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Assrxact

Reedmergnerite, NaBSi303, rn'hich is isostructural with low albite, NaAlSiaOs, is triclinic
C I ,  a : 7 .833+  0 .001 ,  b :12 .360+0 .002 ,  c : 6 .803+0001  A ,  a :93o18 .5 '+0  7 ' ;  B -716o ,
21 l '+0.5 ' ,1:92"03.3 '*0.8 ' ,  cel1 volume 587.77+0.05 A3, cel l  contents 4(NaBSisOs),
density (calc.) 2.779 glcm}, (obs.) 2.776+0.010. Least-squares refinement has been carried
out for three-dimensional data, collected by film methods, with intensities estimated
partlir by photometer and partly visually. The R-factor is 0 109 for 2997 structure factors
observed greater than zero. The structure is wholly ordered, lvith the boron in site Zr(0).
The average Si-O distances in reedmergnerite are, Tlm) 1.610, Iz(0) 1.614, Tr(m) 1 622 L,
and the individual distances correlate closely with the corresponding ones in low aibite
(Ribbe el aI., 1952). Smith's curve, modified by Smith and Bailey (1963), for determina-
tion of Al-content from average Z-O distance has an error approaching *8/6, rather than
the +5'/6 proposed by Smith and Bailey. The results for reedmergnerite, compared with
those for low albite, marimum microcline (Brou'n and Bailey, 1964), and anorthite (Megarv

et ol.,7962), suggest that A1-O tetrahedra deviate from regularity more than either B-O
or Si-O tetrahedra. The sodium cation in reedmergnerite has an isotropic temperature
factor of 1.22+0.03 42, and, in contrast to the sodium cation in lor,v albite, exhibits no
apparent anisotropy.

INrnonucrroN

The mineral reedmergnerite was found to be isostructural with low
albite (Milton et al. 1954) at about the same time that the first informa-
tion became available on the two-dimensional refinement of the lorv
albite structure by Ferguson et al. (1954). A unique opportunity ap-
peared to have been provided by \Jalsre to obtain additional informa-
tion about the feldspar structure type through study of reedmergnerite,
so we began collection of single-crystal, three-dimensional, ir-ray diffrac-
tion data for this new mineral.

The final report on the two-dimensional refinement of low albite by
Ferguson et al. appeared in 1958, and included two principal points of
interest: (1) the marked anisotropy found for the sodium cation; (2) the
high degree of ordering indicated for Si and Al atoms in the tetrahedral
sites. With respect to the leitter, Ferguson et aI. (1958) used their evalu-
ation of electrostatic charge balance in the structure, together with the
relationship proposed by Smith (1954) between mean Si-O distance and
Si/Al site occupurncy, as evidence for the following tetrahedral site Al-

1 Studies of silicate minerals (I). Publication authorized by the Director, U. S. Geo-
logical Survey.
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occupanc) '  f  actors :  T 1(0) ,  O.7 2 ;  T t (m),  0 ;  ?2(0) ,  0.20 ;  T r (m),  0.09.  Pre-

Iiminar.v results of a partial refinement of the reedmergnerite data (Clark

and Appleman, 1960) showed that these same charge balance considela-

tions could not be applied in a meaningful way to the reedmergnerite
structure, and that Smith's relationship required revision. We therefore

suggested that such considerations should be regarded cautiouslv in

drawing conclusions about Si/Al ordering in the feldspar structure.
Refinement of three-dimensional data for the lorv albite structure has

now been completed, but as of this writ ing onl.v a preliminary note b1-

Ribbe el aI. (1962) has appeared. The anisotrop-v of the sodium cation is

confirmed, and an ordered Si/Al distribution in the tetrahedral sites is in-

dicated. Further details are as yet unavailable. Xlleanrvhile, our refine-
ment of the reedmergnerite data has been completed, and the present

paper records our results and conclusions. We have used the coordinates
for low albite given by Ribbe et al. (1962) to calculate distances and

angles in order to compare some details of the trvo structures.

ExpBnrueNrAr- WoRK

Synthesis, crystallography and' X-ray d,ifractiotr, powder d,ota. The svn-

thesis of reedmergnerite and temperatures for its incongruent melting to
quartz and glass have been described by Eugster and \IcIver (1959). The

s-v-nthetic crystals, made available to us by Prof. H. P. Eugster of The

Johns Hopkins University, are tiny and invariably trvinned, so they were

not used in the structure study. A detailed comparison of r-ra1- powder

diffraction patterns of synthetic reedmergnerite rn'ith those of natural

reedmergnerite reveals no significant differences in line positions or in-

tensities. The synthetic material appears to be identical with the natural

crvstals. Some experiments on heating natural reedmergnerite cr1-stals

were carried out by B. J. Skinner of the U. S. Geological Survey, who

f ound that incongruent melting, dry, occurs at 831o -l- 40 C. r 'vith the prod-

ucts quartz, glass and tridymite. No change was observed in the natural

crystals after dr1' heating up to 8160 C. for as long as 40 hours (B. J.
Skinner, written comm., 1961). Apparently there is no readil l '  obtainable

high-temperature {orm of reedmergnerite, comparable to high-temper-

ature albite.
For the structural study, natural prismatic cr-Ystals of dimensions ap-

proximatel r '0 .5X0.4X0.3 mm were used'  These crysta ls  or ig inated in

brown, dolomitic shales of the Green River Formation in Duchesne

Count-v, Utah, U.S.A., and were supplied by Charles NIilton of the U. S.

Geoiogical Survey. Optical, chemical, and morphological data for reed-

nrergnerite are given b1'Milton et al. (1960). Revised cell constants for
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Taslo 1- Cnvsteltocnapgtc Deril roR THE TRtclrNtc, Isostnuctuner- MrNnnars
RrnnlmRcNrRrro, NaBSr3O5, AND Low Ar-r:rTE, NaAr,Sr:Os

Reedmergnerite
Duchesne County,
Utah Present study

Low albitel
Ramona, Calif.

Ferguson et al. (1958)

Direct-cell elemenls

a

b

c

d

B
7
o i b : c
Voiume
Z
Space group

Density (calc.)
(obs.)

Recipr ocol -c eIL elem enls

a*
b+
c*

'Y*

Direct matrir (A)

for conversion of
triclinic cell ele-
ments to Carte-
sian coordinates
(Eva.ns, 1948)

7 .833+0 .001  A
12.360+0.002
6 .803+0 .001

93018 .5 /+0 .7 /
116"27 .l '  xO.5'
92"03 . 3', + 0. 8/
0.6337:  1 :0.  5504

587 .77+0 .05  A3
 (NaBSi:Os)

CI
2.779 g/cmt
2 . 7 7 6 + 0 . 0 1 0

0.14281+0 00002 A-1
0.08124 + 0.00001
0 16460+0.00001
85017.O ' ,+0 .6 ' ,
63"27 .0+0.5 '
8603 6 ' ,+0 .7 '

8 . 1 3 8  A
12.789

/ . 1 . ) o

94" 20',
176" 34',
87" 39',

[o .oso: : t :o  ssos]
664.2 A3

4(NaAlSlo)
ca

2.623 g/cm3
2.621

[0. t:z+ A-'1
lo.oza+z)
lo. rsool

86020', + 2',
63032',+2',
90"28',+2',

7.or9 -0.848
0  12 .310

-3 .477  -0 .713

7 . 2 7 9  0 . 1 0 3
0  1 2 . 7 5 2

-3 .640 -0 .966

ol
0l

6 .8031

ol
ol

7 .  1s6 l

1 Values enclosed in square brackets and the direct matrix have been calculated by
present authors from the data of Ferguson et al. (1958).

reedmergnerite (Table 1) were obtained during the present study from a
Ieast-squares program (Evans, Appleman and Handwerker, 1963) for a
digital computer. The program refined measurements made by T. L.
Wright of the U. S. Geological Survey, from a\ r-ray diffractometer
powder pattern for unambiguously indexed d-spacings. The revised
direct-cell and reciprocal-cell elements for reedmergnerite are compared
in Table 1 with those given for low albite by Ferguson, Trail l  and Taylor
(1958) . The C1 space group commonly used for albite has been adopted
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for reedmergnerite throughout the present study. The r-ray diffraction
powder data for reedmergnerite, indexed on the C1 cell, are presented in

Table 2.
The observed densitl 'of reedmergnerite crystals was reported b1' NIi l-

ton et al. (1960) to be 2.69 gf cnf , rvhereas the calculated :r-ray densitl '
(Table l ') is 2.779 g/cmt.In the present studl', when the density of a sam-
ple of cloudy to opaque crystals was determined on a Berman balance,
the 2.69 g/cm3 value was also found. However, when a sample of about 8
mg of selected transparent crystals was used for the determination, an
observed densitl- of 2.77e g/cm3 rvas found, in good agreement with the

Tenln 2. X-Rev DrrrtecrroN PownrR Dar.q ron 1{nstMurcrinnnn, NaBSi:Os

Triclinic, CI : a : 7 .833 +0 001, b : 12.360 + 0.002, c : 6.803 + 0.001 A,
a : 93018.5',  * 0 7 

" 

p :  1160 21.1' t0.5", :  92"3.3',  + 0.8/

Calculatedt

dnr,r (A) clnc (A) Peak Heigbt3

1 1 0
020
001
1 1 0
1 1 1
r 1 1
02l
0 2 l
201
1 r 1
130
1 1 1
200
1 3 1
130
1 3 1
L12
221
22r
r12
220
040
202
oo2
220
131
041
o22
222
222
132

6 . 2 i  4
6 . 1 5 5
6 075
5 . 9 1 4
5  . 5 5 0
5.449
4  5 r 3
4  1 5 6
3 471
3 745
3 . 6 5 1
3 .560
3 501
r reol

3.Be l
3 . 3 i 7
3  323
3  3 1 4
s 214
i  2 2 5
3 137
3 o77l
t ots[
3 . 0 3 8
2 957
2 930
2 841
2 8r7
2 . 7 7 5
2 . 7 2 5
2 695

6 270
6 143
6 076

5  . 5 5 1

3 . 8 7 6
3 . 7 4 5
3 654
3 561

3 . 4 4 8

3 . i 2 2

3 225
3.  140

3 076

3 037
2 957
2 931
2.811
2 . 8 1 8
2 . 7 7 6

10
1 5
50

20

65
30
35
90

l )

85
25

90

100

1 5
55
35

5

r All calculated dirl; are listed for d >2.:00 A; for d <2 300 A only those indexing observed lines are given'
2 Difiractometer pattern made by T L Wright with Ni-filtered Cu radiation, CuKcr, tr:1.5'105 A

I r r te rna l  s tandard ,  CaFz (o :5 .4622 A) .
3 Estimated above average background.
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Ttw-r,2 (continued)

Calculatedt Measured2

hhl dr,rr (A) dla; (A) Peak Height"

1 3 1
041
022
201
3 1 1
132
3 1 1
221
241
11.2
312
372
940
241
1.50
112
310
2 2 1
151
240
r t 3
1 1 3
241
060
r52
003
3 1 3
132

2 680
2 659
2 . 6 3 9
2 5i-6
2  568
2 5+4

2 452
2 438
2 415
2 4r1
2 . 4 0 5
2 394
2 382
2 3i-1
2 . 3 3 5
2 323
2 307
2 304
2 . 2 3 6
2  2 2 1
2 . 1 6 8
2 064
2.0s21
2 osrl
2 025
2 013
2.007

2 ,680 45

2 .5,13 5

2 +52 10
2 .438  10
2 415 20

2 . 3 8 2

2 . 3 0 7

2 . 2 3 8
2 . 2 2 r
2 1,69
2 061

2 .053

2 025
2.O13
2 . 0 0 8
plus others, all 30 or less

I J

5

20
10
1 5

10

1 J

1 0
5

calculated value. The presence of air-containing inclusions and other im-
perfections in the cloudy and opaque crystals probably explains observa-
tion of the lower value when a bulk sarnple is used.

Intensity d.ata. SingIe-crystal r-rav diffraction data were collected by
integrarted multipie-fi lm techniques with the Nonius equi-inclination
Weissenberg goniometer using chiefly Zr-fi l tered Mo radiation. A few
low-angle reflections were recorded using Ni-fi l tered Cu radiation. The
hnl levels from a:0 through rz:8 were photographed, two goniometer
settings being required for each upper level in order to cover the full 360"
range. The hh\ and}kl nets were also recorded. For the Mo photographs,
three fi lms interleaved with 0.0005 in. Ni foil were used for each expo-
sure, and for each goniometer setting, two sets of f i lms were recorded, one
set for 2520 traverses of the camera, and one set for 140 traverses of the
camera. These numbers of traverses correspond to exposure times of ap-
proximately 72 hours and 4 hours, respectively, at 50 kV and 20 ma.

Film transmissions for the diffraction sDots were read on a transmission
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photometer for the levels having n: 0, l, 2, 3, 7, and 8. Intensities for the

ievels having n:4,5, and 6, and ior hk\ and \kl levels were estimated

visually b.v comparison with a standard spot strip of intensities. The

photometer readings of transmission T were converted to densities D ac-

cording to the relationship D:colog Z. Corrections were then made for

Lorentz and polarization factors to obtain the observed structure ampii-

tudes. No correction was made for absorption effects, which are rela-

tivel), minor for the Mo radiation used. The final number of non-equiv-

alent data available for least-squares refi.nement was 4399 hkl, of which

2997 had lF" L >0.

Ref,nement proced.ures. Initial atomic parameters' taken from the low

albite structure (Ferguson et a\.,1958), were refined at f irst by successive

electron-density projections taken on planes normal to the a, b, and c

axes. The various possibil i t ies for the location of boron in one or more of

the tetrahedral sites were examined by appropriate structure-factor cai-

culations. The boron appeared to be wholiy ordered in site ?1(0) and was

heid in this site throughout the least-squares refinement. The fina.l re-

sults fully confirm this assignment.
When the three-dimensional data became available, least-squares

anal.vsis rvas carried out using the fuil matrix of the normal equations ac-

cording to a program written for the Burroughs 220 digital computer by

J. Marshek of the U. S. Geological Survey, and one of us (D'E.A.). Thir-

teen cycles of refinement were made with about 2750 hkl teflections

taken from all levels eicept those with k: 4, 5,and 6. The refinement and

weighting procedures used are the same as those described in Clark et al.

(1964). The scattering f actors during this portion of the refinement were

as follows: zero-valence values for sodium and ox-vgen, and quadruply

ionized values for siiicon (Berghuis et al., 1955); zero-valence values for

boron (Ibers, 1957). An unweighted R-factor of 0.11 was obtained at the

end of the thirteen cycles of refinement for those terms with I F" > 0.

At this stage of the refinement, the data for the h1l, h'l, and h6llevels

became available and were added to the previous data. Three least-

squares c.vcles with the entire set of 4399 data were carried out, and in-

dividual isotropic temperature factors were refined. Scale factors were re-

fined for each level. The same scattering factors as in the earlier refine-

ment rvere used for oxygen and boron. changes were made for sodium to

singl-v ionized values and for silicon to triply ionized values, both from

Table 3.31A, Int. Tables, Voi. III (1962). The R-factor increased to 0'17

when the additional data were added, but after the last three cycles of re-

f inement  R returned to 0.109 for  the 2997 terms wi th ]F.  l )0 '  The

standard error in the observed structure factors is 3.12'
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T.qelr 3. Arorr,rrc P.maunrnns Coltp.mno lon RnennnncNERrrE.
NaBSi:Oa, lxo Low AlBrrE, NaAlSi:Os

1 833

Low albite, NaAISLO:; Ribbe,
Ferguson and Taylor (1962)

Reedmergnerite, NaB SirOs
P r e c e n f  c f r r d v r

Parameter (cycles) Parameter (cycles)
Atoml

O"(1)
o.q(2)
Oe(0)
OB(m)
oc(0)
oc(m)
On(0)
oo(m)

T,(0)
TJ.m)
Tr(0)
Tr(m)

Nar(0)
Na:

0 .0057
0 5923
0.8124
0. 8205
0.0140
o.0239
0. 2068
0.  1838

0.0087
0.0044
0.6919
0.6814

0 2715
0.265r

0 .  1307
0.9972
0.1102
0 . 8 5 1 7
0. 3032
0.6934
0. 1086
0. 8682

0.1695
0. 8203
0 1103
0.  8819

0.9779
0 9993

o 9669
0 2801
0. 1904
0 2585
0.2695
0.2292
0.3894
0.+352

0.2083
0.2378
0 3148
0. 3605

0.  1613
0 . 1 3 1 0

0.0076
o.5929
0.8455
0.8163
0.0064
0.0289
0. 1900
0.1922

0.0127
0 0059
o.7029
0.6847

0 2586

0. 1364
0.9812
0.099s
0.8347
0.2762
o.6799
0. 1200
0.8682

0.16 t7
0. 8100
0 .  1 0 1 5
0.8644

1 .0075

1.0040
0 2758
o 2126
0.  2335
0 . 2 7 2 5
0.2070
0 . 3 8 1 5
0.4172

0 . 2 2 1 7
o.2097
0.3204
0.3547

B(A')

0 5 6
0 .  s5
o 7 0
0 . 7 1
0 .66
0 .74
0 .66
0 .63

0 3 8
0 .28
0 . 3 1
0 . 3 1

1 . 2 2

I 
o rssz

I Type atoms selected by Megaw (1956).
2 Final parameters at end of 16 cycles of least-squares refinement; residual 0.109 for

2997 hkl with ] F,l )0. Standard errors as follows: oxygen atoms, tc, y, z+0.OO04, B +0.03
.A2; boron-atom in site T1(0), r, y, z*0.0006, B+0.04 A2; silicon atoms, rr, y, z+0.0002,
B+0.01 A2; sodium atom,:u, 1, z+0.0003, B+0.03 Ar.

Alomic paramelers, structure factors, and, bond. distances. The atomic pa-
rameters obtained from the ref inement are l isted in Table 3, together with
the atomic parameters for low albite obtained after three-dimensional
difference-synthesis refinement by Ribbe, Ferguson and Taylor (1962).
observed and calculated structure factors for reedmergnerite are given in
Table 4.1 At the completion of least-squares ref inement, a three-dimen-
sional dif ference synthesis was computed. rts general ly featureless ap-
pearance (maximum values*0.6 e/43) confirms the results of the least-
squares ref inement.

I Table 4 has been deposited as Document No. 8618 i,vith the ADI Auxiliarv publica-
tions Project, Photoduplication Service, Library of Congress, Washington 25, D C A copy
may be secured by citing the Document number and by remitting $12.50 for photoprints or
$4.25 for 35 mm microfilm. Advance payment is required. Make checks or money orders
payable to: Chief, Photoduplication Service, Library of Congress.
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The bond distances and angles (Tables 5-8) were calculated from the

atomic positions l isted. in Table 3, using the cell parameters given in

Table 1. The calculations were carried out on the Burroughs 22O digital

computer r,vith programs written b-v D. S. Handwerker of the U. S. Geo-

Iogical Surve-v, and described in clark et al. (1961). Bond distances and

angles for low albite were caiculated from the atomic parameters given

by  R ibbe ,  e t  a l .  ( 461 .

DnscnrpuoN or STRUCTURE

The feldspar cr1,-stal structure was established for sanidine b)' Taylor

(1g33) and for low albite by Tay-lor et al. (1934). Since that t ime a num-

T.q.er-s 5. CorrpanrsoN ol Boxl DrstaNcrs roR THE TsrnauroRA' ol Renor'roncNnurB

NaBSisOs, .qNl Lorv At-lrrn, NaAlSirOs

Coordinates of

Oxygen Atom

T-O Distance (A)

Tetrahedronl OxygenAtom
Reedmergnerite LowAlbite2

(o) f-O Distances
11(0000) OA(1000)

oB(0000)
Oc(0000)
oD(0000)

7r(m000) Oe(100c)
Os(nx000)
Oc(ru000)
Oo(12000)

r,(0000) oA(2000)
oB(0ooo)
Oc(mV0)
Oo(mj\c)

Tz(m000) OA(2000)
Os(rx000)
oc(00i0)
Oo(000c)

r ,  Y ,  z - l
r - 1 ,  Y ,  z
n , ! , 2
t t ! , 2

Average

i ,  l - ) , 7 - z

x -1 ,  y ,  z

r ' ! , 2
r ' i , z

Average

x ,  ) ' - 1 ,  z

x ' ! ' z
1 /21x ,  y -1 /2 ,  z

! - , c ,  l - y , l - z
Average

r , ! , 2
f i , ! , 2

t /21s, l /21y, z
l - x ,  l - y ,  l - z

Average

1 . 4 7 8 + 0 . 0 0 5  1 . 7 5 r
1 . 4 7 0 + 0 . 0 0 6  1 . 7 4 5
1.443 +0.009 1 .730
1 467+0.006 7  75r
1 .165 1  .711

1.595+0.004 1 .604
1 . 6 0 2 + 0 . 0 0 3  1 . 6 0 1
1 . 6 2 4 + 0 . 0 0 5  1 . 6 2 3
1 . 6 1 8 i 0 . 0 0 3  | . 6 1 2
1.610 1  610

1 . 6 3 4 + 0 . 0 0 5  1 . 6 3 5
1 . 5 8 5  + 0 . 0 0 3  r . 5 9 2
1 6 2 5 + 0 . 0 0 5  1 . 6 1 4
1 . 6 1 3 + 0 . 0 0 3  1 6 2 1
1 .614 1  .616

1 646+0.005 1 .643
1 6 2 0 + 0 . 0 0 3  1 . 6 2 0
1 . 6 0 6 + 0 . 0 0 4  1 . 5 8 5
1 . 6 1 4 1 0 . 0 0 3  1 . 6 0 2
1 . 6 2 2  1 . 6 1 3

r Site Ir(0) occupied b), B in reedmergnerite, Al in low albite; all other tetrahedral sites

occupied by Si in both minerals.
2 ?-O distances from Ribbe et ot. (1962); O-O distances calculated by present authors

from atomic coordinates given by Ribbe el aI. (1962).
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Tl.s-n 5-(continued,)

183s

Tetrahedronr OxygenAtom
Coordinates of

Oxygen Atom

I-O Distance (A)

Reedmersnerite LowAlbite2

(b) O-O Distances Within Tetrahedra
r'(0) 2.338 + 0.004 2.729

2.4-44+0 006 2.953
2.345+0 004 2.750
2.402+0 007 2 897
2 .415  +0 .004  2 .87 r
2.401+0.007 2.862
2 .391 2.844

2.579 +0.004 2.603
2.712+0.007 2.687
2.580+0.004 2.587
2 .631+0 .006  2 .618
2.644+0.O04 2.655
2 .622+0 .007  2 .625
2.628 2.629

2.619+0.005 2 663
2.552+0.OO7 2.565
2.620+0.005 2.615
2.690+0.005 2.656
2.672+0 004 2.659
2.640t0.004 2.659
2.632 2.636

2.653+0.006 2.620
2 .595+0 .007  2 -574
2 .619+0 .005  2 .635
2.637 +O.O04 2.631
2.669!0.004 2 637
2.703+0 005 2.688
2.646 2.631

f'(0)

T{.m)

Tr(m)

oA(1)-Os(0)
aa(1)-oc(0)
a1(1)-Oo(0)
Os(0)-Oc(0)
on(0)-Oo(0)
oc(o)-oD(o)

OA(1) Os(m)
O,r(1)-Oc(rz)
ga(1)-On(m)

Os(m) Oc(m)
Os@)-On(m)
Oc(m)-Oo(m)

OA(2)-Os(0)
OrQ)-Oc(m)
QaQ)-oo(m)
On(O) Oc(m)
QB(0)-Oo(ra)
Oc(m) Oo(m)

oe(2) On@)
aa(2)-Oc(0)
o'r(2) Oo(0)
Og("?)-Oc(0)
On(m) Oo(0)
Oc(0)-On(0)

Average

Average

Average

Average

ber of studies of various feldspar structures by members of the Cambridge
school have appeared. Those that are particularly pertinent to the pres-
ent discussion are the two-dimensional refinements of low and high albite
b1' Ferguson, Trail l  and Taylor (1958), the three-dimensional refinements
of low albite b.v Ribbe, et al. (1962), and of maximum microcline by
Brown and Bailey (1964), and the extensive studies of anorthite by
Kempster, et al. (1962) and Megaw et al. (1962). A review paper on the
structures of the principal feldspars by Taylor (1962) is aiso valuable.
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Since reedmergnerite is isostructural with low albite, the existing com-
prehensive i iterature makes discussion of the general structurai features
unnecessarv. Instead, we wil l compare structurai details between reed-
mergnerite and low albite in particular, extending the comparison to in-
clude other feldspars as warranted. The standard notation of X4egaw
(1956) has been used throughout the discussion, in the current form that
designates tetrahedral cation sites impartialiy as ?. A view of the reed-
mergnerite structure with the type atoms identif ied is shown in Fig. 1.

x
oD(*) L(

Frc 1. Vielv along c of the reedmergnerite structure'with type atoms labelled. The

boron atoms in site Tr(0) are shaded, other T sites contain Si. Dashed lines indicate Na-O

bonds.

The T-O tetraheilra. Comparison of Z-O and O-O distances are made in
Table 5 for reedmergnerite and Iow albite. The O-Z-O angles are com-
pared in Table 6. Since reedmergnerite contains no tetrahedrally co-
ordinated cation larger than Si, substitution, were it to occur, wouid re-
sult in decreasing rather than increasing the obs,erved ?-O distance.
However, not onl-v* the average values, but almost all the individual
values, are so nearly alike in the T1(m), Z2(0), and T2(m) sites of both
minerals that there cern be l it i le doubt the tetrahedral cation in each site
is Si. The site ?r(0) is therefore wholly ordered in each mineral, containing
the boron in reedmergnerite and the aluminum in low albite within the
narrow limits of experimental error. An Al-occupancy figure of 0.93 for

site fr(0) of low albite is obtained from Smith's revised relationship
(Smith and Bailey, 1963) for determination of Al-content from average

Y
T O-(

o '
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TellB 6. Colrprnrsox ol BoNo ANcr,os roR THE Tnrn.qurlnl ol RneluntcNenrrr,

NaBSi:Os, aNo Low Arerm, NaAlSi:Os

Angle

Tetrahedronl Atoms2
Reedmergnerite Low Albite3

?r(0)

7',(m)

I'(0)

Tz(.nt)

aa(1)-r-On(0)
oe(1) T Oo(0)
aa(1)-r-Oo(0)
Os(0)-r-Oc(0)
On(0)-f Or,(0)
ac(0)-r-OD(0)

a.q(1)-Si-On(m)
Or(1) Si-Oc(rz)
Qo(1)-Si-Or(rz)
Os (?x )-Si-Oc (rx )
Oe(?r?)-Si-Oo(?r,)
Oc(m) Si-Oo(z)

Oe(2) Si-Os(0)
ao(2)-Si-Oc(zr)
Oe(2)-Si-Or(zz)
Os(O) Si Oc(rz)
Os(0)-Si-On('x)
Ocj (nx ) -Si-Oo(rz)

Or(2)-Si-Os(?,x)
Or(2)-Si-Oc(0)
aa(2)-Si-Or(0)
Oe(zz)-Si-Oc(0)
Os(z)-Si-Or(0)
oc(0)-si-oD(0)

104"56'+22',
113"27', + 29',
t05034' + 22',
110"57'+22',
110037'+29',
lll"03' + 22'

10703+' + 15',
ll+"48',+ 77',
106"50',+ 16',
109016',+ 18'.
110"23' + 14',
107"56', + 14',

108"52',+ 17'
103008'+ 13',
107038'+ t4'
r13"52', + 17',
113022' + 12'
109018'+ 16',

108"37',+ 1S',
105053',+ 12',
106"55',+ 16/
lwo4Ot +17'
7!7016' + 12'
114"10',+ 15',

102040'
116"04'
1o3"32',
t120s8'
I10"24',
110036',

108037',
112"43',
107"06'
108"35',
llt"27',
108025',

1lI"l2',
104"19'
106053',
1 1 1"54',
lll"40'
110032',

106"5 1',
105045',
108"35',
lloo2l'
109053'.
115"02'

t Site fr(0) occupied by B in reedmergnerite, Al in low albite; all other tetrahedral sites

occupied by Si in both minerals.
2 Coordinates of atoms as in Table 5 (o).
a Angles calculated by present authors from atomic coordinates given by Ribbe et al'.

0962).

T-O distance. This figure must simply indicate the magnitude of the
errors involved in such estimations. These errors are apparently closer to
* 8/6 than to the * 5/6 (in round figures) proposed by Smith and Bailey
(1963). In maximum microcline (Brown and Bailey, 1964), a 0.94 Al-
occupancy factor for site ?r(0) obtained from Smith's revised relationship
was used as partial evidence for deviation from perfect order. Since this

"occupancy factor" is so close to that found for low albite, its merit as
eviclence for disorder is doubtful.
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It is noteworthl ' that the feldspar framework can accommodate to
either the shorter B-O distances (average value, 1.t[65 A) or the longer
A l -O  d i s tances  (ave rage  va lue ,  1  . 744  h  w i t hou t  s i gn i f i can t l l - a l t e r i ng  t he
dimensions of the Si-O tetrahedra. The effects of the substitution appear
to be distributed over the entire ceil, principally as changes in T-O-T
angles. These changes, together r,vith the smaller size of the B-O tetra-
hedra, result in the smalter unit-cell dimensions found for reedmergnerite
(Table 1). The B-O distances, O-B-O angles, and O-O distances in the
borate tetrahedron of reedmergnerite are all in good agreement with
those  found  fo r  bo ra te  t e t rahed ra  i n  numerous  bo ra te  s t ruc tu res  (e .g . ,  i n
the refinement of five calcium borates, Clark et al., 1961).

The overall average Si-O distance is 1.615 A in reedmergnerite and
1.613 A in low albite. These values confirm the rounded-off value of 1.61
A for the average Si-O distance in framework structures that was pro-
posed b1' Smith and Bailey (1963). The range of  ̂ Si-O values is almost
i den t i ca l  f o r  bo th  m ine ra l s ,  i . e .  f r om 1 .646+0 .005  . {  t o  t . 595  F0 .003  A  i n
reedmergnerite, and from 1.643 A to t.SSS A i., lo* albite. The same pair
of atoms, Tr(m)-O{2), is associated with the longest Si-O distances in
both minerals. Comparison of l ike individual distances shows that only
one pair, Tz(m)-Oc@), differs by more than 0.012 A, and none of the l ike
O-Si-O angies differs b1' more than 2"20' .

AII the tetrahedral cations in reedmergnerite have isotropic temper-
ature factors of about 0.3 A, (Table 3); differences among the individual
values are not significant. The oxygen atoms have an average isotropic
ternperature factor of 0.65 42. These values are normal for an ordered
structure (Burnham, 1964). Temperature factors are not currently avail-
able from the three-dimensional refi.nement of the low albite data, but
the average isotropic temperature factors in anorthite (Kempster el al.,
1962) and in maximum microcline (Brown and Bailey, 1964) are com-
parable to those found for reedmergnerite,i.e.0.2 to 0.4 A2 for the tetra-
hedral cations, and 0.6 to 1.0 A'for the oxygen atoms.

Environment oJ \ta. In reedmergnerite, Na is coordinated b.v five oxygen
a toms  r v i l h i n  a  range  o f  2 .380+0 .004  A  ro  2 .489*0 .005  A ,  t he  ave rage
distance behg2.426 A lfaUte 7). Both the range and the average value
are slightly higher than those given for f ivefold ox]'gen coordination of
Na in Int. Tables, Voi. III (1962).In addition to the five close oxygen
atoms, there ir.re two at somewhat longer distances: O"(m) at 2.808
+0.005 A and O"(m) at  2.860*0.005 A.  Other  neighbors are d is tant  by
more than three Angstroms. The closest Na-Na :rpproach is 3.622
+0.004 A. Comparison with the Na coordination in low albite is ham-
pered by the extreme anisotropy associated with the Na atom in that
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structure. Coordinates harve been assigned by Ribbe et al. (1962) for two
distinct positions said to be randomly occupied in albite by the Na atom.
The Na-O bond distances for each of these positions are tabulated in
Table 7 (calculated from coordinates given b1. Ribbe et al.). The unusual
anisotropy of the Na atom persists in low albite even at - 180o C. (Wil-
I iams and Megaw, 1964). The O-O distances in the Na coordination
polyhedron are compared for reedmergnerite and low albite in Table 8.
The longest diagonals are 5.275 +0.006 A (reedmergnerite), compared to

T,qsr,n 7. Na-O ENvrnonMENT tN RrnnlrnncNenrrr,
NaBSi:Os, .qNo Low Alnrrn, NaAlSiaOs

Na-O Distance (A)

Orygen Atomr Coordinates of
Oxl'gen Atom

Lorv Albite2
Reedmergnerite

Nar

oA(1000)
O,r(100c)
o^(2000)
On(000r)
Os(m\Oc)
Oc(00i0)
Oa(moij)
Oo(0000)
Or(2000)

x ,  y ! 1 ,  z - l
r , 7 - y , 7 - z
r , ! , 2
7 - x , 7 - y , 2
1 . - x , 2 - y ,  z
r /21r ,  1/21y,  z
1 /2 t r , 1 /2 I y ,  z
x ,  1 l y ,  z
r , ! ' z

2.455 + 0 00.5
2 .489+0 005
2.397 +0.004
2.410+0 004
3  1 1 7 + 0 . 0 0 5
3.452+0 006
2 808+0.005
2.380+0 004
2.860+0 005

2 . 7 9 4
2.464
2 . 3 7 4
2 483
3 .630
2.932
3 . 3 7 9
2 454
2 840

2 540
2 618
2 .385
2 . + 3 7
3 . 2 9 3
3 088
3 . 1 5 2
2.437
3.149

I Orygen atoms coordinating Na(0000) at t, y, z (Table 3)
2 Values calculated by present authors from atomic coordinates of Ribbe et ol. (1962)

5. i36 A (a lb i te) ,  and 5.854*0.006 A ( reedmergner i te)  compared to
5.593 A (albite). The somewhat smaller overall size of the Na coordina-
tion polyhedron in reedmergnerite (approximately l l /6less volume than
in albite) mav account for the fixed location of the Na cation in the
boron feldspar.

There are other points of difference betwen the Na coordination in
reedmergnerite and low albite. First, one change occurs in the type
atoms which coordinate the Na cat ion:  Oc(m) at  2.808+0.005 A in
reedmergnerite, but Oc(0) at either 2.932 or 3.088 A in lo* albite. The re-
mainder of the Na coordination polyhedron consists of the same type
atoms in both compounds. Second, there is no evidence from the reed-
mergnerite data for the presence of any anisotropic thermal motion
associated with the Na cation. Its isotropic temperature factor is t.22
+0.03 A', a reasonable var.lue, which is comparable to the 1.41+0.03 A,
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Tenrs 8. O-O DrSr.rNCns tN trr Na COORlrN.q,rlON POr,vnrlnON Op RenOltenCNenrtr

NaBSi:Os, AND oF Low Ar,nlrn, NaAlSirOs

Distance (A) Distance (A)

Oxygen AtomsL Oxygen Atomsl
. Lort

Keedmeranerrte
Al Dlte.

.  Low
Keedmergnerrte 

Albite,

Oe(100c)-On(0)
OA(1000)-OD(0)
Oa(2)-Oc(z)
Oe(100c)-Oo(u )
Or(z)-Oc(0)
'On(0)-Or0r)

Oc(0)-Oo(m)
'Oe(1000)-Ol(100c)
'Oc(zr)-Oo(0)
'Or(2)-oe(0)

Oe(1000)-Os(0)
Oe(1000)-Oc(rp)
'On(0)-Oc(0)

Or(100r)-Oo(0)

2  3 3 8 t 0  0 0 4
2  3 4 5 1 0 . 0 0 4
2 552XO O07
2 . 5 8 0 + 0  0 0 4
2 . 5 9 5 1 0  0 0 7
3  1 3 6 1 0  0 0 7
3 .2 ,17  +  0 .00 .5
3 . 3 6 6 1 0  0 1 0
3 430t0  004
3 . 6 1 5 + 0  0 0 4
3 63910 006
3.690+0 004
3 . 6 9 6 1  0 . 0 0 5
3 . 7 9 5  t  0 . 0 0 6

O,r(100r)-Oc(0)
Or(2) On(z)
Oe(2)-Or(0)
On(0)-OD(ru)
Oe(1000)-Oo(z)
Or(100r)-Or(2)
On(0)-Oc(n)
on(0)-On(0)
Or(1000)-Or(2)
Oc(0)-Oc(z)
oc(0)-Oo(0)
Oc(m)-Oo@.)
Or (100c)-Oc (n)

Oe(1000)-Oc(0)

3  8 3 9 i 0  0 0 4  3 . 8 7 1
3 90510 004 4 363
3 960: !0 .005 3  76r
4  206t0  004 4 .520
4 335 i0  006 4  6L3
,1 .37010.004 4 .69 t
4  4 0 2 1 0  0 0 6  4 . 8 3 1
4  6 3 2 1 0  0 0 5  4 . 7 7 2
4 65110 005 4  590
5 03910 008 5 .026
5  1 7 4 1 0  0 0 7  4 . 7 8 0
5 . 2 0 5 1 0 . 0 0 6  5  7 1 1

5 . 2 7 5 1 0  0 0 6  5  7 3 6

5 . 8 5 4 1 0  0 0 6  5 . s 9 3

2 729
2 750
1 . . ) o )
2 587
2 - 5 7 1
3  1 3 8
3 4,10
3 422
3 495
3  7 1 8
3 680
3 863
3 . 4 0 6
3 764

1 Coordinates as given in Table 7; Na atom coordinated by Oc(0) in low albite, O6(m) in reedmergnerite

All other coordinating oxygen atoms are the same in both structures.
, Values calculated by present authors from atomic coordinates given by Ribbe et al- (1962)'

Taelr 9. Corrpanrsor or Drsr.{NcES FoR TrrE Foun-MrunrtED RrNGS ol

Rrnonnncxnnrra, NaBSi:Os, AND Low Ar,ertn, NaAlSiaOa

(o) Ring 1 (Fis.2)
Atom

Coordinates Atom Coordinates

f1(0000)
Oo(0000)
Tz(m00c)
Oc(00ic)

r , y , z

1-r, 1-J,, | -z

t /2 -q  1 /2 -y ,  r -z

Tt(0oic)
On(00ir)
Tz(m0i0)
Oc(0000)

1 / 2 - r , 1 / 2 - y ,  I - z
1 / 2 - x ,  t / 2 - y , 1 - z
t -1 /2 ,  y - l /2 ,  z

Reerlmergnerite fittl,

Distancel (A) Angle

Reedmergner i te ,o" r ; r t . / " ,

?r(0)-Oo(0)
Or(0)-"r(m)
Tz(m)-OcQ)
Oc(0)-"r(0)
ft(0000)-Zr(m00c)
fr(0000)-?: (20i0)

?r(0000)-?r (00jc)
Tz(m00c)-Tz(m0i0)
Oc(0000)-Oc(00ic)
Or(0000)-Oo(00tc)

1 . 4 6 7 t 0  0 0 6
1 61410 003
1 . 6 0 6 1 0  0 0 4
1  4 4 5 1 0 . 0 0 9
2  8 5 0 i 0 . 0 0 4
2 .706+O.O07
4 . 3 4 6 1  0 . 0 0 9
3 .465 i  0 .004
3.806+0 006
3 . 4  1 3  +  0 . 0  1 0

1 . 7 5 1
1 602
1 . 5 8 5
1 . 7 3 0
3 . 0 8 6
3 . 0 0 6
4 668
3  9 1 5
4 . 0 5 0
s . 7 9 8

?r(0)-Or(0)-?z(ru) 135'22'!20' 133'57'

On(0)-ft(ro)-Oc(0) 114'10'+ 1s' r1s"02'

?z(z)-Oc(0)-?'r(0) 121"56'X16' 130"04'

Oc(0) - I r (0 ) -Oo(0)  111"03 'X22 '  110 '36 '

!  ?-O and O-O distances not l isted here are given in Table 5.

r  Values calculatcd by prescnt authors from atomic coordinates given by Ribbe e'  al  (1962) '
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(b) Ring 2 (Fig 2)
Atom

Coordinates Coordinates

Tr(.mO0O)
On(2000)
?2(000c)
Oc(moic)

( , ! , 2

1 _ i  t _ !  l - .

1 / 2 - x , 3 / 2 - y ,  1 - z

Tt@lic)
On(.nroic)
f,(00r0)
Oo(2000)

1 / 2 - r , 3 / 2 - 1 , ,  \ - 2
1 / 2 - r , 3 / 2 - t ' ,  r - z
x - l /2 ,  1 /2+y ,  z
x '  i '  z

Distance (A) Angle

Atoms
Reedmergnerite 

oh",I", Reedmergnt'rite 
^"d[,

7'r(m)-Ot(m)
On(ru)-?z(0)
1:d.o)-O1;@)
Oc(m)- I : f tn )
T!(moDo)-72(.O0Oc)
Tt(mO0O)-7'z(0Oi0)
T{n00O)-Tr(m1ic)
Tr(000c)-7)(00i0)
Os(n\OO)-Oc(moic)
On(mooo)-On(mjic)

1  6 1 8 + 0 . 0 0 3
1 . 6 1 3 t 0  0 0 3
I  6 2 5 t 0 . 0 0 5
1  6 2 4 1 0 . 0 0 5
3.092!0  0O2
3 . 0 1 1 1 0  0 0 3
4 483+0 002
4 . 1 1 2 t O . O 0 3
4 1 7 2 ! 0 . 0 0 6
3  2 0 8 1 0 . 0 1 0

1  6 1 2
1 621
1  6 1 4
1 623
3 .  1 3 4
2 997
4 506
4 . 1 5 8
4 182
3 229

Tr(m)-Oo(m)-Tz(O) 146'20'+13' 151"22'
Qn(m)-Tz(o)-Oc(m) 109'18't 16' 710's2'
Tz(0) -Oc(m)-T{n)  13s 's3 ' t1s '  13s"34 '
Oc(tn)-Tr(m)-O:o(m) IOZ'50'+ r+' 108"25'

(c) Ring 3 (Fie 4)
Atom

Coordinates Coordinates

T(tn0iO)
On(m\i.O)
Tz(n0i0)
Or(00ir)

l /2*x ,  y -1 /2 ,  z
r - l / 2 ,  y - r / 2 ,  z
r -1 i2 ,  ! -1 /2 ,  z
1 / 2 - r ,  l / 2 - y , 1 - z

Tt(OOic)

On(0Oic)

Tz(OOtc)

On(moi\)

1 / 2 - x , 7 / 2 - y , 1 - z
3 /2-n ,  l i2 -y ,  r -z
3 / 2 - x ,  l / 2 - y , 1 - z
1 / 2 + r ,  \ , - 1 / 2 . 3

Distancel (A) A ngle

. Low
Keeomergnerl te 

Albi te2

. Lorv
I(eedmergnerrte-  

A lD l te r

Tt(m)-Tz@)
Tr(m)-Tr(o)
Tr(m)-Tz(O)
Tz(tn)-Tr(O)
Tz(m)-Tz(0)
fl(0)-f,(0)
On(zr)-Os(0)
Oo(0)-Oo(z)

3 . 1 6 3 t 0  0 0 2
3 . 9 3 1 1 0  0 0 4
3 092!0 002
2 . 8 5 0 1 0 . 0 0 4
4.290tO.O02
2  8 7 5 1 0 . 0 0 4
3  5 3 7 1 0 . 0 0 4
3.809t  0  004

Tr(m)-On@)-h(m)
On@)-Tz(m)-Oo(0)
?z(u )-On(0)-?r(0)
Oo(0)-?r(0)-Os(0)
?'1(0)-oB (0)-?'r(0)
OB(0)-Zr(0)-OD(u )
Tz(O)-On(m)-Tt(m)
Oo(m)-Tt(m)-On(m)

158 '05 ' , t  12 ' ,  161 '00 '
111'r6',! 12' 109"53',
135"22'!20' 133"57'
110"37' t29' 110"21'
140"28',!23' 139'31',
113"22 ' !12 '  111 '40 /
146"20' t13' 151"22'
t10"23',t14' 111'27',

3  1 7 7
4.005
3 . 1 3 4
3 086
4 564
3 .  1 3 1
3 . 7 4 2
3 899

isotropic value found for the K cation in maximum microcline (Brown
and Bailey, 1964). The final three-dimensional difference synthesis for
reedmergnerite shows no pronounced peaks or troughs in the vicinitl' of
the Na location. This result suggests that the observed anisotropy in low
albite is due to a space-average effect, rather than a time-average effect,
and that the Na cation in fact occupies oniy one of the distinct positions
in any one cell. Both possibil i t ies have been discussed by Fergusor' et al.
(1958). The question has been raised by Wiil iams and Megaw (1964) as
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to whether the "half-atom" splitt ing of the Na atoms in low albite is due

to "statistical occupation of two sites or to an ordered alteration within

small domains." The difference between these two models does not

appear to be significant, since the domain size is too small to affect the

diffraction patterns.

FBrospen Srnucrunal Fperunos

The framework of linked tetrahed'ra. The concept of the feldspar structure

as a (Si, Al)-O framework constructed from elastic "buiiding elements"

was introduced by Megaw et ol. (1962) in their discussion of the anorthite

structure. The authors point out that rigid, regular tetrahedra probably

Taeln 10. Coltlenrsoli ol BoNo Drsrancns eND ANcr,rs Assocrltr'o wrrH TrrE

O,r OxvcnN Arolrs rN RennupRcNnnrrr, NaBSiaOs, .lNl Low Ar,srrn', NaAlSirOs

Distance (A)

Atoms Atoms
. .  Lo*

Keeomeranente-  
/ \ lDr teL

Reedmergnerite 
o"d[,

Or(1)-?r(0)
Ot()-Tr(tn)
Or (z)-ft(0)
4,1t2)-Tz(m)
Tt(o)-.ft(m)
h(0)-Tz(n)

1  4 7 8 i 0 . 0 0 5  1 . 7 5 1
1 . 5 9 5 1 0  0 0 4  1 . 6 0 4
1 . 6 3 4 1 0  0 0 . 1  1 . 6 3 5
1.64610 005 1  643
2 . 9 1 5 1 0 . 0 0 4  3 . 1 5 9
2  9 5 6 1 0  0 0 3  2 . 9 7 3

T,(0)-O,r(1)-Tr(z) 143"os'L29' 140"31'

TdO)-Ot(2)-T{,tn) 128'40't10' 130'11'

r Yalues calculated by present authors from atomic coordinates given by Ribbe e, al. (1962).

could not be l inked together to produce the feldspar framework, so some

flexibil i ty must be associated with the "building elements." The devia-

tions from regulerrity are called strains b1'Megaw et al. and are tabulated

in their Table 10 for l ike oxygen atoms in seven different feldspar struc-

tures. The remarkable similarit ies in magnitude and direction of the

deviations from regularity in all the structures etre conclusively demon-

strated and lend support to the idea that the deviations are inherent in

the structure of the framework.
We have made similar calculations for reedmergnerite and for the nerv

values of low albite (Ribbe et al., 1962), and the results for the sil icate

tetrahedra in these two structures are compared with those for maximum

microciine (Brown and Bailey, 1964) and anorthite in Table 11. The

m:rximum deviations are approximately *0.1 A for the O-O tetrahedral

edges and approximately *60 for the O-Si-O angles. The limits of f lexi-

bil i t.v thus appear to be well defined. In all four structures the largest

deviertions, both greater and smaller than the values for regular tetra-

hedra, are associated with a combination of t1'pe A and C oxygen atoms'

A comparison of the deviations from regularity of the various Zr(0)
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Tenr,e 11. CorrplRrsoN or.Drvreroxs lrolr Rrculenrrv ol O-O TnrnaurnnoN Eocrs
exl O-Si-O BoNo Axclrs rN Si-O Trrnar{EDRA or.Rrnourncronrm,

NaBSisOs, Low Alurn, NaAlSlOi, Mexruulr MrcRocr-rNn,
KAISLO8, aNl Amonrnrrr, CaAlrSLOs

Oxygen
Atoms

oI
Edge

Tetra-

hedron

7'r(m)
Tr(O)
Tz(m)

Tr(nr)
'I'2(0)

T>(m)

Tt(m)

?,(o)
Tz(m)

Reed-

mergner-

i te

Micro-
cline

Anor-
thite

Micro-
cline

Anor-
thite

-6"18 '
-1"54'

+ 1 ' 1 8 '

+4"30'
-7'18',
-4"30'

+2'30',
+2"48'
+2"18'

+4"24'
-0'54',
-  1"1s ' ,

-o'42',
+4's4',
+2"r8'

Difierence of O-O Edge

from Ideal Valuer

(2.640 A)

Low
Albite

Ribbe
et dl

(1962)

axlmum

Difierence of O-Si-O Angles
from Ideal Tetrahedral Anglel

(109"28 ' )

Mar
Low

Albi te

Reed-

mergnel

ite

Present
Study

Brorvn
and

Bailey
(  1961)

Megan

el. ol.
(1962)

Present

Study

Ribbe
el al.

(1962)

-0 '51 ' ,

+r"44',
-2 '37 ' ,

Brown

and

Bailey

( 1 9 6 4 )

-0"13'

+1'+9',
+0'38',

L t o l l l

+2'29',
+r"44'

-1"16'

+o"28',
+s"26',

Megau

el, al.
( le62)

-0 .061
-o 021
+0  013

+0 072
-0 088
-0 045

0 060
-0  020
- 0  0 2 1

- 0 , 0 3 7

+0 023
-0 020

+0 017
-0 075
-0 066

-0 049
-0 002
-0  0J4

-0 098
-0 029

+0 019

+0 041
+0 .0s4
+0 011

+0 0s6
-0 036
-0 .041

-0  017
+0 060
+0 032

1 5 4
0 3 6
0  5 1

+5"20',
-6"20',
-3 '35' ,

-2 "38 '
- 1 '50'

-2 '3 i ' ,

-0"12' ,

+0"12'

-0 0.53
-0  025
-0 00.5

+0 040
-0 08,1
-0 078

-o 042
- o  o 2 i
-0 002

-0 .008
+0 008
-0 009

+o 027
+0 008
+0 007

+0 086
*0 120
-0 0.59

-0 080
+0 007
+0 .016

+3"15' ,
-5'09',

-2 "35 '
-0"53',

-0'53',

+2"26'
+0's3 '

+ 1'59',
L ) a t ) '

+0'25',

-  l '03 '
+1"04',
+5'34',

+3"43',
-5 '38' ,
-4'.18'

-4"54'

-o"1,2',

Tr(m)
7z(0)
Tz(.m)

-0 009
+0 .0s0
-0 003

+0 004
+0 032
+0 029

- 0  0 1 8
U

+0 063

-o o22
+0  016
-0 009

+0 015
+0 019
-0 .001

B D Tt(m)

?r(o)
Tzht\

+0"ss'
+3-s4',
+1'4S',

C D Tr(m)
ft(0)
Tt1n)

- 0 .015

+0 019
+0 048

-0 "10 '

+4"12'

-0.002

+0 02.5
+0 044

Average 1 0  0 2 8 t 0  0 4 8 ! 2 " 2 1 !2 '16 ' , t 3"03'

1 A-qsuming a regular tetrahedron with Si-O distances of 1 614 A (Megaw et al , 1962) For reedmergnerite
the associated errors are as in Table 5 (O-O) and Table (O-Si-O) For low albite, marimum microcline, and
anorthite, the values are those obtained by the present authors using data from the respective sources Iior
anortbite an average of two independent values for O O and O-Si-O, given in Table 2 (d) and (f) (Megaw et o.l ,
1962),  was taken.

tetrahedra (Table 12)-B-O in reedmergnerite, Al-O in low albite, maxi-
mum microcline, and anorthite-shows a somewhat smaller range of
deviations, + 0.06 A, for the O-O edges of the B-O tetrahedron compared
with those of the Al-O tetrahedra, especiall lr in anorthite, in which the
range is +0.20 A. fne trend is not as definite for the angular deviations,
but the largest ones are associated with the O-Alr(0)-O angles of anor-
thite. Comparison of the remaining Al-O tetrahedra, Tr(m), Zr(0), and
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T"(m), in anorthite with the corresponding Si-O tetrahedra in all four

structures shows the foliowing ranges of deviation. For the O.O edges in

Si-O tetrahedra, -0.084 to *0.072 A (a.retag", +0.03 A;, fot all except

anorthite, which has a slightly larger range, -0.12O to f 0.086 A (aver-

age, * 0.05 A). In the Al-O tetrahedra of anorthite, a significant increase

from these values occurs,  -0.181 to *0.120 A (unetuge +0.064 A).  nor

the O-Si-O angles, a range of -7.3 to *5.4o (average, *3o) represents

Tsnt-t 12 CoupeusoN ol DpvrarroNs rnoru RrGulannv oI' o-o TarnenBon,q.r, EocBs

am O-?-O Bonn ANcr-ns rN tun tr(O) Trtnarrnona or RornunncNenrm,

NaBSi:Os, Low Ar,lrru, NaAlSirOi, M-lxruunr MrcnoclrNo,

KAISLOs, eNn ANontstrB, CaAlzSLO,

Dif ierence of O O Edge from Ideal Valuesr
Di l ference of O ?-O Angles from lCeal

' Ietrahedral  
Value ( l  09"28')

Maximum

Microcl inei

Reed

mergnetrte

Lorv
Albite

Ma'r imum

Microcl ine

Brorvn and

Bai ley
( 1 9 6 4 )

Anortbi te

Megau'

et al

(r962)

-  l ! "12 ' ,

+10 '12 ' ,
- 1 1 ' 4 2 '

*3'06',
+6"48',
+2'O6',

Present
Study

-o 062

+0 04,1
-0 05.s

+0 002

+ 0 . 0 1 5
+0 001

Ribbe
et dl

(1962)

Brorvn and

B a i l e y
(1961)

Megarv

et al
(1962)

Present

Study

Ribbe
et al.
/1962)

AB
AC
AD
B C
B D
CD

0  1 3 1
+0 093
- 0  1 1 0
+0 037
+0  011
+0 002

-o  099 L  -0 .200

+0 050 +o 156
_ r )  1 ? 0

-4"3t',

+3"5q'
-3"54',

+1"2q'
+i"09'
+1'35' ,

r  Assuning regular tetrahedra rvi th B O distance 1.470 A, ideal O-O 2.400 A (reedmergneri te);  Al-O

1.?49 A, ideal O-O 2.860 A (Al tetrahedron taken by Megaw el at . ,1962).  For reedmerqneri te,  associated errors

a s i n T a b l e 5 ( O - O ) a n r l T a b l e 6 ( O ? - O ) . V a l u e s f o r l o w a l b i t e , m a x i m u m m i c r o c l i n e , a n d a n o r t h i t e a r e t h o s e

obtained by present authors using data from the respective sources For anorthite an average of tlvo indepen-

t lent O-O and O-I-O values from Table 2 (d) and ( i )  (Megarv et al  ,  1q()2) rvas used'

the l imits of deviations for all four structures, whereas the comparable

O-AI-O angles in anorthite deviate by a range of -8.1 to 6.5o (average,

F4o). These results suggest th:rt AI-O tetrahedra tend to deviate more

from regularit-v than either B-O or Si-O tetrahedra, possiblv because of

the longer Al-O distances and the resultant weakening of internal attrac-

tive forces. In the structure of sil l imanite, Burnham (1963) also found

the Al-O tetrahedra to be less regular than the Si-O tetrahedra.

In anorthite, Megaw et at. (1962) note an increase in average 7-O

distance with increase in the number of Ca neighbors associated with the

oxygen atoms. In maximum microcline, Brown and Bailey (1964), ob-

serve an exactly opposite trend, the average Z-O distance decreasing

as the number of K neiehbors increases. No clear correlation occurs in
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either reedmergnerite or low albite. ' Ihe single Si-O distances to the oxy-
gen atom Oq(1) which has two Na neighbors are shorter than the average
Si-O distances for the oxygen atoms with only one or no Na neighbors,
as in microcline; but the Al-O distances in low albite and the B-O dis-
tances in reedmergnerite are largest for the O"(1), as in anorthite. The
possibil i ty exists that the correlations observed in anorthite and micro-
cline are fortuitous, but further experimental evidence from other struc-
tures is necessary to clarify this point.

Closed. rings in the structure. The feldspar structure contains various
closed rings, which are commonl-v referred to in terms of the number of

Frc 2. Tivo four-membered rings in the reedmergnerite structnre viewed along c,'
ring I on left, ring 2 on right. Symmetry centers are shown by small circles.

tetrahedra linking at corners to form the rings (Smith and Rinaldi, 1962) -
The total number of atoms in a ring is twice the number of tetrahedra
involved. Using this terminology, four-membered, six-membered, and
eight-membered rings can be found in the feldspar structure.

Three distinct four-membered rings are i l lustrated in Figs. 2 and 4 as
they appear in reedmergnerite. Two of these rings (Nos. 1 and 2, Fig. 2)
each have a center of symmetry, whereas the third ring (Fig. 4) does not.
Some oI the distances and angles are shown for rings I and 2 in Fig. 3
and for ring 3 in Fig. 5. The atomic coordinates for each ring and a
complete l ist of pertinent distances and angles are given in Table 9 for
both reedmergnerite and low albite. Examination of these values shows
ciose agreement for most of the distances and angles in the two struc-
tures. Rings 1 and 2 are both considerably elongated along one diagonal,
whereas ring 3 is more nearly equant.

A number of larger rings can be described, but all are constructed from
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|  6 0 6
( r  s 8 s )

Frc.3. Some distances (A) and angles in

Table 9); values without parentheses are for

albite.
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|  624  |  625
( r 6 2 3 )  ( r . 6 r 4 )

/ \- f  , /  \ T
t t  
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7  r 6 t 8  t 6 t 3
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oc
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46 '
7 5
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o)/
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r 3 5
( 1 3 ,

t a

o),,
4
5

oc

1 4 4
u 7 3

i l .

( l l 5

1 9 "  /

, tY

c

o"
o 6 )

\ a  t z+

\ . o

o.

t 4
i  o 2 )

i l l
\ . ( l l t

g l

6 t ,
6 (

T" i
t 6 l
( 1 6

I

- r \
r l .

R i n r

5
o)

\ r
\ . r
l 4 l
( 1  7

t 35  4
0 3 4  0 )

+2 -  l
,  d / T .

the rings I and 2 shown in l'ig 2 (see also

reedmergnerite, with parentheses, for low

q( ro ic ) Oot to t c )

Frc. 4. Ring 3, a third lour-membered ring in the reedmergnerite structure,

viewed along b.

Oo{m o i  o}

O o t o o i c )
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sections already shown for the four-membered rings combined with the
two bridging sections associated with Oa(1) and O"(2). The relevant
distances and angles for the Oa oxfgen atoms are given in Table 10.

Bond. angles at oxygen otoms. These angles are compared in Table 13 for
reedmergnerite, low albite, maximum microcline and anorthite. The
overall similarit ies for l ike oxygen atoms are evident, as pointed out by
Megaw et al. (1962) in their compilation for various feldspar structures.
However, in some of these angles there are significant changes, which

T  ( m o i o l

-  | t 3  - \
( r 0 9  9 )

- \ l  6 1 4  ( l  6 0 2 )

r3s)\
( t 3  4  0 )

Oo too i . )

l l o 6 0
( i l o  4 )

T ,  ( o o i c )

( r  6 r 2 )

1 4 0  5 '
( r 3 9  5 )

|  5 8 5  ( l

O ^ t o o i . )
E

5 9 2 )

l ,  ( O O i c )

l - r c . 5 .  Somed i s tances (A )andang les i n the r i ng3sho rvn inF ig  4 ( seea l soTab leg ) .
Values without parentheses are for reedmergnerite; nith parentheses, for low albite.

are apparent ly  required by the f ramework in order to accommodate

either boron or aluminum. The average values for anorthite are nearlv
all smaller than the corresponding values for the other two structures.

Charge balance in the Jeld.spor slrwclure. The complete refinement of the
reedmergnerite structure does not significantlv change either the values
or the conclusions that have already been given on this subject (Clark
and Appleman, 1960). We agree with Brown and Bailey (1964) that
charge balance computations based on simple ionic models are not an
adequate basis for evaluating the relative stabil it ies of different feldspar
structures.



1 848 D. E. APPLEMAN AND J. R CLARK

CoNcr-usroNs

The present studv underscores the similarit ies among the Si-O portions

of the framework in chemically distinct feidspars. The striking correla,tion

between Si-O distances for l ike atoms in reedmergnerite and low albite

strongly indicates that both minerals are completeiy ordered and that the

bond-distance values in maximum microcline (Brown and Bailey, 1964)

Taelr 13 Com,anrson ol BoNo ANclns er oxVCnX ArOns rOn RnrounncNenrtn

NaB SLO s, Lor'v Ar.ntto, NaAlSi:O s, Mlxruulr Mrcnocr-rNn,

KAISLOs, .q.vo ANonrnrro, CaAlzSi:Os

Bond Angle, Z-O-Z

Oxygen
Atom

Low
Albitel

Ribbe et al
(.1962)

Maximum
Microcline

Brown and

Bailey (1964)

144.7'
138 5'
l5 l .2 "
156 0'
t30 7"
130. 7'
140 .0'
l + 3 . 2 "

Anorthite

Megaw al aI. (1962)
Present
Study

1 4 3 . 1 + 0  5 '
128 7 !0 2"
140.  5  +  0 .4"
1 5 8 . 1 + 0  2 0
l 2 + . 9  + O . 3 "
1 3 5 . 9 + 0  3 "
135 .4  +  0 .  30
146.3  +0 .2"

Average2 Range

O.{(1)
Or(2)
Os(0)
Os1n)
oc(0)
oc(m)
On(0)
Or:(m)

r40 6"
130.2"
139 5'
1 6 1 . 0 "
130.0 '
135 .6'
134.00
1 5 1 . 5 '

1  36  .9 '
124 40
133 .3 '
155 .8 '
131.4"
129.8"
130 00
1 5 1 . 8 '

135-140'
122-126"
128-1400
14+-t7 l"
131-133'
128-131"
125 1380
138 -167'

Average 136.70

r Values calcuiated by present authors from atomic coordinates of Ribbe et aL (.1962).

2 Average by present authors from values for four independent tetrahedra, Table 2 (g),

Megarv el al. (1962).

cannot be used as evidence for  part ia l  d isorder.  The error  associated wi th

the use of Smith's relzrtionship (as modified br'- Srnith and Bailey, 1963)

for Al-content as a function of average ?-O bond distance is significantly

Iarger than the -l 5/e (in round figures) suggested b1- those authors, and

we suggest that a more realistic estimate of this error is *8/6. Accumu-

Iated evidence shows that A1-O tetrahedra in the feldspar framework

deviate from regularity more than either Si-O or B-O tetrahedra. There

is no anisotropy associated with the Na cation in reedmergnerite, a re-

sult that tend.s to confirm association of the observed anisotropy in low

albite with a space-average efiect, rather than a time-average effect.

Although reedmergnerite is so simiiar structuraily to low albite, it has
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no disordered polymorph corresponding to high albite. This fact raises the
possibil i ty, f irst suggested by Prof. R. B. Ferguson (written comm., 1960),
that although borosilicates can be synthesized which are exactly analo-
gous to ordered aluminosilicates, it may be difficult or impossible for
boron and silicon to occur in random occupancy of one atomic position
in these structures. Thus there would be no borosilicate analogues of the
disordered aluminosilicates. fn this case the synthesis of borosilicate
analogues, such as the various boron micas described by Eugster and
Wright (1960), would provide a useful method for studying order-disorder
problems in the corresponding aluminosilicates.
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