 0.41J11 5.0856 T1�T1 Inter-
hain 0.41J2 T1�T1 5.3171 T1�T1 Intra-
hain �J2 T2�T2 5.3171 T2�T2 Intra-
hain �J2 T1�T2 5.3236 & 5.3583 T1�T2 Intra-
hain �J12 5.4892 T1�T2 Inter-
hain 0.41J13 5.5727 T1�T1 Inter-
hain 0.59J14 5.7263 T2�T2 Inter-
hain 0.59J3 T1�T1 6.1374 T1�T1 Intra-
hain �J3 T2�T2 6.198 T2�T2 Intra-
hain �J4 T1�T2 8.094 & 8.162 T1�T2 Intra-
hain �J4 T2�T2 8.166 T2�T2 Intra-
hain �Table 3: Distan
es 
orresponding to T�T J parameters for ts
hermakite.37



(a) (b)Parameter Value (eV) Parameter Value (eV)J1 T1�T1 1.05(9) J1 0.98(4)J1 T1�T2 0.96(4) J2T1�T1,T1�T2 0.13(4)J5 0.24(8) J2T2�T2 0.29(7)J6 0.28(7) J3 0.08(5)J7 0.03(8) J4 0.01(3)J8 0.16(7) J5 0.26(8)J9 0.19(5) J6 0.28(7)J10 0.32(5) J7 0.03(8)J11 0.21(8) J8 0.16(7)J2 T1�T1 0.09(6) J9 0.21(5)J2 T2�T2 0.30(8) J10 0.33(5)J2 T1�T2 0.16(4) J11 0.17(8)J12 0.25(6) J12 0.25(6)J13 0.45(8) J13 0.42(7)J14 0.38(8) J14 0.36(7)J3 T1�T1 0.15(7) �(T1) �0.50(7)J3 T2�T2 0.03(9)J4 T1�T2 0.00(4)J4 T2�T2 0.02(6)�(T1) �0.54(11)Table 4: (a) J and � values for initial model with separate 
onsideration of T1 and T2sites. (b) J and � values for simpler model with some 
ombination of Js with similarvalues. Figures in bra
kets represent the standard error on the �nal digit.
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Parameter Distan
e (Å) TypeJ1a 3.18 T1�M3, same I-beamJ1b 3.185 T1�M1, same I-beamJ1
 3.216 T1�M2, same I-beamJ1d 3.217 T2�M1, same I-beamJ1e 3.222 T2�M2, same I-beamJb 3.327 T2�M2, di�erent I-beamsJ
 4.42 T1�M1, same I-beamJ1f 4.47 T2�M3, same I-beamJd 5.123 T2�M1, di�erent I-beamsJe 5.182 T1�M2, di�erent I-beamsJf 5.384 T1�M3, same I-beamJg 5.455 T2�M3, same I-beamTable 5: Distan
es 
orresponding to T�O Js.Parameter Value (eV)J1a �0.6(2)J1b �0.4(2)J1
 �0.4(2)J1d �0.7(1)J1e �0.4(2)Jb �0.5(2)J
 �0.1(2)J1f �0.3(2)Jd �0.1(2)Je 0.1(2)Jf 0.0(2)Jg 0.0(2)�(M1) 0.0(4)�(M2) �0.3(5)�(T1) �0.8(3)Table 6: T�O J and � values as 
al
ulated from GULP. Figures in bra
kets represent thestandard error on the �nal digit. Parameter Value (eV)�(M1) �0.2(2)�(M2) �0.3(2)�(T1) �0.7(1)Table 7: Chemi
al potentials for ts
hermakite, 
al
ulated using SIESTA.39


