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upper mantle .

(ransition zone

Figure 12.9. A schematic section through the earth. The seismic
discontinuity at 400 km occurs at a temperaturce and pressurc
consistent with that for the transformation of olivine to spinel.
The discontinuity at 670 km may be due to a change in chemical
composition at this depth, with the perovskite phase of MgSiOs
the primary constituent of the lower mantle.
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I

Figure 5.3. An electron density contour map showing that the
clectrons are concentrated around the ionic centres, with a
pronounced minimum in the density between the ions. (After

Adams, 1981.)
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FIG. 11.39. Halite, hopper-shaped crystals.




Nt Wl{‘/)’l”}/f|"‘5) AR Pn CR Jovnr
b wmiTeds K& #1130
Zﬁup» Na+ WI/VU'V\MQQ’“(Q @ 50;: o

wug? /L/I\UL — AMYS o

knoon o (=Ll o ocTiked b
%5'/ e /CMW“*
ity conforicg
A Véwg YN/ e R A N

Cs‘C,Q —_— C)-T/I‘uv\/\/ C/QCO"WA&

’F%a 4.3 KX H 8- fotd  conhimeshinn
Ma}:ﬁwé Cﬁwj(} NN
/{W@ K |

@ C/Qkfiéﬂ t{)o-anUL y ' 9 ) jk_)& C/O\ .
Cr CL
Il dt puisdle bl
Lunins F'{T 2.¢

LA

o W/—fg g @_\A_LL' yaday




£0LTT |

waunv

vV

SIUDWI[H PNV

Lotit | voeLl | £67891 oz 91 § €691 Jf 0ST91 [ £6'851 szest f oa1s1 f vost ((S28] 16'8¢1

winisonbsigl wigaay [l wneeprty winwdodnz] | wolmivy

wanan f wnigpuy wnigy [ITRINES | 1

1oL 6o ) 8o Lo 999w ol 201 19
n A\ gx N\ WL T N\ OH £a |\ qr Jlpo )\ ng \ WS A\ Wd
syusway (Yures o1ey) splueyiue

dUA TIA 9A €Al dII VI VI

VIIIA VIIA VIA VA VAL VIO gan g1 gimaA  9IIA

(990 Y 90 (€50 Y 11292 § VEI0TY oo SOGTE (€D

TR | UL dioquagl] wowqng | ogey umpwy || Wopusd

601 || 801 901 § <OI §) +0I sk 88 L8

B \3s lag o | gedpad
cg'esl }[ S6°081 Y[ 65°8L1

Himopa ssnl] EELET |f 16°TEL
wngmg. | w0

« |95 | s
eg-l sO

1688 § 2oL8:  Lv'S8

o6l || cz 26l |( 2061

wnunelg

8L
id

uaidung, || wopnuvl

(012 § (600
ounuisy | wnmoiod

901
wnwpey watpeied wauny | wopoons | WOIPKNY
8y or 6c | s€7).LE
A Laslad

Pd

0L'8S

96ty § so'ov | OF'6E
wopumyy, || wopueag il woprd i waswnod

122N
8T 1z | 0T:} 61
IN XS AED LN
ks [19U$ 1IN0 UL JOU SUOLDI|D IIUITA SIS uonIsuTL] m.m.ﬁw Mmﬂvﬂoﬂm

[12Ys 22ino (1N

i 3 el
Syew 0) s50] 20 U puw Juunys WA IOy
suonpap ureS o) | O £Q [12YS LGNSR TN UAWAE
| Kouapuay w:e.:wkH 32100 (113 03 ASUapURL, Jaqun WO

[OQWIAG (LD

1[oYs 12100 q|nf
yew 01150 24 A
SUOII[D ISOULIIND
10} Aouapuay 3uong

"' suon3aa 950
10 ured 03 Louapusl
ou pa[[L S[[24s
I2In0 [$95ED Q0N

SINFTWATI HHL JO ATIVL 21aordad



pue ‘'siogybleu 1bBie Ag pspunolns
oAlwLd B Ul paINguIsIp 8le Suol
j0 8inonIs 8Ul v’y 'Ol

‘uolue yoea S| 0s
SI uolleo yoe3 '9olle| olfo]gle
oy (Wewd = wfegw/vd) 1050



(a) ()

FIG. 4.42 (a) The structure of NaCl. halite (F4/m32/m = Fm3m). The Na™ and CI~ ions are ar-
ranged in a face-centered cubic lattice. (b) The same structure showing the edge-sharing octahe-
drons about the Na*. Similar edge-sharing octahedrons could be drawn aboul €1~

FIG. 11.37. The structure of halite. Compare this illustration

with Fig. 4.42.
() ()
) 9z )

I

@ )
9
{ _\\/%
FIG. 4.43 The structure of CsCl (P4/m32/m = Pm3m). The

‘\u
i /\J / ‘73
F—J
et
ions are distributed in a primitive cubic lattice. Each cation is

@ cl @ Na surrounded by eight neighbors, and so is each anion.
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FIG. 4.22 (a)Cubic or 8-coordination of Xions about an Aion. R, :Ry > 0.732. (b) Limiting condi-
tion for cubic coordination. (¢) Octahedral or 6-coordination of Xions about an A ion. R, :Ry =
0.732-0.414. (d) Limiting condition for octahedral coordination. (e) Tetrahedral o 4-coordination of
X inns about an A ion. R, :Ay = 0.414-0.255. (f) Limiting condition for tetrahedral coordination.
( iangular or 3-coordination of X ions about an A ion. R, :Ry = 0.225-0.155. (h) Limiting condi-
tion for triangular coordination. (i) Linear or 2-coordination of X'ions about an Aion. R, :Ay < 0.155.

| |
| |
< 2—+
(1+0%= 1)+ (/2)2

1+4x =V1+4+2=1732
»=10732

(a) (b)

A E B

G is location of
center of small ion,

A2 (1y2 2 )
(1+x)%=(1)°+(1) in center of tetrahedron In base triangle
1+x=4/2=1414 AE
cos 30° = —
x=0414 AF
(d) (e) coAp= AR 4
cos 30° cos 30°
— 1/ [ 2 o=y -—1-
2y3 V3

In vertical triangle CAF

CF= VAC?2 - AF? =

2

= = .81649

\3 81
cos 30° = % Also CG = % CF, because center of

AY BN tetrahedron G is % up from the base.
1 . = __.."/2 = % = = 1/ 1/ b7 &
%+ %x=— 3= = GEcen - 09174 Furthermore CG 5+ 45X
% + Ba=3..81649= 6124

% = 05774 — 0.50 = 0.0774 B =612-5-.1124

. 0185 x=0225
(1) (h) ()
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FIG. 4.24 Atomic packing schemes.




(a) (b)

FIG. 4.42 (a) The structure of NaCl, halite (F4lm32/m = Fm3m). The Na* and CI~ ions are ar-
ranged in a face-centered cubic lattice. (b) The same structure showing the edge-sharing octahe-
drons about the Na *. Similar edge-sharing octahedrons could be drawn about Cl~.

FIG. 4.43 The structure of CsCl (P4/m32/m = Pm3m). The
lons are distributed in a primitive cubic lattice. Each cation is
surrounded by eight neighbors, and so is each anion.
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Halite structure

Fluorite structure
(&)

Q Zn?*

Sphalerite structure

(c)

FIG. 4.18 Visualization of coordination polyhedra in various
structure types. (a) The halite, NaCl, structure (F4/m32/m =
Fm3m) with the ions arranged on a face-centered cubic lattice.
Both Na* and CI~ are in 6-coordination (C.N. 6) with each
other. A coordination polyhedron about Na* is shown; it is an
octahedron. (b) The fluorite, CaF,, structure (Fm3m) with the
Ca?* ions arranged on a face-centered cubic lattice. F~ is
coordinated to four Ca2* (C.N. 4); this is tetrahedral in shape.
Each Ca2*, however, is coordinated to eight neighboring F~
(C.N. 8); this is cubic in shape. (c) The sphalerite, ZnS, struc-
ture (F43m), with Zn2* ions on a face-centered cubic lattice.
Each S2- (in position marked A) is surrounded by four Zn?*
ions, in tetrahedral coordination (C.N. 4). The position marked B
is empty and has octahedral surroundings.



FIG. 4.26 lllustration of the neutralization of a central ion by
bonds from the nearest neighbors. Each of these bonds has an
electrostatic valency (e.v.). The total of all bonds with specific
e.v.'s neutralizes the central ion. (a) Octahedral coordination in
the halite structure (see Fig. 4.18a). (b) Cubic coordination of
F-1around Ca2* in the fluorite structure (see Fig. 4.18b).

(c) Tetrahedral coordination of Ca?* around F~ in the fluorite

structure (see Fig. 4.18b).
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Table 4.9
SOME COMMON ELEMENTS (EXCLUSIVE OF

HYDROGEN) THAT OCCUR IN ROCK-FORMING
MINERALS, ARRANGED IN DECREASING IONIC SIZE

Coordination

lon Number with Oxygen lonic Radius A
02~ " 1.36 (3)
K+ 8-12 151 (8)-1.64 (12)
Na* 8-6 | cubic to 1.18 (8)-1.02 (6)
Ca®* 8-6 | octahedral 1.12 (8)-1.00 (6)
Mn2+ 6) 0.83 (6)
Fe22+ 6 0.78 (6)
Mg?+ 6 0.72 (6)
|
o3 5 » octahedra 0.65 (6)
T4+ 6 0.61 (6)
AR+ 6) 0.54 (6)
AIj* 4 0.39 (4)
Si4+ 4 0.26 (4)
p5 + 4 tetrahedral 0.17 (4)
6+ 4 0.12 (4)
c** 3 triangular —0.08 (3)

*The first column lists the most common ionic (valency) states of
the elements. The second column lists their most common Co-
ordination with respect to oxygen, and the third column lists ionic
sizes for specific coordinations (the number in parentheses is
C.N.). A complete listing of elemental abundances is given in

Table 5.1.
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(b) ©

Figure 6.1. Silicate structures arc built up from SiO4 tetrahedra.
(a) A space-filling model showing four oxygen atoms at the
corners of a tetrahedron, obscuring the Si atom at the centre. (b)
A less realistic, but clearer model of an SiOy tetrahedron,
showing the Si-O bonds. (¢) Two SiO, tetrahedra sharing a corner
to form an Si»OQ5 pair. The angle 8 is the Si—0-Si bond angle.



G. 13.2. Close packing representation of Si0, tetrahedron.




P

Figure 6.3. (a) Part of an infinite single chain of Si10, tetrahedra
with each tetrahedron sharing two corners, as in the pyroxene
structure. (b) Part of an infinite double chain of SiO, tetrahedra
with half the tetrahedra sharing two corners, and the other half
sharing three corners, as in the amphibole structure. (¢) Part of an
infinite sheet of SiO, tetrahedra, each tetrahedron sharing three
corners, as in the sheet silicate structures.
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FIG. 1.7. Portraits of (a) Sir William Henry Bragg (1862-1942)
and (b) his son Sir William Lawrence Bragg (1830-1971).
Father and son received the Nobel Prize for Physics in 1215.
Both men are eminently known for their researches in the field
of crystal structure by X-ray methods. (a from Godirey Argent,
Lendon, photograph by Walter Stoneman; b from Times News-
papers, Ltd., London.)
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FIG. 7.3. Scattering of X-rays by a row of equally spaced,
identical atoms.
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(b)

Figure 3.11. The condition for Bragg reflection from planes hikl

with spacing dy. (a) The path difference between X-rays ‘reflec-
ted’ from successive planes is AB+BC. (b) X-rays incident on a
set of planes at the Bragg angle 0 are diffracted through an angle

20.

2d g 5in 0 = nk

In practice it is more convenient to treat n™ order
reflection from (hkl) planes as 1st order reflection
from planes (nh,nk,nl). Thus the second order
reflection from (100) planes is equivalent to the first
order reflection from (200) planes, i.c.

2d 00 5in 0 = 2 X is equivalent to 2dagp SN B = A
and we write the Bragg Equation as:

A= 2(1/,;{[ sin 0 (35)
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FIG. 7.12. (a) Schematic illustration of the P4 single-crystal X-ray dilfractometer manufactured by
Siemens Industrial Autornation, Inc. (b) Close-up of the four-circle goniometer for controlling the or-

ientation of the single crystal {in center of photograph). To the right is the X-ray tube, and to the left
is the X-ray detector, a scintillalion counter. (Courtesy of Siemens Industrial Automation, Inc.,

Madison, Wis.)
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@ Octahedral

\w) Tetrahedral

FIG. 11.6. Anoxygen layer in the spinel structure, projected
onto the (111) plane. See Fig. 11.5 for the position of such
planes in the structure. The large circles are oxygen in approxi-
mate cubic closest packing. The cation layers on either side of
the oxygen layer are shown as well. (Redrawn after Lindsley,

D. H., 1976, The crystal chemistry and structure of oxide min-
erals as exemplified by the Fe-Ti oxides, in Oxide Minerals, Re-
views in Mineralogy, v. 3. Mineralogical Society of America,
Washington, D.C.)

Table 11.2
END MEMBERS OF THE Normal Spinel Structure Inverse Spinel Structure
SPINEL GROUP (XY,0,) Sl MaAR* :
gAI3*t o, Magnetite Fe?*(Fe?! Fe* )0,
Hercynite FeA3*0, Magnesioferrite Fe** (Mg?*Fe®*)0,
; Gahnite ZnAB*0, Jacobsite Fe** (Mn?*Fe®*+)0,
Galaxite MnAIB*O, Ulvospinel - Fe**(Fe?* Ti'*)O,
Franklinite ZnFe3*0,
Chromite Fe®t G+ 0;

Magnesiochromite Mg** &3+,
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