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Coloring mechanisms in celestite
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Department of Geological Sciences, Haruard Uniuersity
Cambridge, M assachusetts 02 I 38

Abstract

The common pale-blue color of celestite bleaches at about 200'C and reappears upon X-ray
irradiation. A thermoluminescence maximum for blue celestite also occurs around 200'C. The
thermal stabil ity of the blue color (as measured by the bleaching time at 190"C) was found to
be proportional to potassium content. Electron spin resonance data indicate the presence of
SO;, SO r, SO;, and O- in blue celestite crystals. These paramagnetic hole centers presum-
ably arise by the action of ionizing radiation on SO?-, which releases energetic electrons that
can decompose other SOI- groups. The centers SO,, SO;, and O- absorb in the visible,
producing the blue color, while SOn absorbs in the ultraviolet. The color-producing centers
are stabilized in the celestite lattice by the presence of trace components, primarily K+
substituting for Sr2+.

The color in two specimens of orange celestite was correlated to the presence of copper,
probably as Cu+, in the order of 50 ppm.

Introduction

The cause of the common pale-blue color of celes-
tite, SrSOn, has long been disputed, and has been the
subject of many investigations. In this report some
new data are presented on blue and orange celestite,
and possible models are derived for the causes of
these colors.

Previous hypotheses

The numerous hypotheses that have been proposed
for the coloring mechanism in blue celestite can be
summarized as follows:

l. Organic inclusions (Stromeyer, 1821, p. 203-2ll;
Weinhold, 1864). The mechanism whereby these in-
clusions produce the blue color was not described.

2. Vivianite inclusions (Wittstein, 1856).
3. Colloidal sulfur inclusions produced by radium

radiation (Doelter, 1915, p. 65-66). The color is pre-
sumably caused by Tyndall scattering.

4. Colloidal gold inclusions (Friend and Allchin,
1939, 1940). The color is produced by Tyndall scat-
tering and related optical effects.

5. Fe2+ - Fe3+ charge transfer (Vendl and Mandy,
l9s8).

6. Color centers
A. F-centers (electrons filling anion vacancies)

i. Alkali ions substitute for strontium, producing
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anion vacancies and interstitial alkali ions,
which both act as electron traps (Schulman and
compton, 1962, p. 256-27 3, 281-282).

ii. Caused by ionization of Sr to Sr+ * e-, with the
electron filling an SO?- vacancy (Isetti, 1970).

B. POI-substitutes for SO?- (proposed for blue barite
by Bershov and Marfunin, 1967).
C. Presence of monovalent sulfur-containing radicals
plus O- (Samoilovich, l97l; Bakhtin et al., 1973).
The color is due to absorptions by orbital transitions
within these radicals.

Chemical analyses

Experimental methods

Emission spectroscopy was used on several speci-
mens (LB l, LB 6, LB 8, and LB l0) to obtain
semiquantitative analyses of all the minor and trace
elements. This was followed by quantitative atomic
absorption analyses of all the specimens for the prin-
cipal minor and trace elements. Routine methods
were used for the analyses.

Results and discussion

The chemical analyses are presented in Table l.
Except for Ba and Ca, which substitute for Sr, the
samples are remarkably low in minor and trace ele-
ments. An interesting result was the detection of cop-
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per in the two orange specimens (LB 5 and LB l0).
As this is the only element not also found in the blue
specimens in measurable amounts, it may be respon-
sible for the orange color. The absence of detectable
gold (< l0 ppm) tends to argue against the colloidal
gold theory for the blue color, but does not entirely
ru le i t  out .

The blue portion of specimen LB 1l contains nota-
bly more Na and K than the colorless portion. This is
possible evidence that the presence of Na and K in
natural crystals may cause the same sensitization to
radiation-induced coloration that Schulman el a/.
(1952) observed in ar t i f ic ia l ly  a lka l i -doped crysta ls .  I t
is also interesting that LB 6, the darkest blue speci-
men, has the lowest Na content but a high K content.

Thermal studies

Experimental methods

The thermal stabil ity of the color in seven speci-
mens of blue celestite and two specimens of orange

celestite was investigated. Homogeneously colored
crystal fragments without visible impurit ies, about 20
X l0 X 1.5 mm and weighing about  0.5 g each,  were
selected. These were broken roughly in half, one half
being kept at room temperature as a reference for the
original color. The experimental specimens were
heated in a small furnace having a Pyrex window and
a chromel-alumel thermocouple sensor. Each speci-
men was observed continuously during the heating,
and observations were recorded at every 10oC rise in
temperature. The specimens were heated to 850oC,
the maximum for this furnace, at which point the
specimens were incandescent. A heating rate of 5'C/
min could be maintained without decrepitation of the
samples.

In addition, the specimens were heated as a group
at 190'C for six days in another furnace. The time
required for the crystals to become completely color-
less was recorded.

To study specimens colored by ionizing radiation,
specimens were first bleached at 300"C for 30 minutes

Table l .  Chemical  analyses of  celest i te

L B  I L B 4 L B  5 L B 6 L R 7 L B  8 L B  1 O L B  1 I  L B  I T
c o l o r -  b l u e
l e s s

A t o n i c  A b s o r p t i o n :

w t .  % :  B a  0 , 5 0
C a  0 . 0 6

0 . 0 0  0 . 6 5  0 . 9 0
0 . 1 0  0 . 1 0  0 . 3 6

L . 3 7  0 . 7 7  1 . 3 6
0 . 7 0  0 . 2 0  0 . 0 8

1 s 0 ( s )  2 8 0 ( s )  3 8 0 ( s )
L 7  ( 2 )  2 2  ( 2 )  6 2  ( s )
e ( 3 )  4 s ( s )  3 6 ( s )
3 ( r )  8 ( r )  1 0 ( r )

6 0 ( 1 0 )  n d  n d

0 . 0 0 x
= 0 . 0 1
n d

0 . 5 7  0 . 0 5
0 .  3 8  0 . 5 4

4 3 s ( s )  r 7 0 ( s )
3 0  ( 2 )  e s  ( 3 )
s ( 3 )  2 r 0 ( 1 0 )
4  ( r )  7 2 7  ( 4 )
n d  t T a c e

p p n :  N a
K

F e
M o

C u

w r .  % :  A 1  = 0 . 0 0 1
S i  n d
Mn  nd

4 0 s ( s )  s 1 0 ( s )
7  e  ( 3 )  2 6  ( 2 )
1 e ( 4 )  2 3 ( 4 )
2 2  ( r )  3 0  ( 2 )

n d  s 0 ( 1 0 )

0 .  0 7
0 . 0 3

6 0  ( 3 )
7 6 ( 3 )
2 8  ( s )
3 ( r )
n d

r 3 s ( s )  2 2 s ( s )
8 1  ( 3 )  4 6 ( 2 )
6 4 ( s )  3 7 ( s )

7 ( L )  e ( 1 )
t r a c e  n d

E m i s s i o n  S p e c t r o s c o p y :

0 . 0 0 x
= 0 . 0 1
n d

0 .  0 0 x
= 0 .  I

t r a c e

n d  =  n o t  d e t e e t e d
N u m b e y s  L n  p a n e n t h e a e s  a . T e  e s t i , n a t e d  s t a n d a r d  d e o i a t i o n s .
T h e  h i g h  F e ,  S i ,  M g ,  a n d  A L  c o n t e n t  o f  L B  S  i , s  a t  L e a s t  p a z , t l y  d u e  t o  a d m i x e d  i n p u r . i t i e s ,
L o o k e d  f o t ,  b u t  n o t  d e t e c t e d  b y  e m i . s s i o n  a p e e t T o l c o p y :  A g ,  A s ,  A u ,  B ,  B e ,  C b ,  c d ,  C o ,  C r ,  D y ,  E r ' ,

E u ,  G a ,  G d ,  G e ,  H f ,  H S ,  L a ,  L i ,  L u ,  M o ,  N d ,  N i ,  P ,  P b ,  P t ,  R a ,  S b ,  S c , 5 n ,  S m ,  ? i ,  U ,  V ,  Z n ,  Z r ,
S p e c i m e n s :

L B  I  ( N M N H *  8 ? 1 8 3 ) :  A m h e r s t b u r g ,  o n t a r i o ,  C a n a d a .  T h i c k  t a b u l a r  c r y s t a l s .  P a l e  b 1 u e .
L B  3  ( N M N H  8 ' l \ 6 9 ) :  M t .  B o n n e l l ,  n e a r  A u s t i n ,  T e x a s .  c l e a v a g e  f r a g m e n t s .  P a l e  b l u e .
L B  l +  ( N M N H  ! 1 9 6 5 !  ) :  O t t a w a  C o u n t y ,  O h i o .  T h l c k  t a b u l a r  c r y s t a l s .  P a l e  b 1 u e .
L B  5  ( N M N H  r 0 l + 5 8 3 ) :  B r o v n  C o u n t y ,  K a n s a s .  I n t e r g r o w n  t a b u l a r  c r y s t a l s .  B r o w n i s h  o r a n g e .
L B  5  ( N M N H  9 \ 2 7 5 ) :  G i " g e n t i ,  S l c i l y .  S u b h e d r a l  c r y s t a l s  i n  p a r a l l e 1  g r o w t h .  B 1 u e .
L B  7  ( N M N H  R 1 6 2 1 9 ) :  E 1  R a y o  M i n e ,  D u r a n g o ,  M e x i c o .  c l e a v a g e  f r a g m e n t s .  P a I e  b l u e .
L B  I  ( N M N H  f 6 7 5 8 ) :  J e n a ,  T h u r i n g i a ,  G e r m a n y .  C r o s s  f i b e r  v e i n  1 . 5  c n  t h i c k .  B I u e .
L B l O  ( N M N H  I f 6 6 6 2 ) :  C a l e d o n  T o v n s h i p ,  0 n t a r i o ,  C e l n a d a .  T a b u l a r  c r y s t a l s .  0 r a n g e .

L B l 1  ( H M M  1 0 1 0 2 o ) :  C l a y  C e n t e r ,  O h l o ,  E l o n g a t e d  [ 1 O O ] ,  t h i n  t a b u l a r  { O O f }  c r y s t a l s .  B l u e
a n d  c o l o r l e s s  z o n e s  a " e  f r o m  t h e  s a m e  c r y s t a l .

* N M N H  =  N a t i o n a l  M u s e u m  o f . N a t u r a l  H i s t o r y ,  W a s h l n g t o n ,  D . C .
H M M  =  H a " v a r d  M i n e r a l o g l c a ] .  M u s e u n ,  C e n b T i d g e ,  M a s s a c h u s e t t s .
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Table 2. Thermal bleaching data for blue celestite

CELESTITE

color center destruction is being affected by a variable
quantityt such as trace element content. The thermal
behavior of the orange celestite virtually precludes
the possibil i ty that the orange color is caused by color
centers.

The thermal behavior of the vivianite is not consis-
tent with the theory that vivianite inclusions cause the
blue color of celestite.

Irradiation studies

Experimental methods

Fragments used for irradiation were about 5 X 5 X
1.5 mm. The blue specimens were first bleached at
300'C for 30 minutes, and all became colorless. Sev-
eral specimens were chosen for particular properties,
specifically: (l) colorless and blue sections from a
single crystal of LB 1l were both irradiated, and (2) a
cleavage fragment of LB 6 that contained a well-
defined colorless zone I mm thick was irradiated after
bleaching. Specimens of LB l, LB 3, LB 4, LB 7, LB
8, and LB l0 (orange) were also irradiated.

The specimens were each taped in front of an unfi l-
tered port on a Phil ips X-ray generator, with an Fe
tube operated at 45 kV and l0 mA. The specimens
were observed (with the X-ray generator off) after
exposure for  l5  min,  30 min,  45 min,  60 min,  90 min,
3 hrs, and at longer intervals if warranted. Several of
the specimens were also used in the optical absorp-
tion spectrometer, both before and after irradiation.
as described in the followins section.

Results

All the originally blue crystals became noticeably
blue after l5 minutes of irradiation, and reached the
maximum depth of color within 45 minutes. The final
depth of color was roughly proportional to the depth
of the original color. This latter quantity was some-
what diff icult to judge, however, since the color devel-
oped most intensely in a paper-thin layer facing the
X-ray tube, and faded very rapidly going into the
crystals. The orange crystal, LB 10, showed no
change after 6 hours. The originally colorless section
of LB 11 became only extremely pale blue after 24
hours exposure to the radiation, though the originally
blue section quickly became blue.

The zoned crystal fragment, LB 6, which was uni-
formly colorless after bleaching, faithfully repro-
duced its zoning after irradiation (Fig. l).

Bleaching Temperature

N a t u r a l  I r r a d i a t e d

Bleach ing  T ime a t  tgooc

N a t u r a l

L B

L B

L B

L B

L B

L B

L B T

2  o o ' c

r 9 0

1 9 0

2 I 0

1 9 0

2 0 0

r 9 0

2 2 0 "  c

2 2 0

2 2 0

2 t o

1 9 0

2 0 0

1 9 0

I

4

6

7

8

I

c a ,  3 6  h r s .

c a .  2 0  n i n .

c a .  1 2  h r s .

c a ,  3 0  h r s .

c a .  I  n i n .

c a .  6  d a y s

c a .  3  h r s .

A L L  t e n p e " a t u r e  u a L u e s  a " e  ! 1 0 o C .

and irradiated with X-rays as described in the follow-
ing section. The irradiated specimens were then
heated and observed.

Specimens of vivianite (a transparent green frag-
ment from Cameroun and a blue fibrous specimen
from Nelson Island, Alaska) were also heated.

Results

The blue celestite crystals all began to slowly
bleach at  around 170'C.  The color  in  a l l  specimens
simply became paler, without any detectable change
in hue.  Wi th increasing temperature,  a point  was
reached at which bleaching became rapid, around
200"C. This temperature, the minimum at which
bleaching is rapid, is generally defined as the bleach-
ing temperature. The irradiated crystals showed simi-
lar behavior to the natural crystals. The bleaching
times at 190'C varied widely, from one minute to
about six days (Table 2).

The two orange specimens (LB 5 and LB l0) be-
haved entirely differently, the orange color remaining
stable through 850"C. A slight brown tinge to the
color was present above 350oC, but this faded upon
cooling to room temperature.

The fibrous blue vivianite became dark brown at
l80oC, and the green vivianite became opaque green
at  l80oC and dark opaque brown at  250.C.

Discussion

The very low bleaching temperatures of the blue
celestite, not accompanied by changes in color,
strongly suggest the presence of color centers. The
variable bleaching times and temperatures could in-
dicate the presence of several color centers that have
different "trap depths" (the thermal energy needed to
destroy the color center). However, since the figures
for bleaching times (which are probably the mosr
accurate measure of the thermal stabil ity) do not
show a modal distribution, this mechanism does not
appear to be l ikely. It is more l ikely that the rate of
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l c m

Fig. I Cleavage fragment of zoned celestite crystal from
Girgent i ,  Sic i ly  (LB 6) Shaded areas are blue,  unshaded areas are
color less.  (a)  Untreated.  (b)  Af ter  thermal  b leaching,  fo l lowed by
exposure to unf i l tered Fe X-rays for  90 minutes.  The c i rcular  area
is the part of the crystal exposed to X-rays.

Discussion

The fact that the blue crystals rather quickly
reached a maximum depth of color under radiation
indicates an apparent approach to saturation of
color-producing sites. The limited number of sites is
substantiated by the production of color roughly in
proportion to the depth of color originally present,
and the failure of originally colorless zones to become
significantly colored. The factor controll ing the num-
ber of color-producing sites could be trace elements,
which could either sensitize the blue zones to radia-
tion or quench the color-producing process in the
uncolored zones.

Optical absorption spectroscopy

Experimental methods

The absorption spectra of blue and orange celestite
were investigated in the visible and near-infrared re-
gions. The effects of thermal bleaching and of irradia-
tion on the spectra were also studied. A spectrum of
blue barite, from Cumberland, England, was ob-
served for comparison.

A Cary-17 spectrophotometer in the transmission
mode was used. The il lumination was non-pol arized,
in  the range400 to 1500 nm. Specimens LB 1,  LB 6,
LB 10,  and LB I  I  were studied.

The specimens consisted of plates about 3 mm
thick cut  roughly para l le l  to  {001}  and pol ished on
both sides, with the exception of LB I l, which was an
unpol ished tabular  {001}  crysta l  about  3 mm th ick.

Results

The absorption spectra of representative specimens
are reproduced in Figures 2 and 3. The major absorp-
t ion peaks in  a l l  the b lue celest i te  are at  62015 nm,
575+5 nm, and (400 nm. The b lue color  resul ts  f rom
absorption at both the red and violet ends of the
visible spectrum, with blue l ight preferentially trans-
mitted. Minor absorption peaks may occur at 540
and 710 nm. There is virtually no difference between

Fig.  2.  v is ib le 
""0 """r ; ; ; ; "d 

lbsorpt ion spectra of  b lue
celest i te f rom Cirgent i ,  Sic i ly  (LB 6).  Spectra are of  the specimen
when (  I  )  untreated,  (2)  b leached, and (3)  b leached then i r radiated
with X-rays.

the absorption spectra of the natural and irradiated
blue celestite specimens.

Absorption in the blue barite occurs primarily
around 640. 595. and (400 nm.

The orange celestite has a multiple peak or absorp-
tion edge beginning at 600 nm and extending beyond
400 nm. There is also a small "shoulder" at about 540
n m .

No absorption was recorded in the near infrared
for any of the specimens. The small peak at about
1385 nm is an instrumental artifact.

Discussion

Since the absorption spectra of natural and irra-
diated blue celestite are virtually identical, the same
mechanism is probably responsible for the color in

Fig.3.  Vis ib le and near- infrared absorpt ion spectrum oforange

celest i te f rom Caledon Township,  Ontar io,  Canada (LB l0) .

z !

i s
< E

z a

E-E< E
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Table 3. ESR data for celestite and for some related substances

Electron spin resonance spectroscopy

Introduction

ESR spectroscopy measures the transitions of un-
paired electrons between the spin states rns : ! t/2.
The technique can detect paramagnetic ions and radi-
cals, and also free unpaired electrons. The transition
is generally expressed by the g-factor, where hv :
gtrp,H (h : Planck's constant, z : frequency of ap-
plied alternating magnetic field, ps : Bohr magne-
ton, H : static magnetic field strength). Theg-factor
in anisotropic crystals is directional and is expressed
as the g-tensors g'r, gy, and g" (or, sometimes g11 and
Br for centers with axial symmetry). The g-factor is
further split by electron interactions with nuclei hav-
ing non-zero spin (I I 0), and with neighboring para-
magnetic centers. The measurement of these influ-

both, and the color in the natural samples may be
radiation-induced. The absence of any of the charac_
teristic Fe2+ and Fe8+ absorption bands (Burns, 1970;
Loeffier and Burns, 1976) virtually rules out the pos-
sibil i ty of these ions contributing to the color, eiiher

The spectra of blue barite and blue celestite have a
very similar shape, but the peaks of barite are dis_
placed about 20 nm to longer wavelengths (less en_
ergy). This shift may be related to the larger unit_cell
size of barite (isostructural with celestite), which re-
sults in a slightly lower crystal f ield energy acting on
the coloring mechanism.

a r a m a g n e t  i c
C  e n t  e r

G i v e n  T h i s I
g ^ 8 " u .

O p t i c a l
A b s o r p t i o n

( n n )

T
( K ) R e f . S u b s t a n c e * *g

S0 , '
t l

S O ;

S O ;

o  ( r )
0  ( r r )
s o i  o -  ( r )
, ,  o  ( r I )
l l  n  

-  
r  T  T  \v  \ r r J

o  ( I )
0  ( r r )

S z o z

S z

2 . 0 0 4 9  2 . O 0 7 6  2 . 0 2 3 0

2 . 0 0 3  2 . 0 1 3  2 . 0 4 9
2 . 0 0 3 6  2 . 0 0 8 6  2 . 0 4 8 6
2 . 0 0 6 4  2 . 0 0 8 2  2 , 0 3 1 0
2 . 0 0 s 5  2 . 0 1 0 6  2 . 0 2 8 7

2 . 0 0 1 6  2 . 0 0 4 r  2 . 0 0 4 s
2 , 0 0 2 1  2 . 0 0 3 3  2 . O O 4 l
2 . 0 0 2 5  2 . 0 0 3 6  2 . 0 0 s 1

g n = 2 , 0 0 3 6  9 1 = 2 . 0 0 5
iso tz ,op ic

2 . 0 0 2 3  2 . 0 0 s 3  2 . 0 0 3 3
2 . 0 0 4  2 . 0 r
2 . 0 0 3 s  2 . 0 1 0 5  2 . 0 1 2 6
2 , 0 0 8 4  2 . 0 0 9 1  2 , 0 I 7 0
2 . 0 0 6 9  2 . 0 0 9 3  2 . 0 1 9 8
2 . 0 0 8 2  2 . 0 0 9 0  2 . 0 r 6 7
2 . 0 0 7  2 . O t 7  2 . 0 2 2
2 . 0 0 7  2 . O t I  2 . 0 2 2
2 . 0 0 9 3  2 . 0 1 0 5  2 . 0 1 8 0
2 . 0 0 7 6  2 . 0 1 0 5  2 . 0 r 9 3
2 . 0 0 3 0  2 . 0 0 5 0  2 . 0 0 8 3

2 . 0 0 2 6  2 . 0 3 1 9  2 . 0 4 9 9
2 . 0 0 4  2 . 0 3 4  2 . 0 4 9

2 , 0 1 1 8
? q n

2 . 0 2 2
2 ,  0 2 0 7
2 . 0 1 5 2
2 . 0 1 4 3

2  .  O O 3 3
2  . 0 0 3 2
2  .  O O 3 7
2  . 0 0 4  2 7 0 - 3 0 0
2 . 0 0 3 6
2 . 0 0 3 0

2 .  0 0 8 8  = 4 3 5

2 . 0 1 1 5  6 2 0
2 , 0 1 2 0  6 5 0
2 . 0 1 L 3  5 5 0
2 . O I 3  4 0 0 - 6 0 0
2 . 0 t 3  5 5 0
2  . 0 t 2 6
2  . 0 L 2 s

2 . 0 0 s 4
2 . 2 4 5 2
1 . 7 7 6 2
2 . 0 2 8 1
2 . 0 2 8
2 . 0 2 6  6 0 0

r e f .  s t u d

2 5 0  I  c e l e s t i t e ,  b . i .
2 9 0  2  c e l e s t i t e ,  b . n .

I  L a z u r i t e
I  K 2 S O a ,  i .

7 7  5  K 2 S 2 0 s ,  ' 1  .
7 7  6  N a 2 5 2 0 3 . 5 H 2 0 ,  i .

2 5 0  1  c e l e s t i t e ,  b .  i .
2 9 0  2  c e l e s t i t e ,  b . n .
2 9 0  4  c e l e s t i t e

7 7  3  c e l e s t i t e
7 7  5  K z C H z ( S 0 g )  z ,  i .

9  K z S O q ,  i .

2 9 0  2  c e l e s t i t e
2 9 0  7  b a p i t e

2 5 0  1  c e l e s t i t e ,  b .  i .
2 5 0  I  c e L e s t i t e ,  b .  i .
2 9 0  2  c e l e s t i t e ,  b . n .

7 7  3  c e l e s t i t e ,  b . n , , i ,
2 9 0  2  c e l e s t i t e
2 9 0  4  c e l e s t i t e
2 9 0  4  c e l e s t i t e

7 7  6  N a 2 5 2 0 3 . 5 H 2 0 ,  i .
7  K C L
7  KCL
7  KCL
7  uL t r . amar i ne

1 0  L a z u r i t e ,  b .

D a t a  f o r  s u b s t a n c e s  o t h e r  t h a n  e e l e e t i t e  a y . e  i n  i t a l i c s .
* g t r  B z ,  a n d  g 3  a r e  t h e  t h r e e  p r i n c i p a l  g - t e n s o r s  i n  i n c r e a s i n g  o r d e r l  g a v .  i s  t h e

a v e r a g e  v a l u e  o f  g ,
* * b .  =  b l u e ;  i .  =  i r r a d i a t e d . ;  n .  =  n a t u r a L .

R e f e r e n c e s :  l _ .  B a k h t i n  e t  a L . ,  1 9 7 3 ;  K h a s a n o v  e t  a L . ,  I g 7 3 ;  2 ,  G r o m o v  e t  a L , ,  f 9 7 \ ;
3 .  s a m o i l o v l c h  e t  a L , ,  t 9 5 8 ;  s a m o i l o v i c h ,  r 9 T 1 ;  ) + .  l e " s h o v  a n r l  M a r f u n i n ,  1 ! 6 ? ;  ! .  A t k i n s
a n d  s y m o n s ,  ! 9 6 7 ;  5 .  M o r t o n ,  a g 6 5 ;  J .  M o r t o n ,  i g 6 g ;  8 .  s a n o i l o v i c h  e t  o i . , ' t 9 7 3 ;  ! .  G r o n o v
a n d  M o r t o n ,  t 9 6 6 ;  I O ,  H o g a r t h  e t  a L . ,  1 9 7 6 ,

S O ;



BERNSTEIN: CELESTITE 165

ences, together with several other quantities
measured by ESR, can give a highly distinctive and
unambiguous identification of the composition, syffi-
metry, and location of the paramagnetic centers. In
general, centers with an average g-factor less than go
(that of a free electron, 2.0023) are electron-excess
centers, and those with an average value ofg greater
than go are hole centers.

ESR data for celestite

All the ESR studies of celestite to date have been
done in the USSR. The results of these studies are
summarized in Table 3. which also contains ESR
data on some related substances for comparison. In
addition to the hole centers listed in the table, Gro-
mov et al. (1974\ found a weak electron-excess center
in celestite, with a g-factor ranging from 1.9965 to
2.0018. The signal was too weak for further analysis.
They also calculated the total number of para-
magnetic centers to be l0ra-l0ro per gram of celestite.

The paramagnetic hole centers have been identified
as monovalent sulfur-containing radicals, with the
exception of O-. On the basis of symmetry analysis
and other data, Bakhtin et al. (1973) and Khasanov
et al. (1973) found that the center previously identi-
fied as SO+, is actually O- in two different sites, O-(I)
and O-(II). Since it is assumed that SO; and SO; are
produced during the irradiation of SO?-, the identifi-
cation of O- helps account for the oxygen ions pro-
duced during these reactions. The g-factors for SQ'
are somewhat variable, which may indicate that this
ion-radical occurs in several different orientations,
perhaps associated with trace components.

The molecule S., which causes the blue color in
lazurite (Hogarth and Griffin, 1976), was not de-
tected in celestite, nor were St, S-, or SrO ,.

The major paramagnetic centers in the studied ce-
lestite are therefore SO1, O-, and SO;, with smaller
amounts of SO;, and possibly a weak electron-excess
center. The implications of these centers will be con-
sidered in the general discussion.

Thermoluminescence

Weak thermoluminescence of celestite was re-
ported by Doelter (1915, p. 65-66) and Przibram
(1956, p. 241-242), but the only quantitative study
was made by Gromov et al.(1974). They reported the
presence of two thermoluminescence peaks, one at
80-100"C and the other at 180-240'C.

As noted earlier, bleaching of the blue color occurs
at 190-220"C, corresponding to the high-temperature
peak. This peak thus probably represents the anneal-

ing of the centers responsible for the blue color. The
low-temperature peak probably represents annealing
of centers that absorb outside of the visible (probably
in the ultraviolet), since no bleaching was observed at
this low temperature.

Gromov et al. (1974) reported that SO; anneals in
the range of the low-temperature peak, while SO;
anneals in the range of the high-temperature peak,
which strongly suggests that these radicals are re-
sponsible for the two peaks. Gromov et al. also in-
clude the annealing of SO; and possibly S0, (ac-
tually O-) in the high-temperature peak. They
calculate the trap depth (ft) as 0.4 eV for the low
temperature peak, and 0.6 eV for the high-temper-
ature peak. They attribute the variations in the posi-
tions of the peaks to differing concentrations oftrace
elements, which may stabilize the centers.

Ultraviolet spectroscopy

The only published ultraviolet spectrum of celestite
is that by Isetti (1970). This absorption data is in-
cluded in Figure 4. The ultraviolet absorption bands
will be considered in the general discussion.

Discussion

The available data either do not support, or tend to
contradict, the following hypotheses on the coloring
mechanism in blue celestite: (l) organic inclusions;
(2) vivianite inclusions; (3) Fd+-Fe3+ charge trans-
fer; (4) electron-excess centers; and (5) POI- sub-
stitution. The data also point strongly away from the
possibility of colloidal gold or sulfur inclusions, with
these factors being the most important: (l) No gold
was detected in the analyses. (2) The optical absorp-
tion spectra for the blue specimens are all the same.
This would be unlikely for colloidal suspensions,
since the colloid size would vary from one specimen
to another. Also, the double peak at 575 and 620 nm
is a feature not observed in colloidal absorption
spectra. (3) The thermal and radiation behavior do
not conform to colloidal behavior. A colloidal sus-
pension generally changes color as it is heated, as the
particles change size. This is the behavior seen in
colloid-colored glasses (Lewis et al., 1942, p. 299-
301),  including glasses colored by col loidal  gold or
sulfur. Also, no reference could be found to colloidal
suspensions that become colorless upon heating.

The data suggest that the color of blue celestite is
related to the presence ofradiation-induced hole cen-
ters, specifically monovalent sulfur-containing radi-
cals and O-. This possibility is supported by ESR
studies, which have repeatedly detected considerable
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amounts of SO;, O-, SO1, and SO; in natural and
irradiated blue celestite. The questions still remain,
however, of (1) how these hole centers are related to
the optical absorptions, and (2) why the color should
form in some specimens and not in others. These
questions are best considered by proceeding in two
directions: (l) Correlation of hole centers with opti-
cal absorption bands. Since monovalent sulfur-con-
taining radicals and O- are present, the possible tran-
sitions producing absorption in the visible are best
modeled by using molecular and atomic orbital theo-
ries. (2) Correlation of color with chemical composi-
tion. Since pure SrSOa does not become colored by
radiation (Schulman et al., 1952\. it is reasonable to
assume that minor and trace elements are in some
way related to the coloring mechanism, and therefore
are probably related to the stability of the mono-
valent sulfur-containing radicals and O-.

O ptical and ult rauiolet absorption

From molecular orbital theory, the radical SO; is
expected to have the electronic configuration

(l a r)'(l t r)o(2t r)o(l e).(t t r)6(3 t r)6(2a,)l

in the ground state'z,4, (Samoilovich, l9?l) .  A l ikelv
transition is

( I e )a( l t, )6( 3 I 
")u 

(2a r), - ( I e )3( 31 1 )o (3 t 
"\6 

(2a,)z

which absorbs at 200-250 nm (Samoilovich, l97l).
This is probably the cause of the absorption at 210
nm found by Isetti (1970).

In a similar way, the most likely transition for

SO; is calculated to be at 300-400 nm (Samoilovich,
l97l). Bakhtin et al. (1973) calculated that the most
likely transition for SO; is around 600 nm in blue
barite. I found that this absorption peak is shifted to
575 nm in celestite, so that SO; may be responsible
for the peak.

Finally, transitions in the O-(I) and O-(II) centers
give absorptions at 620 and 650 nm, causing the
broad absorption peak in this range (Bakhtin et al.,
1973). All of these identifications are summarized in
Figure 4.

Role of minor and trace elements

For information on the role of minor and trace
elements, we must turn to the chemical analyses, and
consider the crystal chemistry of celestite. Schulman
et al. (1952) found that pure synthetic SrSOo is in-
sensitive to radiation-induced coloration, while the
presence of Na+ or K+ in the order of one mole
percent greatly enhances the sensitivity. They also
found that coexistent Las+ or Cl- quenches the sensi-
tivity, though concomitant substitution of Ba2+ or
Ca2+ has virtually no effect on the sensitivity. My
analyses (Table l) show that in at least one natural
case (specimen LB I I ) the blue zone of a crystal
contains considerably more Na and K than the color-
less portion, especially regarding the K content, Also,
the colorless part ofthe crystal is nearly insensitive to
irradiation by X-rays.

To explore the relationship of chemical composi-
tion to color, the amount of each constituent was
compared to the most quantitative measure of the
stability of coloration, the bleaching time at 190'C
(Table 2). No consistent relationship was found for
Na, Fe, Mg, Ba, or Ca, but a striking correlation was
found between bleaching time and the potassium
content (Fig. 5).

The possible reasons for the relation between po-
tassium content and the stability of the color become
apparent if we consider the crystal chemistry of celes-
tite. Complete isomorphous substitution of Sr and Ba
occurs in the series celestite-barite. Celestite can con-
tain only limited amounts of Ca, however. The K+
ion is virtually the same size as Ba2+, while Na+ is
nearly the same size as Ca2+, implying that K+ should
be able to substitute for Sr2+ much more readily than
Na+. This is analogous to the situation found in
feldspars. In feldspars, Ca'+ and Na+ mutually sub-
stitute in plagioclase, and K+ and Ba2+ mutually
substitute in the series orthoclase-celsian, though
there is little substitution between the two series at
low temperatures.
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Fig. 4. composire ;; ; : : ' : ; , ,rrared, and urtravioret
absorption spectrum of blue celestite. The likely paramagnetic
centers producing the major absorption bands are identified.
Absorption curve for 175-400 nm from Isetti (t970); zlo0-1200 nm
from this study.
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Model of the coloring mechanism in blue celestite
A possible model for the formation of color-pro-

ducing monovalent sulfur-containing radicals and O-
coupled with the presence of K+ can now be con-
structed. The details of this model, however, remain
highly tentative. It is first assumed that Sr2+ is much
more likely to be replaced by K+ than by Na+(though
some replacement by Na+ does occur). The charge
imbalance from this substitution may be com-
pensated by the presence of interstitial ions, perhaps
Na+ or H+.

Under the influence of ionizing radiation, electrons
are released from SO?- groups (equation l).

SO?- -  SO; * e- ( l )

Some of these electrons moving through the crystal
possess sufficient energy to decompose SO?- groups
by collisions (equation 2).

SO?- -  SO, + O- (2)

The products of this decomposition (SO; and O-),
however, will only be stable in the lattice in the pres-
ence of substitutional K+, which may bind the O-;
otherwise, they will immediately recombine to form
SO?-. Most of the electrons are eventually recaptured
by hole centers, reversing equation l, or as shown in
equations 3 and 4 (several other similar equations
could be relevant as well).

SO;  +  e -  *  SOs *  O-  (3 )

SO; + e- - SO3- (4)

SO3- - SO; + O- (5)

Some electrons may also be responsible for decom-
posing SO!- (equation 5), though the products of this
reaction (as of equation 3) will again only be stable in
the presence of K+. A small number of electrons may
occupy vacancies or become associated with alkali
ions to produce the weak electron-excess center re-
ported by Gromov et al. (1974). The actual "trap-
ping" of the hole centers is related primarily to the
particular configuration of the crystal field around
the potassium ions.

Note that the proposed model is not that of con-
ventional color center production, where equal num-
bers of trapped electrons and trapped electron holes
are produced. Instead, trapped hole centers are pre-
dominately produced, while most of the electrons
freed during irradiation are recaptured to form more
hole centers (equation 3) or non-paramagnetic
groups such as SO?- or SO!- (equations I and 4).

Thermal bleaching occurs when lattice vibrations

Fig. 5. Graph showing the relat ion of bleaching t ime at 190'C (t)
to potassium content (K) in blue celestite. The line corresponds to
theequation K : 7.81n(l) + 58.

(and possibly thermally-activated diffusion) reach a
sufficient magnitude to recombine the hole centers
(such as O- and SO; to form SO!-). Some of the
energy released during this recombination is as pho-
tons (thermoluminescence); the rest is in the form of
lattice vibrations. Experiments are in progress to de-
termine the kinetics ofl the thermoluminescence and
bleaching.

The explanation for the exponential, rather than
linear, relation between potassium content and
bleaching rate is far from clear, and is also the subject
of current investigation. A possible explanation is
that K+ ions may not substitute for Sr2+ ions at
random, but instead may tend to cluster together,
affecting the activation energy and activation entropy
of hole-center trapping. The degree of clustering may
vary rapidly as a function of the total potassium
content, and the potassium content could thus have a
large effect on the bleaching rate. The relation be-
tween potassium content and the intensity of color
when saturated is probably only linear, however.

Some possible reasons that coexistent La3+ or Cl-
will quench the sensitivity to radiation-induced color-
ation are also apparent. The ion La8+ has virtually
the same ionic radius as Sr2+, and may substitute for
Sr2+ in sites adjacent to K+, to minimize local charge
imbalance. With the charge locally balanced in this
way, the color-producing hole centers have no sites in
which to be trapped, and are unstable. Without these
centers the celestite remains colorless. The ion Cl-
produces a quenching effect possibly by substituting
for SO?- in sites adjacent to K+. This again mini-
mizes local charge imbalance and eliminates trapping
sites for the paramagnetic centers. A similar sub-
stitution apparently occurs in scapolite.

0 5 5
4UCHlre fltr(bu.)
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As to the natural source of radiation to produce
the blue color, over millions of years even the lowest
levels of radiation would be sufficient. Additionally,
radium has a high chemical affinity for strontium,
and Yuskin (1972) has found some radioactive celes-
tite in the USSR with up to 8.4 X l0-8 percent
radium.

Orange celestite

The orange color in the studied specimens appears
to be associated with the presence of copper. The
color is thermally stable, and has an absorption spec-
trum entirely different from that of blue celestite.

The color is most likely due to the presence of Cu+.
In flree Cu+, the absorption for the transition 3dto -
3d4s occurs as a multiplet in the region 2.7-3.3 eY
(380-460 nm) (Moore, 1952). This is the region of
intense absorption observed in the orange celestite.
The color of cuprite, CurO, is probably due to this
mechanism as well.

The very low amounts of K and Na in the uni-
formly orange specimen LB l0 account for the in-
sensitivity of this specimen to radiation-induced col-
oration. The orange specimen LB 5 contains more Na
and K, and indeed is bluish in places.

Green celestite

Greenish celestite is sometimes reported in the lit-
erature. All of the greenish zones observed in this
study are due to the presence of sulfur inclusions
(sulfur being a common associate of celestite, espe-
cially in Sicily and Maybee, Michigan) in otherwise
blue crystals. These inclusions are easily observed
under 50X magnification. The combination of the
blue celestite with the yellow sulfur inclusions pro-
duces the green appearance.
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