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dielectric constant in the (010) direction rose from 20 at room
temperature to about 7000 at the Curie point and dropped again to 18
well below this temperature. The half width of this peak was only

1° but it was typical of a second order transition. The spontaneous
polarization is about 0.5|JC/cm2 and the coercive field about 104V/cm.
Many of the hysterisis loops observed for different samples were
quite asymmetric indicating some form of internal bias. Chynoweth
(1957) using a very sensitive method of measuring pyroelectric activity,
confirmed Davisson's measurements but emphasized that the more ideal
specimens showed less activity on the high temperature side of the
transition point. He concluded that colemanite is pyroelectric only
below -6°C and is non-active and therefore centrosymmetric above this
temperature. The tails at higher temperatures may be explained by
internal space-charges giving an induced polarization in the centro-
symmetric phase. These tails have also been observed in other ferro-
electrics.

The point group was confirmed as being 2/m at room temperature
and 2 below the transition, through the nuclear magnetic resonance
studies of the boron sites by Holuj and Petch (1958, 1960). The
splitting due to the interaction of the 113 puclear electric quadrupole
moment and the electric field gradient tensor was followed continuously
as the temperature was lowered and the transition found to be of second
order. The changes observed to take place at the phase transition
were small, which indicated, as Davisson had suspected, that the
deviation from centro-symmetry in the ferroelectric state is small.

Little was known of the structure of any of the borate minerals

until Christ, Clark and Evans (1954) solved the structure of colemanite
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using the Hauptman and Karle (1953) direct method of determining structure
factor signs. This was a major advance both for the crystal chemistry
of the hydrated borates and for the direct method which had been
criticized by many x-ray diffractionists. The main structural unit of
colemanite is a 6-membered ring of alternating boron and oxygen atoms.
Two of the boron atoms are tetrahedrally coordinated and the other is
triangularly coordinated. Each oxygen atom not shared by two borons
has attached a hydrogen atom to form a hydroxyl group. The rings are
polymerized into infinite chains through shared oxygen atoms between
the rings. These chains of composition (B304(0H)3);2n which run
parallel to the crystallographic a-axis are linked laterally through
the Ca'h ions to form sheets perpendicular to the b-axis. The only
bonds between sheets are the hydrogen bonds of the three hydroxyls and
one water molecule per asymmetric unit. This sheet-structure accounts
for the perfect cleavage obtainable on the (010) faces.

Hydrogen positions are not normally determined by x-ray techniques
but they may be inferred from a consideration of interatomic distances.
For hydrogen bonds between oxygen atoms, the inter-oxygen distance is
commonly 2.6 to 2.8 2. For the three hydroxyls in the asymmetric unit
of colemanite, two hydrogen bonds were clearly indicated by the
distances, but the third (05 to O4, in Fig. 2, Chapter 2) was rather
long (2.81 X) and it was suggested that this bond is unstable with
respect to two possible acceptor oxygen atoms. The single oxygen (Og),
which is not closely bonded to any boron atoms was assumed to be the
water oxygen. Since it is situated at a distance of 2.76 K from
oxygen Og, & normal hydrogen bond was inferred. Although Og is placed

2.70 X from the water oxygen of the next unit cell and related to it by
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The magnitude of the changes in the 113 resonance signals indicated
that, although the hydrogen atoms play an important role in the ferroelectric
transition, there are also significant changes in the boron-oxygen framework.
Some further indication of changes in the cation environment was found dur-
ing a comprehensive study of the dielectric properties of colemanite by
Wieder (1959, also Wieder, Clawson and Parkerson, 1962). While attempting
to determine the exact temperature of the transition he noted a large
discrepancy for samples from different sources. Chemical analyses of the
samples showed a correlation between the transition temperature and
impurity content; a higher Curie point being found for samples with small
amounts of strontium impurity substituted for calcium, but a lower
transition temperature if magnesium is the major impurity. Preliminary
studies using "pure'" synthetic colemanite showed a Curie point at -35°C
and, more recently, Wieder, Clawson and Parkerson (1963) have synthesized
the strontium isomorph of colemanite and proved it to be ferroelectric
with a transition temperature of +30°C. Since the x-ray study places the
water molecule and the long 05-04 hydrogen bond adjacent to the cation
position, they interpret these results in terms of the hydrostatic pressure
of a larger ion in the region of unstable hydrogen bonds.

The proposals concerning the role of the hydrogen bonds in
the ferroelectric behavior of colemanite cannot be resolved without
an accurate knowledge of the hydrogen positions and the changes they
undergo at the transition temperature. Since x-rays are scattered
by electrons, the scattering from a hydrogen atom with one electron
is almost completely lost in the presence of a strong scatterer such

as calcium. For neutrons, however, the scattering is a nuclear process
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and the scattering power for almost all nuclides is of the same order of
magnitude. In particular, the hydrogen scattering length is only slightly
smaller in magnitude than those of oxygen, boron or calcium, the other
constituents of colemanite., Actually the hydrogen scattering length
is of the opposite sign to the others making hydrogen peaks more easily
detectable on a fourier synthesis plot. Neutron diffraction has the
further advantage over x-ray diffraction in that more accurate
information is available at high scattering angles since the scattering
does not fall off at high values of the Bragg angle. This allows more
accurate refinement of the temperature parameters.

- The main drawback for a neutron diffraction analysis is the

7 n/cmz -

relative weakness of monochromatic neutron sources (106 - 10
min as compared to x-ray generators with up to 1012 photons/sec of

the characteristic radiation.) Although lower absorption factors for
neutrons allow larger crystals and beams to be used, the detection
apparatus 1s similarly larger and more complex. This disadvantage
limits the use of neutron diffraction to certain special problems which
cannot be done by x-ray methods.

Elucidating the atomistic mechanism of the ferroelectric
transition in colemanite by determining the positions of the hydrogen
atoms above and below the Curie point is certainly a worthy problem
but even without this feature there is considerable interest in hydro-
gen bonds themselves as they occur in various structures. No hydrated
borate material has been subjected to a neutron diffraction analysis
until now, partly at least, because of the large absorption cross-

section of boron for thermal neutrons and also because the scattering

length of boron has not yet been determined. These additional features



make the neutron diffraction of colemanite an especially worthwhile

problem.












Figure 1. Some examples of the polyanions found in typical

hydrated borate minerals and synthetics.
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32-05..04"' angle 1is 159°, Other possible acceptors for the Og hydro-
gen bond are 09' and 08' at distances of 2.94 and 2.93 X, respectively.
A bond with 03' is unlikely since this would place the hydrogen atom
too close to the calcium ion. This bond cannot therefore be postulated
uniquely and it is quite possibly unstable to two or more alternatives.

Og, the only oxygen atom not bonded to a boron atom, is the
water oxygen. It is situated a distance of 2.769 X from 06" and
2.708 R from the related water oxygen 09"' with 09"'-09..06" angle
equal to 86° which allows a reasonably stable hydrogen bond system.
The bond between Og and 06" is probably quite stable but the
presence of the inversion centre between Og and 09"' requires a dis-
ordered.bond between the two. It was suggested that one hydrogen of
each water molecule is placed in the 09-09"' bond only half the
time and each spends the rest of the time making a bond to 05" which
is at a distance of.2.939 X from Og. By diffraction techniques, it
cannot be decided whether the space average of the whole crystal or
the time average of each bond is centrosymmetric but other studies

/

show that the latter is the more likely case.

Calcium-oxygen distances are normally in the range of 2.3 to
2.9 % with eight oxygen atoms surrounding the calcium ion. The
calcium coordination observed for the various members of the cole-
manite series ranges from six bonds at an average distance of 2.42 X,
to eight bonds at an average distance of 2.48 X. For colemanite
there are seven oxygen atoms at distances between 2.42 and 2.56 2
and one at a distance of 2.89 X. These are arranged in an irregular

o
polyhedron with the average Ca-0 separation equal to 2.45 A for the

nearest seven atoms. .-
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~
the diffractometer. This mount then fits into place on the automatic

crystal orienter which allows the operator to pre-select up to
seventeen different orientations of the sample.

The diffracted beam from the crystal is measured by a BF5 pro-
portional counter mounted on the outer arm of the spectrogoniometer.
This counter is coupled to rotate at twice the angular rate of the
crystal support. During automatic operation, the counter is step-
scanned with the direction of scan reversed for successive orientations
of the sample. The details of the operation and the automation of
this diffractometer have been described in full by Torrie (1963).

B. Low Temperature Device

To obtain information about colemanite in the ferroelectric
state, the sample was cooled using a stream of cold, dry air from a
liquid air storage vessel. A thermally insulated pipe conducted this
stream from the storage vessel to a radiation shield covering the
sample. A sufficient flow of air was ensured by dissipating a con-
trolled amount of electrical power in a small resistor at the bottom
of the storage vessel. The radiation shield consisted of two thin-
walled aluminum tubes of diameter 1.0 and 1.4 cm arranged concentrically
with insulating spacers. These fitted coaxially over the sample so
as to isolate it thermally but not to interfere with its rotation‘
between or during the scanning process. Condensation of water vapour
from the room onto the outer tube was prevented by blowing a stream
of air, heated if necessary, over the shield in the region of the
crystal.

The temperature was measured by a thermocouple junction

placed inside the shield just above the crystal. The emf developed
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by the thermocouple was reécorded continuously by a chart recorder with
a sensitivity of 100 mv full scale. This was calibrated by using the
bulb of a mercury thermometer as a dummy crystal and noting the
temperature and chart reading for various power levels dissipated in
the storage vessel. About 20 watts were necessary to maintain a
temperature of -20°C which required about 20 litres of liquid air over
a 48 hour period.

During the collection of the entire set of low temperature
measurements the crystal temperature was kept at -20% ¥ 5%.
Temperature gradients down the length of the sample were estimated to
be less than 1 C°/cm. Neutron scattering from the radiation shield

increased the normal background level by less than 10%.

C. Colemanite Samples

The various sample crystals used in this analysis were all
cut from the same single crystal specimen obt;ined from the Smithsonian
Institute. This particularly clear example of colemanite was originally
found in the Furnace Creek deposits of Death Vélley, Inyo County,
California. It had two large, almost perfectly transparent lobes
which had grown out of a mass of slightly misaligned crystallites.
Excellent growth faces allowed unambiguous determination of the
crystallographic axes. Of the four sample crystals finally selected,
two were cut from each lobe of the original specimen. All samples
were shaped into cylinders with the axis of the cylinder coinciding
with either the c or b crystallographic axes. The size and number

of reflections measured with each crystal are listed in Table 1.

Data from crystal C-1 were taken for the purpose of making

the extinction~-absorption corrections to be described in the next



TABLE Ie CRYSTAL SAMPLES USED

COLEMANITE.

SAMPLE DESIGNATION

DIAMETER MM

HEIGHT MM

VERTICAL AXIS

NUMBER OF ROOM
TEMPERATURE DATA

MAXIMUM BRAGG ANGLE
DEGREES

NUMBER OF LOW
TEMPERATURE DATA

MAXIMUM BRAGG ANGLE
DEGREES

le160

1045

16

45

20

IN THE NEUTRON DIFFRACTION OF

24025

12,0

186

60

50

30

c-3 B-2
24818/ 24414
2.785

1645 12.0

C B

- 121

- 72
139 172
60 72
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gsection. The majority of the room temperature (hkO) data was taken
from crystal C-2. After 50 reflections had been measured at the lower
temperature, slight cracks from excessive thermal cycling were noted
and the remainder of the low temperature data was taken using crystal
C-3. This crystal was slightly elliptical in cross-section and the
major and minor axes are given in the Table. All the (hO2) data,

both at room temperature and at -20°C, were taken using crystal B-2,
The low temperature data for both projections include all possible
reflections out to a Bragg angle of 500, beyond which point only the
strong reflections were measured.

D. Corrections for Absorption and Secondary Extinction

The effect of nuclear absorption on the incident and
diffracted beams is to reduce the observed intensity by a factor
depending on the linear absorption coefficient, p and the effective
path length which i{s a function of the Bragg angle,8. The intensity
reduction due to extinction similarly depends on 6 but also depends on
the reflectivity, Q(hk!) which is proportional to the square of the
structure factor, F(hkf) of the reflecting planes.

The ratio of the observed intensity, I,, to that calculated
for an ideally imperfect non-absorbing crystal of the same size, I,
defines the absorption-extinction correction, E; I, = I.-E  where
I. = keQ.V, V is the volume of the crystal and k is a scaling factor.
If p and Q(hke) are known, the ratio of I,/I. may be determined from
a solution of the differential equations for the powers Py and P4 in
the incident and diffracted beams, respectively:

OP4

— = -(].I+Q)Pd + QPi
axd
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FIGURE 4.
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diffracted beam. Up to 40,000 cells may be used in the actual

calculation.
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this time, the least squares refinement* program (Busing, Martin and
Levy, 1962) had been adapted to run on the IBM 7040 computer and only
a few cycles of refinement were needed to reduce the residual to
0.06. Up to this point, isotropic temperature factors had been used
for each atom. When these were converted to anisotropic form,
further refinement was possible and the value of the residual was
reduced to 0.029. During this stage of the refinement the
positional parameters of the heavy atoms were also allowed to vary
but they changed very little from the values given by Christ et al.

In the process of least squares refinement, the thermal
parameters for hydrogen Hgg of the water molecule and Hgy of
hydroxyl Os, became markedly anisotropic, suggesting that these
hydrogen atoms might be alternating between two distinct positions
rather than simply vibrating with large amplitudes. To test this
hypothesis, Hgg and Hg, were each replacé& by two atoms with half
the normal scattering length. These were placed in positions inferred
from the magnitude and orientation of the major axis of the temperature
factor ellipses of the original atoms. Isotropic thermal parameters

were assigned te all atoms i{n this model as it was felt that

* A brief description of the mathematical basis of the least
squares method of refinement is given in Appendix 1. This

method makes use of the weighted residual, defined by:

N O S A1) 2T

This is the agreement factor quoted in the remainder of thie

section.
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Refinement of the (hOl) room temperature data stafted when 60
reflections wereavailable. Initial values for the z-coordinates of
the heavy atoms were taken from Clark, Appleman and Christ (1964).
For the hydrogen atoms it was assumed that each of Hg3, Hgy and Hgg
were Iinvolved in linear bonds and that the donor oxygen-hydrogen
distance was equal to 1 X. Coupled with the x-coordinates previously
obtained, this assumption allowed the calculation of z-parameters
which proved to be quite good approximations. For hydrogens Hg,
and Hgg, however, the only assumption which could be made was that
the O-H distance would probably be 1 X. Using the x-coordinates
obtained previously, this still left two alternatives for each
"half-atom'. A consideration of the calculated bond angles for
these positions showed that two of the eight alternatives were
unlikely. Calculation of the structure factors using various pairs
of the remaining possibilities soon gave the correct combination
and the refinement proceeded using the method of least squares.

Further data were added in groups of about 20 reflections
as they became available until all reflections out to the limit of
the apparatus had been measured, a total of 121. Anisotropic
temperature factors were then introduced and refined. However,
there are several pairs of atoms whose positions, projected on
the (010) plane are nearly identical and some of the temperature
factors became quite unrealistic because of the large interaction
of the parameters for these atoms. It was therefore decided to
retain isotropic temperature factors and, further, to vary only
one of each pair of the interacting parameters during any one

cycle of refinement. In this manner, the parameter adjustment
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proceeded until no further reduction of the reaidual below 0.06 could
be obtained. The temperature parameters had then stabilized but on
comparison with those of the (hkO) refinement, showed that the latter
were all higher by approximately the same additive constant.

The reason for this difference is not clear but it {s not
surprising that, for crystals with rather high absorption coefficients,
such systematic inconsistencies should appear. The form of the
functional dependence on the Bragg angle of the correction factors for
pure absorption and for thermal motion are sufficiently similar that
a systematic error in the absorption correction would appear as a
constant additive error in the temperature factors. This will not
be reflected in the value of the residual obtained nor should there
be any significant effect on the positional parameters.

In order to make the (hOf) data consistent with the (hkO) data,
which were believed to be the more accurately corrected of the two
sets, the average difference, 5B, in the refined temperature factors
was found and the factor, exp(-BBsinZO/xz) was multiplied into the
(hOL) data. The refinement of all three positional parameters and
isotropic temperature factors of all atoms then proceeded using both
sets of data. The parameters obtained at the end of this stage of
the refinement are considered those most representative of the total
room temperature structure of colemanite and are quoted along with
their standard errors in the next section. The agreement factor
for this set of parameters is 0.049.

The final stage of refinement of the data taken at -20°C
proceeded in a similar manner as for the room temperature data.

First, the refinement of the parameters using the (hOQ) data was
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taken as far as possible and the average difference between temperature
factors obtained from the (hkO) and (hOf) data was found. This value
of BB was approximately the same as for the room temperature data
BB = 0,20 and was used in the same way to make the two sets of data
consistent. Finally, the parameters of all the atoms were simultaneously
adjusted by least squares methods until no further reduction of the
residual could be obtained. The final set of parameters for this

structural phae gave an agreement factor of 0.038.






TABLE IIle POSITIONAL AND THERMAL (B) PARAMETERS FOR THE
ROOM TEMPERATURE STRUCTURE OF COLEMANITE. ERRORS QUOTED
REFER TO THE LAST GIVEN FIGURE.

NEUTRON DIFFRACTION X-RAY DIFFRACTION

THIS REFINEMENT CLARK ET ALe 1964
PARAMETER ERROR PARAMETER ERROR
CALCIUM X 01347 + 8 0e¢1348 + 2
Y 0.2886 6 02891 1
Z 0e7340 17 Oe7368 2
B le15 9 0.80 2
BORON 1 X 0e3344 6 063342 8
Y 0.2118 5 02129 7
z 043104 11 03135 11
B 0.38 7 Oe78 7
BORON 2 X 0.2211 6 02210 8
Y 0.0523 4 00521 6
Z 0+4949 23 04964 11
B 0432 7 0.68 7
BORON 3 X 0,0401 5 0.0400 8
Y 0.,1711 5 0.1711 6
Z 0.1654 11 061633 11
B 0«39 7 Oe67 7
OXYGEN 1 X 0.3424 6 Oe3421 6
Y 01495 5 0«1478 4
Z 045081 12 045099 8
B 0.84 9 0499 6
OXYGEN 2 X 0.1889 5 0.1886 6
Y 062311 4 02313 4
Z 001413 10 0.1383 8
B O0.48 6 074 5
OXYGEN 3 X 0.0877 5 0.0872 5
Y 0.0555 5 040558 4
z 0.2700 10 062713 8
B Oed4 6 069 5
OXYGEN &4 X 0.4807 5 0¢4814 6
Y 0.2529 5 02531 4
Z 043140 11 0¢3148 8
B 0463 6 0.88 6
OXYGEN 5 X 0.2962 7 0e2964 7
Y -04.0670 7 -0e0664 5
Z Oe5154 27 Oe5146 Q
B 1.09 9 1.26 7



TABLE IIl.

OXYGEN 6

OXYGEN 8

OXYGEN 9

HYDROGEN

HYDROGEN

HYDROGEN

HYDROGEN

HYDROGEN

HYDROGEN

HYDROGEN

63

83

96

54C

54D

99A

998

TN <X W N X O N <X DN <X @m N << X DN <X DN <X DN <X DN <X

W N <X

(CONTINUED)

0el1672
0.0775
0.6925
0.84

-0,0801
001633

~-0.0725
073

0.1137
0.4823
09040
l.53

00772
0,0250
0.6968
1,93

-0.,0793
0.0833

-0.1274
le&47

0.2012
065200
0.0244
3440

0.3824
-000830

046529

3651

0.3123
-0.0988

0.6782

1691

0.0267
05055
0.9356
606

0.0745
0.5182
0.7089
4428

PARAMETER ERROR

15
12
26
19

11

26
14

15
15
32
27

35
31
69
57

26
30
49
36

63
101
102
114

55
52
91
75

PARAMETER ERROR

001669
0.0771
046971
1.07

=-0s0793

061638

-00720
0.85

061135
064818
008985
1454

b
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are scattered by different processes and hence actually measure
different quantitiés, (Bacon, 1962A, Hamilton, 1962).

The parameters obtained from the refinement of the data taken
at -20°C are shown in Table IV. Since the number of parameters 1s
twice as large for the non-centrosymmetric low temperature structure,
the accuracy 1is less.than for the centric structure. Although the
number of (hOL) reflections theoretically observable is doubled for
the low temperature space group, the low precision with which those
reflections with odd values of the index h could be measured severely
limited their contribution to the accuracy of the refinement. The
average accuracy of the positional coordinates is 0.02 to 0.04 X,
being somewhat better for the x-coordinates which are determined by
both the (hO%) and (hkO) sets of data. The accuracy of the hydrogen
parameters is comparable to the other atoms for this refinement.

Although the individual temperature factors differ greatly
between the two refinements, a comparison of the average for each
psuedo-related pair with the temperature parameter of the equivalent
atom at room temperature shows a definite correspondence. Because
of the large errors in these quantities, it is not likely that the
differences between the temperature factors of the psuedo-related
atoms are as large as indicated, although some differences are to be
expected. The average of the two, however, is probably a good measure
of any changes from the room temperature values. The arithmetic
mean of the temperature factors of all the atoms 1is lower by 10% for
the low temperature refinement. This is approximately the change
expected from the relative change in temperature (40° in 300 Ko).

There is, however, a significant reduction in the individual tempera-
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TABLE Ve (CONTINUED)
OXYGEN—-BORON-OXYGEN ANGLES WITHIN THE BORON GROUPS

Bl (TRIANGLE) (ALL ANGLES + 0.8 DEGREES)

01-B81-02 12001 120.8
01-B1-04 113.5 11349
02-B1-04 12644 12543

SUM 359.9 36040

B2 (TETRAHEDRON)

01-B2-03 11045 1107
01-82-05 11108 111.0
01-B2-06 103.6 103.8
03-B2-05 10648 1067
03-B2-06 112.9 112.9
05-B2-06 111.4 111.7
AVERAGE 0~-B2-0 10945 10945

B3 (TETRAHEDRON)

02-B3~03 10845 10940
02-B3-04" 107.3 10762
02-83-08 10640 10642
03-B3-04! 111.3 109.8
03-B3-08 11244 113.2
04t-B3-08 111.1 11144
AVERAGE 0-B3-0 109+4 109¢4

BORON~-OXYGEN-BORON ANGLES

WITHIN RING

B1-01-B2 120,.1 12047
B1-02-B3 1179 - 11740
B2-03-B3 1168 117.6

BETWEEN RINGS

Bl1-04-B3! 13664 13647









TABLE VIe (CONTINUED)
HYDROXYL 0O5-H54

DISTANCES (POSITION C)

05-H54C 0.932 + 37 (0980 £ 52)
H54C=04 1t 24230 37 (2250 % 41)
05-041 1 2807 13
CA-H54C 2728 36 (2¢743 £ 43)
H54C-09! 2365 37 (2383 £ 46)
05-091 3116 13

ANGLES (ALL ANGLES + U.8 DEGREES)

B2-05-041 ! 159.8
B2-05-H54C 116.7
O5-H54C-04 1 11 119+4
B2-05-09" 92.3
05-H54C~-09! 137.4
CA-H54Cr-05 1! 624

DISTANCES (POSITION D)

05-H54D 1.020 =+ 31 (1.C36 + 44)
H54D-02 1! 24211 29

05-021 3.064 12

CA-H54D 24992 30

ANGLES

B2-05-021! 130.1

B2-05-H54D 108.1

05-H54D-021! 14041

CA=H54D* t=051"! 4846



TABLE VIe (CONTINUED)

WATER MOLECULE H96-09-H99

DISTANCES

09-H96 0959 + 18
09-H99A 0886 82
09-H998B 1.191 54
H99A-Q09 1! 1.819 82
H96-06 1.833 18
H99B-051 ! 2374 92
09061 20764 9
09-09¢ 1 24662 10
CA-H96 30092 19
CA—-H99A 3.028 81
CA-H998B 24634 55

ANGLES (ALL ANGLES + 1

091t 1-09-061! 8648
091t 1-09-H96 96e7
H99A~09-061 ! 9443
H99A-09-H96 102.8
H99B-09-06 129.2
H99B-09-H96 119.7
09-H96-061 1 16249
09-H99A-09 1 11 158.1
09-H99B-051? 11543
CA-H96-09 40.9
CA-H99A-09 4245
CA-H99B-09 679

POSSIBLE ALTERNATE ACCEPTORS FOR THE 09-H998 BOND

ANGLE

061 '-09-05"! 122.1
061 1'-09-05" 13643
061 '=-09-011"" 10345
06t1'-09-01" 16949

061 1-09-041 ! 90,1

)

(1003
(097

(1236
(1860
(1856
(24397
(2771
(2669
(3106
(3053
(20651

DISTANCE

09-05"1
09-05"
09-011'"
09-01"
09-04 11

iYW

37)
12)
70)
92)
30)
98)
13)
14)
24)
86)
60)

269717
30115
34268
3.119
34315

56












TABLE VIIe (CONTINUED)
UNPRIMED UNIT PRIMED UNIT
OXYGEN~BORON—OXYGEN ANGLES (ALL ANGLES % 1°)

TRIANGLES BlsB1'?

B1-01-B2 121.0 11442
B1-01-B4 109.6 11445
B2-01-84 129+4 13045
SUMS 36040 35942
TETRAHEDRA

01-B2-03 1167 10643
01-B2-0 10846 11547
01-B2-06 109.4 9545
03-B2-05 10543 110.1
03-B2-06 10845 114.0
05-B2-06 10860 11445
02-B3-03 109.8 10843
02-B3-04" 112.2 10244
02-B3-08 107.8 10444
03-B3-04! 109.2 112.0
03-83-08 10640 11742
08-B3-04! 1117 1111
AVERAGES 10944 10943

OXYGEN-BORON-OXYGEN ANGLES

WITHIN RING

B1-01-B2 1177 12049
B1-02~83 119.1 12062
B2-03-B3 11048 121.5

BETWEEN RINGS

B1-04-B31! 133.0
B1t-041'-83 13640



61

TABLE VIIIe INTERATOMIC DISTANCES AND ANGLES PERTINENT TO

THE HYDROGEN BONDS OF COLEMANITE IN THE POLAR PHASE.

VALUES SHOWN IN PARENTHESES HAVE BEEN CORRECTED FOR

THERMAL MOTION. ERRORS QUOTED REFER TO THE LAST FIGURES GIVEN.

UNPRIMED UNIT PRIMED UNIT
HYDROXYL 06-H63
06-H63 0e987 £ 48 (1.007) 1029 + 46 (14044)
06-031 11 24763 38 24756 37
0344 1-H63 1.800 48 14733 45
CA-H63 3055 46 24948 45

ANGLES (ALL ANGLES + 15 DEGREES)

B2-06-031 11 12442 112.0
B2-06-H63 11642 1113
06-H63-031 1! 16442 17246

HYDROXYL 08-H83

08-H83 0927 % 47 (04945) 06959 £ 44 ( «973)
08-031 01 24653 41 24764 34

H83~-031 ¢ 1,730 47 1826 44

CA-H83 2718 45 24783 43

ANGLES

B3-08-031 11 11744 108.3

B3-08-H83 11840 99.9

08-H83-031 11 174e4 16543



TABLE VIIIe (CONTINUED)

HYDROXYL 05-H54

05-H54
05-0211¢
H54—-021 1
CAt ' =H54
05=041 ¢
H54=041 11

05 1=H541
051-0411
051-09
051=021 1
H541~09
H54 0 =401
H541=211
CAVt 1541

1.028
36142
26277
24978
24807
24479

0957
2805
3.113
3.020
24283
26311
24627
24827

+ 48
44
39
38
46
40

48
46
45
42
47
44
b4t
41

(1.047)

(0990)

ANGLES (ALL ANGLES % 1.5 DEGREES)

B2-05-H54

B2-05-021""!
05-H54-021!
B2-05-041 1!
05-H54-04"
B2-05-09!

05-H54-09!

B21-051~H54
B21=051-04""
B21-051-09

05 1=H544-02111
051 =H54 1 ~09
051=H54 =041 1
B21-051-02111

11046
131.9
140.8
161.1
976
9242
9542

109.6
15946

922
105.0
14447
111.4
13348
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TABLE VIIIe.

(CONTINUED)

WATER MOLECULES

09-H96
09-H99
09-061"1
09-091 1
061t '-H96
09-051!
09-011?

09 t=H96 !
09 1=-H99?
091-061 1"
0611 1-H96!
091t 1=H99!

CA-H96

CA-H99

CAt-H96?
CAt-H99!
H99-051?
H99-05"1
H99-=011!
H99-01"
H99-041 1

0.929 +
1.070
24862
2674
1982
2978
36200

1.037
1.003
26716
1702
1.737

3,038
2,720
34095
24905
24333
2,452
24253
24875
24655

74
52
39
41
72
46
39

54
73
42
52
51

72
51
53
71
57
54
50
48
51

(0«983)
(14100)

(1le062)
(1.053)

(1s717)
(1«751)

ANGLES (ALL ANGLES *+ 2 DEGREES)

09t 1—091-0611"
0611 1-09-05"!

H99-09~H96

09~H96-06""!
09-H99~-051!
09-H99-01"*"!

09 1=H961—061 1!
091=H99 =091 !
H991~091-H96!

854
12244
11849
1574
1172
14645

165.1

15349
10464
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observed between the O-H distance and the 0..0 separation. Thus the
increased 09'-H distances in the polar phase are compatible with the
decrease in 0g'-0g''' and 09'-09" separations observed for the
primed water molecule. In the unprimed unit the decreased Og-Hg¢
distance follows from an increase in the 09-06" separation, but
the lengthened 09-H99 distance and larger H96-09-H99 angle are
not as easily understood.

The value observed for the H-O-H angle in a free water
molecule is 104.5° but in a solid this angle 18 found to vary over
a considerable range* depending on the nearest neighbours of the
water molecule on the side remote from the hydrogen atoms. It is
mainly the p~orbitals of the oxygen atom which are used to bond
the hydrogen atoms but the admixture of some s-character opens the
H=-0-H angle from 90° (pure p-bonding) to its observed value. This
exchange of p and s character between the bonding electrons and the
lone pairs may be enhanced by the close approach of an electro-
positive atom to the region of the lone pair orbitals and in the
extreme case may lead to full spz hybridization (as for example the
hydronium ion, 0H3+, or in the tunellite polyion, see Figure 1).

For the 09' water oxygen the only close cation is the calcium
atom at a distance of 2.322 X and the H-O-H angle is 105°. Por Og,
on the other hand, Hgg''' is only 1.737 X distant and the calcium

. o
cation is at 2.535 A separation. The close approaches of these

* The mean value of the H-O-H angle in solids is about 110° with
a standard deviation of 40. See, for .example, Bacon and Curry,

(1962) on CuS0,.5H,0.






Figure 15. (a) The unprimed water-hydroxyl network projected
on the (100) plane. The separations of the
calcium atom and the hydrogen atoms are indicated.
The displacement of the calcium atom from its room
temperature position is also shown.

(b) As above, for the primed network. Atoms whose
designations differ by two primes are screw-axis
related, hence doubly primed atoms are considered
part of the unprimed system, and triply primed

atoms part of the primed system.
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P, = Ng iEqiﬁyi, where Nc is



. 1 (a;+8) o 1(-ay+d)
ke ij e ] and Fr-= Ejbj g 3
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make a larger cation polyhedron. This would decrease the electrostatic
pressure on the hydrogen positions through a screening effect, allowing
the polar phase to exist to a somewhat higher temperature. Unfortunately,
no crystallographic data is available for the strontium isomorph of
colemanite so that it 138 not known to what extent the volume of the unit
cell 1is increased. It is likely to increase somewhat since the "atoms in
colemanite are very closely packed. In a reverse manner, the substitution
of the smaller magnesium ion would leave the hydrogen atom more exposed
to the cation polyhedron and thus increase the pressure on the water
hydrogen (assuming a proportionate decrease in the cell volume). On the
other hand, without a change in cell volume, a smaller ion would be able
to shift further away from the water molecule, Iin which case the magnitude

of the spontaneous polarization would be smaller.
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These '"normal" equations may be written in matrix form:

—_—

A 8P = B where the elements of the matrix A and the components of the

vector B are respectively;

Cc
F."(P, F.C(P.)
A= ) w oF; () oF;T(Ry)
ik . i 0P 0P
j
aF.°<Pi)
B = Z:: Dj(Pi) ) oP,
j

The solution of the matrix equation lies in findinz the inverse
matrix, A-l, such that A™! A &P = 8P = A8, The set (P, + 8P;) is
as close to the set (fi) as the assumptions made in the Taylor expansion
permit.

The computer program adapted from that of Busing, Martin and
Levy (1962) by members of this crystallography group, especially
J. S. Stephans, allows the simultaneous adjuskment of up to 140 parameters

using up to 1500 observations of F°.

The estimated standard errors quoted for the corrected parameters

are the quantities:

(L 50 - £,/ .
i A, where

o" P - .
(oPi) Mo - NV ii

NO is the number of observations, NV is the number of parameters to be

. -1
adjusted and the Aii are the diagonal elements of the inverse matri:x

AL,



APPENDIX 2

TABLE A-l1l. ROOM TEMPERATURE OBSERVED AND CALCULATED STRUCTURE
FACTORS. DATA ARE LISTED IN ORDER OF INCREASING BRAGG ANGLE.

(HKv) DATA
08S CALC

I
Va
r

0BS CALC

X
~
r

26413 25470
56095 —58018
19.53 -18.14
26467 22465
26431 29.80
4430 ~3.16
30442 =30.89
7.00 1.66
2089 -1.33
44484 -—44453

17.10 17.88
91452 =-8le42
46.77 —46011
32634 -32433
1leU1 =12.49
18476 =17450
41429 =-40.35
23 .84 24457
43477 =43.03

4e51 =557

8.02 7048 4010 -5-61
8.04 —8482 1 93,68 —95452
6033 _5075 38001 40045
51405 =50416 1 14.09 13.87
5.69 "8014 46.64 "49038

8-78 "9-93
62455 62.78
15.38 =994
20460 19.12
25422 =26499

=

31e48 =32432
15482 17.18
98,82 ~-98.91
34430 =35.20

7487 —-6451
27e4l =26464 1 58454 59415
2082 ‘2054 58.88 -58062
288 -3413 1566 =15.68
56¢74 56044 29.30 29.38
43643 43451 1 10.29 687
8.19 -2¢75 27439 28433
29.82 27415 6106 60e47
4.87 "2086 14022 “14.71

6.08 632
2137 18.80
32.19 "31.21
29.28 28.16
26002 2772

—

24452 21.90
20,07 19498
63.09 60457
36451 34441
18.28 =-13406

[
~N
FOOWHOUNHIHOVONOVIPFPOPOWOWON-LD-WOLHOOO®

POVONOCPFWROUNVLPVLUFEUVULANWHAFRPCPONLSFPFRPUNWVWWHNONHENNEOE
su.o\nmoor—-ooqmm#«nw\nmmqr—-bo\nmaombm»—'cwubmv—abubmu»—-omm»—-
CCCCCOO0O0CCOO00000C0O00C00CO0OCCOCOOCOCCOCOO0O00OCOCOO
OVOdONHsOWm
HOONWVLVRIORPLPONNVOHODOIWLWERPLPUINOHREJOWIUHJONO U W
[dNeNeNoNeo)
COO0OO0OO0CO0O00C00000OOO00O000000CO00DO0O00COODODOO0OO0OOO0O

9,02 ~1le47 1 8.87 ~5652
60081 —60.60 10048 -9079
42464 41e73 12 13460 1922
2714 2739 5 70644 7274
47418 ~—4T7e48 12 57.87 60e42
61451 6186 10 14,80 13.46
22.10 =-20420 9 14457 15.01
31.79 31443 11 33413 =34,06
53449 =50.62 12 3893 404,07
30,01 30,20 1 5485 -4,00
40,14 ~39.83 8 677 668

2 17044 ~14.67

7085 "13085
78



TABLE

H

=
PR CCONUVOROWVCWLOOUNNPFR, OOV OW®

[ -

[

(=]

-

— — -
WOO RN~V NHEHEPPCOOVICWLOOCNHNDOY

[

—

A-1.

K

6
12
3
10
11
4
7
13
12

L

[eNeRe] COOOCOOOOCCQOOOOCCCOOCCCCOOCOOCCCCOOOOOCOOOCOC

(CONTINUED)

oBS

11.58
2172
6e40
15.77
8423
1987
8.06
16.03
2Te47
12.74
15.11
9.37
3743
Use
4027
32441
23.11
47453
26410
15444
24457
41455
Tel6
850
7«73
Oe
32425
64468
35.11
12.73
30.u8
44 442
50409
4ael2
65493
27.18
39447
49440
33.18
O.
1055
2924
O.
5.65
10.25
18«44
7062
10461
16450

CALC

13.96
18.89
‘9004
21.11
3.19
22446
-4410
14077
28423
14.94
1752
6.68
36481
1,99
3.08
30.12
~-18465
47.90
~25¢57
-16e42
24486
41616
—2460
491
13.93
—-5e22
33.14
-65476
35069
17.81
30.14
45.79
49443
670
‘67028
27.01
-39.18
—53040
~36425
6428
1274
29468
-3.61
‘3098
-8432
1699
-72414
-12.76
15.90

—
T

—
BN OO O WU

14

10

15
16
16
13
16

14
12

15
16
11

16

14
10
13
17

15

17
12
16
17

11
14
15
17

13

16
18

-

jo]
OCCOO0O0O0OCO0OO0OTCOOLOCOCOOCO0OO0OO0COCODO0OOCCO0OO0OO0O0DO0COO00O0O0O0O0O

o8s

36441
22456
3.96
35.63
7.00
1245
1696
25.82
692
7.59
15.70
35461
18.36
225
18.38
887
31672
8607
5065
1G.09
2338
10.72
37435
8463
60.0%
33434
52435
6395
13.58
15673
17.65
23401
2748
33.14
18,06
2407
12415
28.56
1714
10.04
2144C
9.79
19.43
26416
15.51
17.98
58426

CALC

36451
23426
2430
39.53
Ve62
-6e34
10415
24,82
1.19
12.%4
15.84
38.24
-15.19
-3.99
13.40
-6022
-35.02
-5067
-48.78
~-15493
-19.12
-3.47
4Ge52
-14061
-62008
~32.92
~57.91
67430
-21.76
14,08
16677
-24-85
-24039
34425
-27052
-4071
16.56
-33,81
-19.07
14,16
204,06
17.156
—20085
-29085
—14045
-25435
59,87

79



TABLE

A-1l. (CONTINUED)
K L 0OBS CALC
(HOL) DATA

0 1 45472 -48.66
O O 35682 =32.33
0o 1 39.22 36e47C
o 1 7679 80423
0 2 9.87 —-9429
0 2 8433 —783
J 1 3133 28e¢47
0 0 36.U0 —32432
o 2 69.88 ~-65449
U 2 29436 =26436
0O 3 64436 6586
0o 3 59.68 =60.20
C 1 8783 =92.84
0o 3 74691 -T6454
G 3 46415 42461
O 4 82.04 =79.27
U 1 Tels4 -3.42
v 2 5e46 223
0 & 48477 51.21
0 ¢4 6015 63.06
0 G  64.22 61486
O 3 40468 35456
0O 1 B6+455 —87433
U 4 15.48 23.05
0 4 35432 —=36e47
0 5 74.28 76492
0 3 20.50 21482
0O 5 5726 5700
0O 5 129467 =136439
o 2 B6.23 -8T7.14
0 2 59 .49 55607
0 5 59487 =59.97
0 1 60457 —58463
0] 3 81.43 8TeT4
0O O 20e11 —15468
0 4 90e45 ~90Ce35
0O &4 7278 =T1e77
v 5 19.88 2728
U 6 3Velt7  ~26099
Uu 6 7369 75629
V) 3 15632 —9449
u 6 43482 45466
0 6 56649 59439
0 1 60.U7 69492

~

o OO j ;
PO COOLOLUUCOCO0OUCOLLOO0LODOO0ODLOCORDOOOCLOOOLLOULOOOCOCO

= AN @ W0
\Lmsomo‘\om«lCun-co\:mpm.pmumm\l\nm@mr—-qw\n\l\lo-L\.L\»—‘\jo\ossijN\n\n —

0

085

32487
529
T72.91
5429
21430
18.93
5234
30613
22403
2146
18+48
45621
5422
43,76
8.25
5273
13.38
29445
39435
49,495
19.15
37.31
36487
17.95
46468
15486
67«17
26091
88.82
14486
1157
1632
35669
5e65
8443
3676
20443
26e82
94eBG
61439
18.84
58,05
5243
6leld
53495
31e74
41477
8.25

5894

CALC

"37.44
-G.98
-70.3¢
le43
—£2017
19.28
~484.01
22404
16495
-18.70
15450
-4]le82
3.08
41417
-6003
—52.41
-11-67
-25.72
33.%6
47480
-25¢%6
34422
-35.01
1L.22
-329.C7
-13.569
€4elU
29422
£34438
3452
14454
2.C5
26472
-1e32
“2063
-35.0.)
i3e6y
"24.2'.‘
22,91
=5%.1%
=2Telu
"708'3
52681
"61.1.?
5lest
2308
Sbezt
-Qe48

634C5

<

(e}



TABLE

=12

10
-14
=14

12
-14
-19

~-14

-12
-4

A-1le.

~
—

ccccocococcoccccaccco
COoOoOoUNLChON WP

—

(CONTINUED)

0oBS

20457
744,23
24411
3445
44449
34416
53,18
4o47
46408
54 469
3844
10.88
26431

CALC

~-23465
—-T72457
22455
_6002
50.85
_45030
5leb4
_30 ll
3789
50631
"31.41
"5083
-24.19

COCCLCOOULCUOOOO0O

[

Voo~ O

10
10

C OV ~lWwWo

CALT

-505;
-53.83
-59.3¢

1030
-33.22
-79.0&

20627
-10.€%

68415

-193.48

13442

45.06

34,00

[



TABLE A-2Z.

FACTORS.

H

(HKO)

NO‘O‘-{-‘&!—'OU‘INU’I-L\UJUlb-'U\UlJ-\NLﬂ-Pl—'O-PWN-DJ-\HU)NWWHNNONHNN)—'CH

K

m!—'OO\\lmm-l-\slU)U'IO‘NﬂHOJ-‘O‘U‘bJO‘O‘N-P\NHO\I\D!-PNI—‘-PNO-(—\NW!—‘CNN!—'

L

LOW TEMPERATURE OBSERVED AND CALCULATED STRUCTUJRE
DATA ARE LISTED IN ORDER OF INCREASING 8RAGG ANGLE.

oBS

DATA

OCOOOCOOOC‘OOOOOOOOOOOOOC)CCOOCC‘-C-C)C}COOCC‘OCCCO

1917
89.75
45494
32622
12.11
18.19
4074
23409
6.88
42414
4459
8.82
10.48
8.99
5leU4
1043
32.19
14482
93.67
3369
9482
26499
631
l1.57
55455
43430
573
651
29.28
0.
22483
19437
6151
3669
19.78
11.83
60.77
42493
27461
48,68
6225
2135
31.18

CALC ALPHA

18.23
8le86
45476
32437
12.81
17.11
40419
24468
544
42409
4494
8+82
8419
6456
50671
11.09
31425
16479
9559
34406
8.29
27461
7.01
Te53
55465
42.68
10422
1,70
28422
4497
21.98
20461
6083
3732
1892
12.23
6031
41.88
27484
48.68
62415
2087
31483

917
178
-81

-1z
-112
11

11
-95
-67

75

37

81

-143

-C

106
138
-152
-27
126
-76
=174
121
=0

86
-170
76
-100

69
47
-105
-153
56
-94
176
-12

-157
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5179
30440
40622
3e54
26434
5751
18477
2683
26458
9407
10.76
32651
8.29
8458
4b6ells
3.63
93436
35453
14.92
47428
Tel5
62493
14.01
19.08
22485
59.83
60429
17.16
30644
12,90
28408
62425
12433
LT8R
24049
3247
28419
27449
9.23
789
15445
72412
58¢14
1455
13435

CALC

51402
30443
40418
13480
26442
57¢25
17435
264C5
28463
6476
10476
32410
10414
7013
46415
8410
93,35
354032
13436
48416
11482
62420
16475
19450
26427
28464
56478
17.68
35451
7459
284565
61e33
17495
9,42
26461
33409
27433
27.C9
14423
7458
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TABLE A~2+. (CONTINUED)

H K L OBS CALC ALPHA H K L 08S CALC
4 11 O 32461 31.86 =-149 13 2 0 27.11 28.29
2 12 0 39436 38.97 =160 018 0 59436 58443
9 0 O 9431 5e67 -0

9 1 O 11.12 8e32 6 (HOL) DATA

9 2 0 21.11 19.87 =13

312 O 23413 24459 -4 H K L csS CALC
9 4 U 1736 19490 78 0o 0 1 45,13 =-4B8476
1 13 0 11.81 11642 85 -1 0 1 6060 5436
7 9 v 14450 15.85 -1C5 2 0 0 35,59 32437
4 12 0 3074 31421 9 1 0 1 T.04 =6,77
2 13 0 1129 12.94 150 -2 0 1 29,55 =-36420
8 8 0 38.84 38480 26 -1 0 2 7.59 -15.29
9 6 0 31430 3012 67 2 9 1 7253 =-80.18
10 1 0 20.68 23.03 11 -3 0 1 .60 =3.11
5 12 0 25462 264C4 -81 0 0 2 1Ge93  =T7436
7 1vu O 13.80 17420 197 =2 0 2 8496 8e45
10 2 0 24447 25413 164 3 0 0 7.25 5ebb
0 14 0O 42«64 444,06 -13 1 9 2 5621 2.89
8 9 O 35402 34431 14 =3 0 2 12036 16442
2 14 ¢C 6537 64489 24 2 0 1 1Ce62  ~=7409
10 4 0O 34463 35488 154 =4 0 1 3238 26440
3 14 O 30eu2 31.24 =-101 4 0 0 36.26 =31425
10 5 0 42482 43480 175 2 0 2 68¢45 65613
9 8 U 66430 66493 -89 -1 0 3 8.82 ~6415
8 10 0 2754 2674 -2 =2 0 3 63.58 -63.68
10 6 O 38,10 38435 8 9 0 3 60471 =062e97
4 14 0O 48 e 24 49,02 -173 =3 0 3 9,00 13448
1 15 O 31.21 33427 -57 4 0 1 85483 =-98.13
11 0 O Je 0672 0 -5 0 1 5458 =24e36
11 2 vu 27.u8 26476 -82 1 ¢ 3 7,15 11493
10 7 v 7254 7266 25 -4 0 3 73¢42 =75454
5 14 O 35479 35627 84 3 0 2 9.96 =953
9 10 © 34423 34482 10¢ -5 0 2 9434 9.23
0 16 © 1567 13464 87 5 0 O 9¢C1 =170
1 16 U 26677 26465 137 2 0 3 46e42 —544430
5 15 O 31lebb 32461 -52 =5 0 3 9420 8475
9 11 © 49,04 4Beb67 -71 =2 0 & 81450 81422
11 7 O 22448 20.97 79 -1 0 & 9.71 13450
714 0 6155 60676 109 5 0 1 11446 10.85
16 10 © 31.23 29436 -9 4 0 2 43,56  3B467
8 13 0 51e43 50,67 -145 =6 0 1 9,10 273
1 17 O 63448 62489 115 -6 © 2 2.36 0e11
2 17 © 20412 22465 16 C 0 4 48441 50430
9 12 © 22439 24423 -00 =4 0 & 58487 62420
5 16 0 30.76 31.73 125 6 0 0 64400 =02415
10 11 O 29412 30439 22 3 0 3 14608 =13.70¢



ABLE A—2.
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(CONTINUED)

0B8S CALC
39410 =35426
4476 22403
LeT6 —12448
9.66 ~-3e95
835 152
85642 87.05
11.03 1le11l
17624 —19463
34481 35457
Tleb64 ~T73686
8.67 534
2195 2711
8e1l2 11.01
7 e84 Uel3
57«49 55647
1512 =-1Ce76
125624 —128467
13.67 1219
6692 =10452
4489 17.69
84,93 B4e91
5797 5463
537 ~6.08
56489 5765
537 -9.34
5879 —=59489
6021 —1058
7994 8514
1915 ~—17.68
9165 =—88e55
6460 12.64
18.89 =29.09
70615 —66481
582 993
28415 28443
72458 7542
582 6458
539 -0.72
5.38 =-15.12
582 0679
16451 657
9,06 =11.86
61.29 58439
45606 45487
9459 28175
5695 =55.09
9483 —15463
33011 =37.72
10.98 -5459
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0BS

9404
1C.28
12.79
17442

785
73415
13.78
11432

6488
23415

8oli2
1717
5249C
27417
21426

7419

5¢73
22433
28443

48403
11643
50645
2064
Tetl
5425
10448
1171
11451
56073
18405
994
9494
13024
6468
29444
17617
8415
39492
5455
53436
20422
36451
1176
37.83
5458
47410
5334
§8426
314632

CALC

"‘10066
J.80
-5067
-18.67
‘8.35
-72.38
-2483G
5452
~-1.05
20433
-7.89
19473
43,44
23,06
-17.090
-10.51
13.11
23.05%
-20.88
44494
2476
-39.41
0.81
-8419
1059
-7.09
259
-10.05
47421
-11e43
~7.32
925
.12
0.5C
=244 75
Sell
-18.31
-35044
10.80
51e85
28.87
24440
-1.28
32493
13.22
39,78
59e65
TLo8
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TABLE A-2. (CONTINUED)

H K L oBS CALC H K L 0ES CALC
-12 0 5 34423 ~=33.51 6 0 7 4994 —-39.29
1 O 8 8.53 3.18 -14 O 5 5527 —4794
6 0 6 98.10 -92.00 4 0 8 444463 —=5T7.62
-4 0 9 60419 -56487 -13 0 7 12.47 14498
-6 0O 9 52490 =47.75 -14 0 1 54.85 52.81
9 0 &4 T.12 =20416 -3 0 10 9.16 2Ce44
2 0 8 61.13 62+58 8 0 6 5688 —-58.53
-2 0 9 55442 —-49462 -2 0 10 79433 77495
8 0O 5 4267 34423 12 0 3 73.89 61455
-8 0 9 66480 60.65 -11 0 9 16446 17.08
7 0 6 539 —-11.93 -14 0 7 94421 954C€
-13 0 6 6e67 6475 3 C 9 Le24 -~1.72
0 0 9 73e¢24 —068431 =12 ¢ 9 45437 37457
13 0 © Te67 12.83 g 0 1C 42.77 34427
-14 0 4 45409  —46435
12 0 2 3745 =-40.75
-14 0O 2 55620 =45.75
9 0 5 12.11 11452
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