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Nick Doe Chemistry and physical properties of the REEs

Figure 9: The geometry of the wave functions of electrons surrounding a nucleus. Just as a complex
musical sound can be analyzed into a small number of modulated harmonics, so the “cloud” of
electrons around a nucleus can be seen to be made up to 7 shells, each shell comprising up to four
subshells (s,p,d,f), each in turn with 1, 3, 5, or 7 orbitals. Only the heaviest atoms have electrons
described by all of these wave functions.

Wave functions are orthogonal functions (the different shades of colour for each function indicating +
and —), meaning they are variables that can be added and subtracted from a subshell without effect on
the other variables, just as you can precisely define the position of an object with only three numbers
and can subsequently change one number without effect on the other two, or you can adjust the
timbre of a musical note by modulating its harmonics without altering its pitch. Because each orbital
may contain up to two electrons, the maximum number of electrons in the s-subshells is 2, in the p-
subshells is 6, in the d-subshells is 10, and in the f-subshells is 14.

Unattributed at http:/ts4.mm.bing.net/th?id=H.4587872086393707&pid=1.9

Complicated though these patterns are, In the quantum-mechanical world, the
they are obviously not random, and they integers and half-integers that characterize
can be characterized by a set of integers, in the wave functions of electrons bound to
this case, two, that are related to the the nucleus of an atom, are the quantum
diameter of the drum, its circular numbers of the electrons. These numbers,
symmetry, and the fact that the membrane all of which are integers or half-integers,
isfirmly attached to the rim. arethe:

Theintegers define, if you will, the order —principal number n, whichis positive

of the two-dimensional spatial and (but not zero);

temporal harmonics. —angular momentum number |, whichis

positive (including zero) up to n—1,;

Rare earths—the 21st-century metals 13



Chemistry and physical properties of the REEs

Nick Doe

—magnetic number m, which isin the
range | (including zero);

—spin number ms, which can only be
+1/5,%°

Shells

For chemists, n correspondsto ashell in
the Bohr model and indicates periodsin
the Periodic Table. All of the electronsin
the same shell (n, ...) have approximately
the same energy, which increases as n
increases.

Subshells

The quantum number | correspondsto a
subshell within ashell. The energy of the
electronsin asubshell increases slightly as
| increases.

Electrons with quantum numbers
(n, 0,..., %) aresaid to bein the*s” (for
sharp) subshell.

Electrons with quantum numbers (n, 1,...,
%) aresaid to bein the “p” (for principal)
subshell.

Those with quantum numbers (n, 2,..., +%2)
areinthe“d” (for diffuse) subshell

Those with quantum numbers (n, 3,...,
tY5) are said to be in the “f” (for
fundamental) subshell.®

Orbitals

The quantum number m corresponds to
orbitals within a subshell. Itsimportance
liesin its relationship to the shape of the
guantum-mechanical field and hence the
geometry of molecular bonds.

% Sometimes expressed as (clockwise or
anticlockwise), (up or down), or (1 or |), the point
being for present purposes that, call them what you
will, there are only two options, just as we
habitually use the symbols + and — for charge.

% The letters “s,p,d,f” are those used in early
studies of the atomic spectral lines.

14

Spin

The fourth quantum number, m, isthe
spin, which affects the energy of the
electron very little, but affects the
magnetic properties of the atom.

Atomic structures of the elements

There can only be 2 electronsin the s-
subshells: (n, O, O, £%2).

There can only be 6 electrons in the p-
subshells: (n, 1, -1, £%%), (n, 1, O, £%2) and
(n, 1, 1, +15).

There can only be 10 electrons in the d-
subshells: (n, 2, -2, £%), (n, 2, -1,¥Y%), (n,
2,0x%), (n, 2,1, %) and (n, 2, 2, +%).

There can only be 14 electronsin the f-
subshells: (n, 3, =3 %), (n, 3, -2, £¥2), (0,
3,1, %), (n, 3, 0, £¥2), (n, 3, 1, £¥5), (n,
3,2, %) and (n, 3, 3, £%%).

This 2:6:10:14 pattern is seen in Figure 9
as 2 x (1:3:5:7) combinations.

By convention, the arrangement of atoms
in an element is written as, using
aluminum as an example, [Ne] 35°3p*
where [Ne] = [He] 25°2p° and [He] = 15°
This signifies that the aluminum electron
array has a neon core plus a higher-energy
shell with a 3s-subshell containing 2
electrons and a 3p-subshell containing 1
electron. Neon, in turn, has a helium core
plus a higher-energy shell with a2s-
subshell containing 2 electrons and a 2p-
subshell containing 6 electrons. Helium,
has no core array of electrons and its
electron array is simply a 1s-subshell
containing 2 electrons. In all, 13 electrons
in shellsof 3, 8, and 2, the outermost 3 in
shell 3 being valency electrons.

These arrangements neatly explain the
structure of the Periodic Table, aversion
of which with this detail is shown in short-
formin Figure 11.

Rare earths—the 21st-century metals



Nick Doe Chemistry and physical properties of the REEs

The valency (vaence) of the elements
in the short-form table is controlled by
the number of electronsin the s- and p-
subshells of the highest-energy shell.
This number increases left to right, and
the identity of the most energetic shell
increases as you move down through
the periods of the table.

Transition elements

The transition series of elements,
which are depicted in the long-form of
the Periodic Table, Figures 5, 6, 7, and
8, arethosethat lie in the Periodic
Table between Groups Il and 111 in
Periods 4—7. There arethree such
series plus an incomplete transition
series of unstable radioactive elements
known as actinides. The REES other
than scandium and yttrium arein the
third transition series.

If the electronsin the e ectron “cloud”
around a nucleus did not interact with
each other, the Periodic Table would

not contain these so-called transition
elements. In an atom with no electron
interaction, the energy of the electrons

in any subshell—s, p, d, or f—would

be practically identical, and determined
only by the principal guantum number, n,
of the shell.

The effect of interaction between the
electronsisto produce an energy spread
within shells. The energy of electronsin
s-subshellsis less than the energy in p-
subshells and so on in the order s<p<d< f.
Transitions in the Periodic Table first
occur when the lowest energy of the outer
shell of the atom beginsto overlap with
the highest energy level of the next-to-last
inner shell. Thisisillustrated in Figure
10.

The interaction between e ectrons that
causes subshells to have different energy

Rare earths—the 21st-century metals
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Figure 10: The energy levels (not to scale) of the
subshells in shells 1-7. The spread within each shell
is due to interactions between electrons. Note, for
example, that the energy of electrons in the
4s-subshell is less than that of electrons in the
3d-subshell. Thus potassium (19) and calcium (20)
are stable elements in Groups | and Il even though
their 3d-subshells are empty.

levelsis complicated, but afedl for it can
be gained by looking at Figure 9.

The energy level of the electronsin the
higher-order shellsis higher than it would
otherwise be because they are shielded
from the intense positive charge of the
nucleus by the lower-order shells. But if
you look at the geometry of the wave
functions of the orbitals, you will see that
electronsin the s- and dp-orbitals have a
geometry that actually includes the
nucleus. Thereistherefore avery small,
but non-zero, probability of aclassical
electron being found very close to, or even
within the nucleus where it is not shielded
from it.
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Nick Doe Chemistry and physical properties of the REEs
y y
Group | Group Il Group Il Group IV Group V Group VI Group VI Group VI
; H ' He 2
Period 1 1o 1s?
period2 | U 3 B C ® IN lo 81 F ° | Ne 10
[He] 25 [He] 2s°2p* [He] 2s%2p? [He] 2s%2p® | [He] 2s%2p* | [He] 2s%2p° [He] 2s°2p°
) Na 11 SI 14 P 15 S 16 CI 17 AI" 18
PEMEE & [Ne] 3st [Ne] 3s%3p> [Ne] 3s%3p° [Ne] 3s%3p* | [Ne] 3s%3p° [Ne] 3s%3p°
PeriOd A K 19 Ge 32 As 33 Se 34 Br 35 Kr 36
[Ar] 3d%4s! [Ar] 3d™°4s°4p® | [Ar] 3d™°4s%4p® | [Ar] d'%4s4p* | [Ar] d™°4s%4p® | [Ar] 3d™°4s°4p®
PeriOd 5 Rb 37 Sb 51 Te 52 | 53 Xe 54
[Kr] 4d°5s! [Kr] 4d™°5s%5p°® | [Kr] 4d'%5s5p* | [Kr] 4d'%5s°5p° | [Kr] 4d*°5s°5p°
Cs 55] At 85 RN 86
Period 6 | [Xe] [Xe] [Xel
4f°5d%s" 4f“5d"%6s%6p° | 4f*5d'%6s°6p°
. Fr 87
Period 7 [Rn] 751
common
L +111 +V +I11 —Il —I
0’;';?2:” *l +H +IV +l to IV +V HV Il VIV HE | VIV I +1 0
X203, X205
. X0, XO 5 XO3 XO; X205
oxides X0 X0 X203 XO32_ XO44_ Xo)iojg)g XO32_ XO42_ XOs~ XOu™

Figure 11: The electron configuration in the ground state of the short-form Periodic Table elements

Rare earths—the 21st-century metals
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1st transition series

Ca. 20 SC 21 TI 22 V 23 Cr 24 Mn 25 Fe 26 CO 27 NI 28 CU 29 Zn 30 Ga 31
[Ar] [Ar] [Ar] [Ar] [Ar] [Ar] [Ar] [Ar] [Ar] [Ar] [Ar] [Ar]
3d%s® | 3glas? | 3d°4s® | 3d%4s® | 3d°4s’ | 3d°4s® | 3d%4s® | 3d’4s® | 3d®4s® | 3d"4s’ |3d™%4s® | 3d"°4s%4p’

common

. . + +
oxidation +I +Il +IV +V | VI V'J'r’“'V’ HIA | +HIL+I +I +I +I +Il
states
X205 X203 XOZ
oxides X0 X505 XO2. | %0, X0, | XO, X0, | XO%,05 | 7298 X203 X0 X0 X0 X505
X0 X0 X0 X0
X203 XO3 X207

Some chemists do not count zinc as a transition element, and copper’s status is also occasionally questioned because its 3d-subshell is complete.

Figure 12: The electron configuration in the ground state of the 1st transition series. Note the break in the pattern at copper (29) which has an
[Ar]3d1°4sl configuration instead of the expected [Ar]3d9452. The energy gap between these two configurations is small, which is why copper
absorbs blue light and appears pink to the human eye instead of absorbing only ultraviolet light and appearing white.

Sr 38 Y 39 Zr 40 Nb 41 MO 42 TC 43 RU 44 Rh 45 Pd 46 Ag 47 Cd 48 In 49
[Kr] [Kr] [Kr] [Kr] [Kr] [Kr] [Kr] [Kr] [Kr] [Kr] [Kr] [Kr]

4d%5s® | 4d'ss® | 4d’5s® | 4d'ss' | 4d’5s' | 4d’5s® | 4d’5s! 4d®s5s' | 4d'%5s° | 4d'%5s' | 4d"5s® | 4d'%5s%5pt

common
oxidation +lI +11 +V +V +VI+HIV | +VI+IV | +1V I +11 +IV +lI +l +I1 +11
states
. X>0s X207 X203
oxides X0 X203 X0, X0, XO3 X203 XO2 XO4 X0 X20 XO X203
X0, X0 X0y, XOs XO2

Some chemists do not count cadmium as a transition element.

Figure 13: The electron configuration in the ground state of the 2nd transition series. The difference between the energy of the
[Kr] 4d'%5s’ ground-state and [Kr] 4d°5s? states of silver is small and absorbs visible rather than ultraviolet light. If you look at white light reflected
back and forth between parallel silver mirrors, it appears faintly yellow.

Rare earths—the 21st-century metals 17



Nick Doe Chemistry and physical properties of the REEs
3rd transition series
Ba %6 La Ce 8 Pr 59 Nd Pm © Sm © Eu © Gd *
[Xe] [Xe] [Xe] [Xe] [Xe] [Xe] [Xe] [Xe] [Xe]
4f°5d%s? 4f°5d%6s? 4f'5d'6s? 41°5d%s? 4f*5d%s? 4f°5d%s? 4f°5d%s? 4f'5d%s? 4f'5d%6s?
common
oxidation +1| +lI1 +IV +lI +llI +llI +llI +llI +II +11 +llI
states
oxides X0 X203 X0, X,03 X0, X,03 X0y, X,03 X0, X,03 X0y, X,03 X203 X203
Tb 65 Dy 66 Ho 67 Er 68 Tm 69 Yb 70 Lu 71 Hf 72
[Xe] [Xe] [Xe] [Xe] [Xe] [Xe] [Xe] [Xe]
4f°5d%s? 4f°5d%s? 4f"'5d%s? 4f'?5d°6s? 4f35d°6s? 4f“5d%6s? 4f*5d'6s? 44502652
common
oxidation +11| +11| +11| + + +111 +11 +11| +IV
states
oxides X)ézzo)zo X0, X,03 X0, X,03 X203 X203 X203 X203 X0O»
Ta 73 W 74 Re 75 OS 76 Ir 77 Pt 78 Au 79 Hg 80 Tl 81
[Xe] [Xe] [Xe] [Xe] [Xe] [Xe] [Xe] [Xe] [Xe]
4f5d%s® | 4f“'5d’6s” 4f"5d°6s” 4f"5d°6s” 4f"5d’6s” 4f“5d%s" 4f5d"%s" | 4f**s5d'%s” | 4f“'5d"°%6s’6p’
common
oxidation +V +VI +IV +VII +IV +V +V +IV +llI +l1 +II1 +1
states
oxides X205 X0O3 XOs X207 XO» X0, XOg4 X0, X0, X203 X0 X200 X203

Lanthanum to europium (Z=57-63) are light rare earths (LREESs). Gadolinium to lutetium (Z=64—71) are heavy rare earths (HREES)

Figure 14: The electron configuration in the ground state of the 3rd transition series. The valency of the REEs is +3, except for euopium (63),

which hovers between +3 and +2. This is odd given that the outer subshell of the lanthanides contains only two electrons (s°). The explanation for
this appears to be that one of the 4f-subshell electrons has an orbital that keeps it well away from the nucleus allowing it to behave more like a 6s-
subshell electron. The ground-state configuration of gold, 4f**5d'°6s" has only a slightly lower energy than 4f**5d°6s?, which is why gold absorbs

blue and red light and appears golden. Europium and ytterbium are like silver; they look white, but are actually an extremely pale yellow.

Rare earths—the 21st-century metals
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Actinide elements (4th transition series)
Ra 88 AC 89 Th 90 Pa 91 U 92 Np 93 PU 94 Am 95 Cm 96
[Rn] [Rn] [Rn] [Rn] [Rn] [Rn] [Rn] [Rn] [Rn]
5f°6d°7s? 5f°%6d'7s? 5f°6d*7s? 5f26d"7s? 56d'7s? 5f*6d"7s? 5f°6d°7s? 5{'6d°7s” 5f'6d'7s?
oxides X0 X203 X0z X0 X0, X0z XOs X30g XO5 X0, X203 XO, X203 XO»
X205 X308

Figure 15: The electron configuration in the ground state of the actinide transition series. Thorium (90) is sometimes found with REEs in the same
ore body. Of etymological interest is “americum” (95) 5f'6d°7s® named for its REE relative “europium” (63) 4f'5d%s°.

Rare earths—the 21st-century metals
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Because the energy of an electronis
related to its distance from the nucleus—
the closer it is, the deeper it isin the
nuclear potential well and the less energy
it has—electronsin these particular
orbitals have alower than average energy,
and this reduces the average energy in
their respective subshells.

S0, on one hand, shielding increases the
energy level of f-subshell electrons, on the
other hand, penetration of the core by the
s-subshell electrons and the itinerant
d-subshell orbital decreases the energy
level of their subshell electrons.

The effect isfelt particularly strongly in
the s-subshells, so, for example, the energy
of the 4s-subshell is reduced to below that
of al the electrons in the 3d-subshell, and
hence potassium has the configuration
[Ar] 3d%s' (Figure 11), which is not the
[Ar] 3d'4s’ configuration one might
expect. The d-subshell only beginsto fill
with element [Ar] 3d"4s? which is
scandium, the first of the 1st transition
series (Figure 12).

To give another example, cesium in
Group I, Period 6 has the unexpected
configuration [Xe] 4f°5d%s" (Figure 11),
not [Xe] 4f'5d%6s”. The REE lanthanides
in the 3rd transition series are | eft with the
job of filling up the 4f-subshell from
lanthanum itself [X ] 4f%5d'6s” to
ytterbium [X¢e] 4f**5d°%6s” (Figure 14).
The remaining third series transition
elements compl etes the 5d-subshell, and
only then does short-form Periodic Table
Group |11 service resume with thallium
[Xe] 4f5d"%6s’6p’.

Asyou look carefully at the electron
configurations of the transition series
(Figures 12-15), you might see why the
status of some of the end-members of the
series are occasionally questioned.

20

Iridium, for example, is[Xe] 4f**5d’6%;
yet platinum that followsit is
[Xe] 4f*5d%6s, not [X €] 4f'*5d%6s7.

Gold, which follows platinum,

[Xe] 4f*5d'°6s", again not the

[Xe] 4f*“5d°%6s” one might anticipate. Only
when we get to mercury, the last element
in the 3rd transition series,

[Xe] 4F*5d'%6<%, is the “borrowed”
6s-subshell el ectron returned; aclear sign
that not all d-subshell orbitals are created

equal.
The colour of metals 27

Why are the REE metals all asilvery
white? They are, in thisregard, not
exceptional. All metals arein-a-sense
coloured, they absorb certain wavelengths
and reflect others; however, the colours
absorbed by most metals are not
perceptible by humans because the colours
absorbed lie in the ultraviolet spectrum—
which iswhy cerium has been proposed as
asun-screen ingredient. In white light, we
say metals are colourless and shiny—but
insects would strongly disagree.

There isanote on this, and the colour of
copper, gold, silver, europium, and
ytterbium in the captions of Figures 12,
13, and 14.%

Magnetic properties

REEs are paramagnetic at room
temperature—they can be magnetized by
an external field, but do not remain
magnetic when the external field is
removed. However, rare-earth magnets
with higher than room temperature Curie
temperatures can be made from REE-alloy

' This section included at the request of Owen
Peer, earth science technician, Vancouver |dand
University.

% Guerrero, A.H. et al. 1999. Why gold and copper
are colored but silver is not, Journal of Chemical
Education, 76 (2), p.200.

Rare earths—the 21st-century metals
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compounds. These are ferromagnetic
and the strongest magnets known; large
ones can easily injure human body
parts and break bones when squeezed
between them.

Rare-earth permanent magnets have
many industria applications, and
magnets containing small amounts of
neodymium areto be found in kid's
science kits.
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4f-subshell which has seven orbitals,

all of which can hold pairs of electrons
with opposite spin, or single electrons
with unmatched spin. The unpaired
electrons in permanent magnets have their
spin orientations aligned. The magnetism
of iron arisesin asimilar way from
electrons in the 3d-subshell; there are just
fewer of them.

In magnetic prospecting, REE deposits can
show as an abnormally high positive
(paramagnetic, attractive) response or an
abnormally low negative (diamagnetic,
repulsive) response. Most other rare metal
deposits are non-magnetic.

Some milling processes make use of REE
ore magnetism to separate them from
impurities.

Melting points

Information on the melting points of REE
compounds is sparse, but the general trend
can be gleaned from the well-established
melting points of the metals, though the
fluoridesin particular have melting points
~ 400°C higher than the metals. The
metal s themselves are refractory (the
opposite of volatile).

The melting points for the HREEs are
generdly higher than for the LREES as
shown in Figure 16, europium and
ytterbium, which are borderline

Rare earths—the 21st-century metals

Figure 16: Melting point (°C) of REE metals at
atmospheric pressure.

divalent/trivalent elements, bucking the
trend. The higher melting points of the
HREEs are aresult of their higher atomic
bonding strength. Atoms of the HREESs
are smaller than those of the LREES, so
they have higher electric field strengths at
their outer perimeters.

Superconductivity

Of the rare earth elements, only lanthanum
is a superconductor as a pure metal, but
high-temperature superconduction in REE
alloys and compounds has been observed
and is being actively researched. ¢
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Geochemistry of the REEs
Geochemists have many

overlapping interests with
chemists, but of particular 4
interest to geochemistsisthe
valency, ionic size, and
electronegativity of the REES.
These characteristics largely
determine the compatibility or
incompatibility of REEsin
minerals, and ultimately in
rocks.

Ey - Ey (eV)

Valency and oxidation
states

Most REEs have a valency of
+3 in their metallic state despite
being on the borderline

between the Group Il (alkali
earths) and Group 111 elements.
The exception is europium,
which hasavalency of +2in
reducing environments, and +3
in oxidizing environments. Y tterbium and
samarium may also show +2, but do so
much less often.

An interesting theoretical calculation of
valency energy that supports these
empirical observationsis shownin
Figure 17.%° If you equate valency with
the number of electrons in the outer shell,
the REEs will cause you trouble. All have
an outer s-subshell containing just two
electrons (657). At least one of the
electrons in the f-subshell must therefore
be available as avalency electron.
Europium and ytterbium are partial
exceptions because their f-subshells are
respectively exactly half full—one
electron per orbital— and completely

® Strange, P. et al. 1999. Understanding the
valency of rare earths from first-principles theory,
Nature, 399, pp.756-8, June 24.
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1
Ce

Pr Nd PmSm Eu Gd Tb Dy Ho Er Tm Y

Figure 17: The Coulomb energy difference between valency
energies 2 and 3 for the lanthanides. A positive value
indicates the 3 valency is more thermodynamically stable.
The open circles are calculations for metals; the crosses for
sulphides.

Strange et a., 1999

full—two electrons per orbital—and this
confers extra stability on their f-subshells.

All elements can exhibit oxidation states
other than the lowest energy valency state
of the element.® 3. Thus although RE(111)
isthe characteristic state, RE(11) is known
in many Eu** and some Y b** compounds;

% Thisis particularly true of transition elements
with only partially-filled inner and outer shells, and
it'strue of al elements when they are constituents
of amolecule or crystal lattice. Inthese cases, it is
the thermodynamical stability of the molecule or
lattice as a whole that matters, not that of the
individual atoms within it. Many molecules also
exist only in a metastabl e state under particular
environmental conditions.

3 Just to be clear here, other definitions
notwithstanding, | use “valency” to mean the most
stable oxidation state (indicated with arabic
numerals), and “oxidation state” to mean the
number of electrons actually involved in a
particular chemical bond. Oxidation states are
conventionally indicated with Roman numerals.

Rare earths—the 21st-century metals
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Figure 18: The atomic radii of the atoms plotted against atomic number. Atoms get slowly bigger
moving period-to-period (delineated by the orange lines), within each period however, atoms get
smaller as one moves from group-to-group. Major rock elements are blue, minor ones green.

RE(IV) is known, mainly in cerium
compounds; and laboratories have reported
RE(1) asSc’, Y™, Gd*, Tb*". Oxidation
states higher than RE(1V) do not exist.

Size

The size of an atom, whether reported as a
radius or volume, is an ill-defined term
that depends on whether the atom is
neutral, ionized, or in acovalent bond. It
also depends on what probability level is
used for defining the “edge” of the
electron wave functions (median and 90%
are common choices).* One always needs
to be careful when comparing sets of data,
but the trends are the same. The size of

% physicists also sometimes use “atomic units’
when dealing with atoms. One atomic unit (a.u.) is
52.9 pm (picometres).

Rare earths—the 21st-century metals

Data from Wikipedia, Feb. 2013

the REE ionsis amajor factor, along with
charge, in determining in which mineral
structures they may occur.

The size of atoms, shown in Figure 18,
however it is measured, does not increase
nearly as much as one might imagine as
the atomic number goes up. A sodium
atom, for example, is about the same size
as a uranium atom.

Y ttrium and the lanthanides have similar,
fairly-large sizes, and their size,
interestingly, is compatible with that of
thorium and calcium, two element with
valencies of 3+1 that REES sometimes
associate with in rocks.

Perhaps surprisingly, atoms of the heavy
transuranium elements on the far right are
not all bigger than much lighter atoms of
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3rd-transition series, adding one
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proton to the nucleus effectively
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They are partially shielded from the
nuclear charge. Theresultis, the
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\ atom contracts, but not as much as

\ | itwould otherwise.*
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Electronegativity

Figure 19: lonic radii of barium—lanthanides—hafnium.

For the M** ion except M*? for europium and barium, and

M*™ for hafnium. Yb?* not shown.

Data from Wikipedia, Feb.15, 2013

elements like sodium and calcium. Their
nuclei may be bigger, but their “clouds’ of
electrons are not. All of the 1st- and 2nd-
transition series are smaller than the REEs.

Lanthanide contraction

Although not readily apparent in Figure
18, but shown in Figure 19, thereisa
steady drop in the size of the lanthanides
as atomic number increases. Thiseffectis
responsible for subtle differences in the
chemical and geochemical properties of
individual REEs. These effects, small
though they are, are of import because the
REEs are aimost identical in other ways.
The size of REE cations also affects their
distribution as exchangeable cationsin
zeolites and clays, and hence also in soils.

The so-called lanthanide contraction—it
occursin the other transition series too—is
paradoxically, more easily understood as a
lack of contraction. As the atomic number
of an element isincreased, so isthe charge
on the nucleus, and this draws the
electrons closer to it. Within each period
of the Periodic Table, it isto be expected
therefore that the atoms get smaller as one
moves from left to right. However, in the

24

Pauling electronegativity () isa
measure of the ability of atomsto
attract electronsto itself. The
electronegativity of the REEsisin
the range 1.1-1.3, which isin the same
ballpark as calcium and magnesium.*

The REESs are not amphoteric—meaning
none form “lanthanates’ or the elemental
equival ent—although chemists have
reported [(RE,Al)Fg] > ions and they may
probably occur naturally in deposits of the

3| am not sure this explanation is entirely correct,
but it is, for me, better than ones | sometimes see
on theweb. Theonly partial shielding is attributed
in quantum-mechanical terms to the shape of the f-
subshell orbitals. These allow the electronsin the
4f-subshell to distance themselves from the nucleus
(see Figure 9), thereby losing their effectiveness as
shields. “Contraction” also occursin the other
transition series.

% Pauling electronegativity has alow of 0.7 for
francium (87), rising to a high of 3.98 for fluorine
(9). Some electropositive elements (y <2.5) are K
0.8; Na0.9; Cal1.0; Mg 1.3; Al 1.6; Zn 1.7; Fe 1.8;
Si 1.9; and P 2.2. Some electronegative elements
(x>2.5)are S2.6; C2.6; C1 3.2; and O 3.4.

Hydrogen’s y is 2.2. It could be argued that
hydrogen, counted as a Group | element, would
also fit in Group V11 as a halogen—metal hydrogen
halides (hydrides) exist—however, the electron
affinity of hydrogen islow and hydrogen is far
more often an electron donor than an electron
receptor. The “neutral value” of y, if there were
such athing, would therefore be around 2.5.

Rare earths—the 21st-century metals
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rare mineral cryolite (sodium
hexafluoroaluminate).

Coordination numbers

The coordination number of REE atomsis
usually in the range 7-9, which is not
unusual for heavy metals, particularly less
malleable ones with a body-centred cube
structure,®

Therelatively large size of theions alows
for afairly high number of neighboursin
crystal lattices, and correspondingly
complicated chemical formulae for the
minerals that contain them.

Aqueous solubility and
weathering

REE oxides and hydroxides are only
dlightly solublein water, and they behave
much as do iron and manganese oxides in
the natural environment. REEswill only
stay in solution if:

—pH islow; the water is acidic because
proton donors out-number proton
acceptors, and/or

—Eh (redox potential) islow; the water is
reducing because electron donors out-
number electron acceptors.

A riseinthe pH of groundwater at shallow
depthsis usualy associated with the
presence of carbonates.®* Precipitation

will aso occur if the groundwater becomes

® |n the crystallographic (not chemical) sense,
coordination is the number of adjacent atomsin
crystal lattices. The coordination number of iron,
tungsten, vanadium, chromimum, etc isalso 8
while that of gold, copper, silver is 12 (hexagonal
and cubic close packed). Calcium’'s is6-8;
magnesium and potassium’s are usually about 6;
and sodium’s is about 5.

% A risein pH above ~5 leads to cation exchange
on rock surfaces (3XNat+RE** —X;RE+3Na’).
Tertre E. et al. 2007. Rare Earth Element sorption
by basaltic rock, Geochimica and Cosmochimica
Acta 72, pp.1043-1056.

Rare earths—the 21st-century metals

oxygenated or there is a decrease in the
dissolved organic carbon (DOC) content.

Many REE compounds dissolve readily
and hence are rare to the point of non-
existence in the geological world; an
exception being the trifluorides, which are
very insoluble. The solubility of the salts
tends to decrease as the REE atomic
number increases.®” Thisis because the
ionic radii become smaller (lanthanide
contraction) and hence the field strengths
of the ionic bonds (Z/r) in the solid
become stronger. Less solubility leads to
less basicity (they become more neutral).*®

These differences enabled the early
chemiststo differentiate the REES using
repetitive fractional crystallization and
fractional precipitation, techniques that
mimic, in principleif not in detail, some of
those that occur in nature.

Notwithstanding the above comments, the
REEs are the least mobile elements during
most metamorphic and weathering
processes. ¢

3" In Cobar, Australia, leaching in the upper part
of the regolith and enrichment in the lower zone
close to the weathering front has been found to be
significantly greater for LREES than for HREES.
McQueen 2006 cited in Scott, KM. and Pain, CF.
2008. Regolith Science, Springer, Fig.6.20.
However, while river water is typically enriched in
LREEs relative to HREEsS, thisis far from being
always the case in groundwater where pH and
redox potentials are the controlling factors.

% |La(OH); solution has a pH of 8.7 at 20°C; and
Gd(OH); apH of 7.9. Meloche, C.C. and

Vratny, F. 1959. Solubility product relationsin the
rare earth hydrous hydroxides, Analytica Chimica
Acta, 20: pp.415-418.
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REE minerals

None of the REEs occursin nature as a
metal; they all tarnish readily in damp air
and react slowly with cold water.

In general, minor elements like the REEs
either substitute for more common
elementsin minerals, or they form rare
minerals of their own. REES however
make poor substitutes, for athough their
+3 valency would seem to qualify them
for aduminum stand-ins, their ions are 50—
75% larger than dluminum ions. The only
plagioclase that contains an REE is
europium feldspar, in which europium
(Eu*") substitutes for calcium, not for
aluminum. Calcitein foraminifera shells
also shows a positive europium anomaly.*

The REEs minerals are (surprise!) rare,
and it isvery common for REEs to
substitute freely for each other in the
mineralsin which they do occur.

In the following section underlined
minerals contain more than 50% by weight
of REOs. (Castor, 2006).

Scandium mineralogy

Economic scandium ore bodies are not
common and world production is
concentrated in only afew mines. The
main mineral isthortveitite (Sc,Y),Si,0;,
an epidote-group with a double tetrahedra
structure [SOs-O-SO3] written [Si-07] &~

Lanthanide and yttrium mineralogy
40

Silicates

% v asutaka Terakado et al. 2010. Calciumions are
roughly the same size as LREE ions.

“ Footnotesin this section are from Wikipedia, Jan
2013. Online sources provide much more
mineralogical datathan isgiven in thisoverview.
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The lanthanide and yttrium silicates are
nearly al orthosilicates (simple silicates
without chained or framed tetrahedra),
although the —4 charge on the SiO,* ion
calls for some ingenuity on the part of
nature to match the valency of +3 of the
REEs. Required are ions with negative
charges that are multiples of three

Some |lanthanide minerals make use of
hydroxyl ions to accomplish this forming
[SiO3(OH)]* or [(SiO4).(OH)]* ions, as
in cerite.”” [Sis010(OH)]* appearsin
thalenite.*® REEs frequently mix common
elements and hydroxyl ions to achieve
charge-balance as in the alanites,**
M**[XY,0.Si04 Si,07(OH)] ™. Substitute
REEs in zircon may aso contain hydroxyl
ions, or use phosphorus to maintain charge
neutrality.*

A few lanthanide silicate minerals contain
both tetrahedra SiO,* and octahedra
SiO¢™ to give an average SiOs*as does
the garnet-group. These use other metals
to reduce the charges, asin (BSiOs)> in
stillwellite,* (TiSiOs)* in titanite,*” and

4! Linked tetrahedra pairs, Si 0> occur.

Eudialyte, whose formulaic representation includes
the cyclosilicate [Si30)® and [SigO,7]*®* may also
represent alonely exception to the no-link rule.

“2 Ceriteisacomplex silicate. There are Ce- and
La- rich species. Their common formulais:
(Ce,La,Ca)o(Mg,Fe™)(Si04)e(SiOs0H)(OH)s.

“ Thalenite-Y is Y 3Siz0:0(OH).

4 Allanites (orthites) belong to the epidote group.
There arethree: allanite-Ce, -Y, and -La. They
often contain U, Th, and other elements. M*, on
average, is X?"Y 3" where X isalarge divalent
cation (Ca,Sr,Mn) and Y isatrivalent cation
(Al,Fe™). Trivalent REEs adapt this configuration
to X*"Y*" asin RE* Fe".

4 Zirconis ZrSiO,. Some varities may contain
[RE(OH)],.SiO, or aZrPO," : ZrREQ,” mix.
 gtillwelliteis (Ce,La,Ca)BSiOs,

Rare earths—the 21st-century metals
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(FeBeySi,010)% in gadolinite.®®

M osandrite has a memory-challenging
formulathat includes some disilicate
(soro) Six0y.

There is more on the structure of silicates
and their general unfriendlinessto REEs
later in this segment.

Halides

Although halides of the lanthanides are
well known to chemists, only the fluorides
areinsoluble in water, so these are by far
the most common, as in fluorcerite,
(Ce,La)F3. Some fluorite (CaF,) deposits
arerichin REEs. Fluorideions F often
stand-in for OH™ ionsin REE minerals.

REE trifluorides have high melting points
up to 1430°C.

Carbonates

Carbonatite rocks are formed by the
interaction of carbonates and
undersaturated mafics in the mantle.
These mineral contain [(COs)F]*, notably
as in one of the more common REE
minerals, bastnasite.*® Parisite,*® another
carbonatite REE mineral, contains
[Ca(CO3)3F2]®". Some economic REE
deposits contain minerals with
[(COs5)2.0H]* or [(COs)2.F]*". Inthese,
the REE combines with adivalent ion to
make up the required +5 charge.

K ainosite contains [(SiO3)4CO5] ™ and

“ Titanite (sphene) is CaTiSiOs but often contains
Ceand Y. Camay be partly replaced by Th.

“8 Gadolinite (ytterbite) is another mineral with
mixed composition (Ce,La,Nd,Y),FeBe;Si,04.

4 Bastnasite comes in three flavours: bastnasite-
Ce, -La, and -Y. These are respectively
(Ce,La)COsF; (La,Ce)CO4F; and (Y ,Ce)COsF.

* parisite is Ca(Ce,La),(COs)sF,. Related cebaite
is BasCe,(COs)sF, containing [(CO3)sF2] ™2

* Ancylite STRE(CO;),0H, huanghoite
BaRE(C03)2F, Sy nchisite CaRE(CO3)2F

Rare earths—the 21st-century metals

does the same with two divalent ions,
usually, Ca,RE,™".

There is more on the structure of REE-
carbonates later in this segment.

Phosphates, vandanates, titanates, €etc.

Britholite contains both SiO,* and PO,
ions. Non-silicate REE minerals include
the phosphates PO,*", known as
monazites,>* xenotime,> and and
fluorencite. Apatite Cas(PO,)s(F,Cl,OH)
often contains REES. Thereisaso arare
vandanate VO, asin wakefieldite.>®

Aeschynite,*® a curious mineral of varying
compositions, contains tantal ates,

titanates, and niobates, though some of
these are just mixed oxides. Ce*Fe* isa
rare substitute for Ca®*Ti*" in petrovskite
(CaTi0s3). REE traces also substitute for
Feinilmenite (FETiOs).

Sulphates and Sulphides

The REE sulphates are very soluble. You
sometimes come across them in
hydrological studies asthey are used as
both natural and artificial tracers. REE
sulphides however are not stable in water.

Oxides (REOs)

The REEs were originally known from
their occurrence in oxide mixtures, “earth”

%2 There are four monazite phosphates:
Monazite-Ce (Ce,La,Pr,Nd,Th,Y)PO,
Monazite-La (La,Ce,Nd,Pr)PO,

Monazite-Nd (Nd,La,Ce,Pr)PO,
Monazite-Sm (Sm,Gd,Ce, Th)PO,.

They usually contain traces of SIO,, U, and Th.

%3 Xenotime is Y PO, but the Y may be replaced in

secondary amounts by Dy, Er, Tb, Yb, Th, or U. It

is called churchite in its hydrated form.

* Fluorenciteis (La,Ce,)Al3(PO,),(OH)e.

% Wakefieldite is (La,Ce,Nd,Y)VOL,.

% Aeschynite occurs as:

Aeschynite-Ce (Ce,Ca,Fe, Th)(Ti,Nb),(O,0H)e;

Aeschynite-Y (Y,Ca,Fe,Th)(Ti,Nb),(O,0H); and

Aeschynite-Nd (Nd,Ce,Ca, Th)(Ti,Nb),(O,0H)s.
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being the old-fashioned name for an
“oxide”. REOsoccur in half adozen
minerals. In natural conditions they are
dioxides, which are more stable in damp
air than the sesquioxides (RE,Os) despite

Pl. | Am. | Bt. Kfs | Mag. | lim.
La | 0.30 | 0.36 | 0.23 | 0.13 | 0.66
Ce | 0.22 | 0.68 0.06
Nd | 0.19 | 16 |0.34 | 0.04
Sm | 012 | 23 |039|0.02| 1.2 | 69
Eu 2 32 | 05 1 | 091 25
Gd 0.35 | 0.01
Tb | 0.14 | 24 0.02 6.5
Dy 0.2 | 0.97 4.9
Er 0.17 | 0.16
Yb 0.1 1.8 | 0.17 | 0.01 | 0.44
Lu | 0.1 | 1.8 |021|0.01| 03 | 3.6
avg. | 0.4 | 1.8 | 0.3 | 0.2 | 0.7 | 49

Figure 21: Partition coefficients of the REEs
(ratio of solid to liquid phase at equilibrium) of

common minerals in rhyolite. The higher the
number, the more likely it is the element will
enter the mineral crystals (plagioclase,

amphibole, biotite, K-feldspar, magnetite, and

ilmenite). limenite (FeTiO3) and rutile (TiO,)
are trace minerals in Nanaimo Group
sandstones and shales.

Compiled by the author from databases at http://earthref.org
Feb. 2013

the REEs being mostly trivalent.”’

> |tinerant f-subshell electrons are to blame; see
Leon Petit et al. 2007. Anatase,aform of rutile,is
TiO,; branneriteis (U,CaRE)(Ti,Fe),0s. euxenite
is (RE,Ca,U,Th)(Nb,TaTi),Og, fergusoniteis
RE(NDb,Ti)O, loparite is (RE,Na,Ca)(Ti,Nb)Os.
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Figure 20: Clockwise from top centre: oxides
of praseodymium, cerium, lanthanum,
neodymium, samarium, and gadolinium.

US Department of Agriculture

In clastic sediments, REOs are commonly
adsorbed by ferromanganese particul ates
and weathering rinds,*® and someiron ore
deposits are exceptionally rich in REEs.

The association of REEs with iron and
manganese in ores is syngenetic—the
oxides precipitate from fluids at the same
time for the same environmental reasons—
and islikely related to the ability of Fe and
Mn oxides and oxyhydroxides to act as
oxidants—as in thermite—creating
scarcely soluble REE complexes.™

REEs as trace elements

REE atoms that substitute for othersin
common rocks are not of economic

samarskite is (RE,U,Fe)3(Nb, Ta,Ti)sO46
yttrotantalalite is (Y,U,Fe)(Ta,Nb)Q,, cerianiteis
(Ce, Th)O,, and cheralite is(RE,Ca, Th)(P,S)O,,

% de Baar et al. 1985. The degree of association
of REEs with Fe-Mn oxides can show large
differences between the LREES and HREEs.
Cerium is particularly attracted to manganese
nodulesin the ocean (Taylor & McLennan 1988).

% K oeppenkastrop, D. & De Carlo, DH. 1993.
Uptake of rare earth elements from solution by
metal oxides, Environmental Science &
Technology, 27, pp.1796—-1802.
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interest because of their very 20

low concentrations, but, like all Lceton

trace elements, they are often of 18} %= "\Lithophile Elements

great scientific interest. For I

thoselivingin afelsic 16

environment (BC Coast
Mountain intrusives or
Nanaimo Group sandstones), it
isinteresting to note from
Figure 21 that it is probably
hornblende that contains most
traces of REEs. Thetable
shows the partition coefficients
of rare earths in rhyolite, the
volcanic equivaent of
granodiorite. The europium

lonic radium (107'% m)
)

High Field
Strength Elements

(Eu) anomaly in plagioclase "0
(pl) isdueto its extra-ordinary
divalent nature and is common.

1 2 3 4 5 6 7
lonic charge (z)
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earths
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2.0
Ionic charge to ionic radius
ratio s
The ratio of the charge on anion
(2) toitsradius (r) iscommonly 1.6
taken to be a measure of the
compatibility of theion. Those 14
elements whose ions have alarge
Z/r ratio are called high field- 12
strength elements (HFSE); and 2
those elements whose ions have a Fio
low Z/r ratio are low field-strength E
elements (LFSE), but are more = o
usually called large-ion lithophile
elements (LILE).” e
lons with significantly different
Z/r ratios tend not to replace each 04
other. They are said to be

0.2

Figures 22. Adapted by the
author from various 0

sources.

% | ithophile is a preference for silicate over
sulphide (chalcophile) and metal (siderophile). All
REESs are lithophiles, but many transition elements
are not.

Rare earths—the 21st-century metals

-2 -1 +1 +2 +3 -4
Ionic charge

incompatible. However, the reverseis not
necessarily true. lonswith large charges
and large radii may have the sameratio as
those with small charges and small radii,
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but it does not necessarily follow that they
are compatible.

This point iswell made in the two
diagrams above. Although chemists
classify the REEs as HFSEs—they’reto
the right of the dividing line—geochemists
more often think of them as being a subset
all of their own (Jenner 1996).

Notice the REEs (except Eu?*) could make
themselves more compatible with LILES
by reducing their charge (moving left) and
dlightly increasing their size (moving up).
Thisis exactly what they do in the
minerals containing [RE™.(F-,OH),] ",
and [RE*,.(CO3)F ] ™" ions,
fluorine, oxygen, and carbon being among
the smallest elements. Notice also that
chlorineistoo big to stand-in for fluorine,
as are the other halogens.

Associations with other elements

REEs are almost always present in rock
samples, even if in extremely small
concentrations detectable only in mass
spectrometers. At these low
concentrations, well-defined minerals
might not exist. An example would be
REO,> as arare substitution for silicon in
an SiO,* ion. Thisrequires the presence
of, say, phosphorus as PO,>" to restore
electrostatic neutrality.*

Thereisavariety of reasons why REEs
might associate or disassociate themselves
with other elements, some by paralldl, but
independent and not necessarily
synchronous evolution, and others by
paragenesis of varying degrees.®

® Thisis not to say there is commonly a positive
correlation between phosphorus and REES.
Peraluminous hi-P granites have extremely low
concentrations of REEs.

62 Research on REE paragenesis (associations and
inter-mineral developmental relationships) ison-
going. Asan example, noted positive associations
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Absence in common silicate
minerals

All the most abundant minerals on the
earth’ s surface—quartz, feldspars,
pyroxenes, amphiboles, micas, and clay
minerals—are based on the [SiO,4]*ion,
which structurally, as we know, isa
tetrahedron. However, unlike rectangular,
triangular, and hexagonal prisms, and
some higher-order polyhedra, you can’'t
fill (honeycomb) a 3-dimensional space—
or even a“thick” sheet of it— without
gaps (interstices) using tetrahedra alone.

Y ou can however completely fill a space
with amix of tetrahedra and octahedral, as
is done in pyroxenes, amphiboles, and clay
minerals.

For the severely geometrically-challenged,
like myself, most diagrams of the structure
of silicate minerals are meaningless once
you get much beyond the chain-ring-sheet-
framework possibilities of linking
tetrahedra® Sufficeit to say, in varying
degrees, the size and charge on the cations
needed to balance the charge on the
tetrahedrais restricted by the geometry,
and in practically al cases, REES just
don’t fit.

In orthopyroxenes, XY SiO3, the interstitial
sites demand smallish cations X and Y of
equal radius and charge—Mg** 86 pm
(picometres), Fe** 75 pm.

In clinopyroxenes, XY ZSiO3,X(AlSI)Os,
the different structure allows unequal sizes
and charges—(X " 2YZ T, (XY T,
(XY o5 Zos™ T, (X* T3)—but only

in REE-rich niobium-yttrium-fluorine (NY F)
pegmatites as compared to REE-poor lithium-
cesium-tantalum (LCT) pegmatites are with
uranium, thorium, complex oxides, A- and I-type
granites, and “dry” melts. (Galeschuk 2005).

% Organic chemists and biochemists who study the
geometry of hydrocarbon polymers may know the
feeling. Like SiO,, how complicated can CH, get!
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