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AssrRAcr

Synrhetic calcite doped with Mn and Mg has been prepared from aqueous solutions of CaC12 using four different methods: (l)

rapid precipitation using Na2CO3, (2) rapid precipitation using NaHCO3, (3) rapid precipitation using ammonium carbonate, and
(4) slow precipitation from solutions in contact with ammonirrm carbonate vapor. Calcite preparedusing methods (1) to (3) forms
rhombs I to 4 pm across and has relatively broad XRD peaks. Calcite prepared using method (4) forms rhombs up to I mm across
and has relatively nanow )(RD peak widths. Cathodoluminescence (CL) spectra were obtained to characterize the intensity,
wavelengtl and bandwidth of emission. Calcite prepared using methods (1) aad (2) generally has lorper CL intensity than

compositionally 5imilal' galgite prepared using methods (3) and (4). The wavelength of emission is independent of concentration
where Mn and Mg total less than approximately 0.01 atoms per formula unit, but increases at higher concentrations of these
elements. The bandwidth increases with the concentrations of Mn and Mg. Calcite prepared by methods (1) to (4) was heated in
CO2 and hydrothermally in the temperature range 75 to 400'C. Calcite prepared using methods (1) to (3) usually coarsens
significantly, and XRD peak widths become smaller on heating, especially in the presence ofwater. Little change in grain size or

XRD peak 'ridths takes place on heating calcite prepared using method (4). The intensity of CL increases as a consequence of

heating. Calcite made by methods (1) and (2) shows larger relative increases in CL intensiry on heating than that made by

methods (3) and (4). Hydrothermal feafrnent promotes a greater increase in CL intensity than does heating in CO2. The wave-

length of emission increases and bandwidth decreases on heating calcite that contains more than approximately 0.01 Mn and Mg
apfu.Wheretheconcentration of these elements is lower, changes in wavelengtl and bandwidth on heating are smaller and erratic

in direction. The effects of heating on CL intensity and XRD peak width are attributed to the annihilation of defects duri-ng

recrystallization. Changes in the wavelengttr and bandwidth of CL emission on heating are attributed to local redistribution of the

activator ions.

Keywords; calcite, synthesis, luminescence, recryrstallization.

Sorvluann

Ce travail porte sur la calcite synth6tique dop€e avec.le Mn et le Mg, et pr6par6e d pafiir de solutions aqueuses de CaCl2 selon
quatre protocoles diffdrents: (1) pr6cipitation rapide utilisantN*2CO3,(2)pr1nipitation rapide utilisantNaHCO3, (3) pr6cipitation

rapide utilisant le carbonate d'ammonium, et (4) prdcipitation lente d partir de solutions en contact avec des vapeurs de carbonate

d'ammoniun. La calcite pr6paree selon les m6thodes (I) I (3) se pr6sente sous forme de rhomboddres de 1 d 4 pm de taille, et fait
preuve de rdflexions relativement floues en diffraction X. La calcite pr6par6e selon la m6thode (4) se prdsente sous forme de

rhomboddres atteignant I mm de taille; elle possbde des raies relativement 6troites. l,es spectres de cathodoluminescence (CL)

ont 6td mesur6s pour en caractdriser l'intensit6, la longueur d'onde et la largeur de la bande d'6mission. La calcite pr6par6e selon

les m6thodes (l) et (2) monre en g6n6ral une intensitd CL plus faible que la calcite de composition semblable, mais pr6par6e

selon les mdthodes (3) et (4). la longueur d'onde de l'6mission est independante de la concentration dans les cas of les concen-
trations de Mn et Mg sont inf6rieures i environ 0.01 atomes par unit6 formulaire, mais elle augmente dans les cas of la con-
centration de ces 6l6ments est plus 6lev6e. La largeur de la bande d'6mission augmente avec la teneur en Mn et Mg. I-a calcite
pr6par6e selon les m6thodes (l) d (4) a 6t6 chauffde en pr6sence de CO2 eten milieu hydrothermal dans un intervalle de temperatue
entre 75 et 400oC. Les grains de calcite pr6par6e selon les m6thodes (1) d (3) deviennent en g6ndral plus grossiers, et les pics de

diffraction X devlennent plus 6troits suite au chauffage, surtout en pr6sence d'eau. Il y a trds peu de changement en granulom6trie

ou en largeur des pics de diffraction suite au chauffage de la calcite pr6par6e selon la m6thode (4). L'intensitd de 1'6mission CL

augmente avec le chauffage. La calcite prepar6 selon le.s m6thode.s (1) et (2) fait preuve d'augmsnlalisn, relatives en intensitE de CL
par chauffage, par rapport tr celle qui a 6t6 prdpar6e selon les m6thodes (3) et (4). Le traitement hydrothermal promouvoit une plus
grande augmentation en intensitd d'6mission CL qu'un traitement en presence de CO2. La longueur d'6mission augmente et la
largeur de la bande diminue suite au chauffage de la calcite qui contient plus d'environ 0.01 Mn et Mg atomes par unit6 formulaire.
Dans les cas of Ia concentration de ces 6l6ments est plus faible, les changements en longueur d'onde et en largeur de la bande
d'6mission suite au chauffage sontminimes et erratiques en direction. Les effets du chauffage sur I'intensit6 d'dmission CL et sur

la largeur des r6flexions en diffracdon X seraient dus I I'annihilation des d6fauts par recristallisation. l,es d6calages en longueur
d'onde de 1'6mission et en largeur de labande suite au chauffage seraient attribuables d la redistribution locale des ions activateurs.

(fraduit par la R6daction)

Mots-clds'. calcite, synthbse, luminescence, rccristallis4fi 6a.

I E-mail address: rmason@ sparky2.esd.mun.ca
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The major control on luminescence intensity in min-
erals is the presence and concentration of chemical
activators (such as manganese and rare-earth elements,
REE) and quenchers (such as iron) in the phase ofinter-
est. The minimum concentrations required to activate
Iuminescence that is detectable by eye are known to be
as low as ten to twenty parts per millien (Marshall 1988,
Machel et al. l99l), but the precise dependence of
luminescence intensity on concentration of activators
and quenchers is unknown. It is becoming clear, how-
ever, that trace-element abundances are not the sole
control on luminescence intensity. Mason (1994, 1997)
has shown that heating and radiation damage signifi-
cantly influence the intensity of the cathodolumines-
cence (CL) signal from synthetic calcite, and that in
natural calcite, heating causes changes in the wavelength
and bandwidth of emission. as well as in its intensiw.

These observations offer the prospect that th"r.aly
induced modifications to luminescence sDectra could be
used to estimate the paleotemperature of a carbonate-
bearing rock. Such estimates would be valuable in tne
temperature region below 300oC, where phase equilibria
are improbable because of kinetic constraints, and
especially valuable below 200oC, where the maturation
of organic matter takes place.

The prospect of a geothermometer based on CL is
complicated by intersample variability in response to
heating, which may be dependent on composition (Ma-
son 1997) or on crystallinity (Mason 1994). The present
study extends previous work by investigating how the
luminescence signal and iS response to heating depend
on the crystallinity and composition of synthetic calcite
with grain sizes spanning the range from micrite to
sparite. In addition, the effect ofheating in the presence
of water (conditions similar to those that would apply
during burial of sedimentary rocks) is compared with
heating in the presence of CO2.

Exppnnr,nxrar Mrrgoos

The methods of synthesis were designed to produce
suites of synthetic calcite of widely differing chemistry
and degree of crystal perfection (crystallinity) to be used
as starting calcite in a series of heating experiments.

Synthesis

Calcite was precipitated from aqueous chlorides of
Ca, Mg and Mn prepared from reagent-grade powders.
The concentration of CaCl2 was 0.1 m/L, and those of
MnCl2 and MgCl2 were adjusted to produce the desired
composition of calcite.

Four different methods of precipitation were used:
(l) Synthesis from manganese-bearing solutions over 7
to l0 days using ammonium carbonate vapor (ACV) as
the titrant. In three experiments small quantities of Mg

were present in addition to Ca and Mn. The products
of this method of synthesis are called ACV calcite;
further details are given in Mason & Mariano (1990).
(2) Synthesis from manganese-bearing solutions by add-
iag NazCOg (NC) solution over a period of approxi-
mately 30 minules (NC calcite). (3) Synthesis from man-
ganese-bearing solut ions by adding ammonium
carbonate (AC) solution over a period of l0 minutes
(AC calcite). (4) Synthesis from manganese- and mag-
nesium-bearing solutions by adding sodium hydrogen
carbonate (NHC) powder over a period of 10 minutes
(Glover & Sippel 1967) (NHC calcite). The NC and AC
syntheses were carried out at low temperature (2.5 to
6"C) to avoid coprecipitation of vaterite. The ACV and
NHC syntheses were carried out at room temperature.
At the conclusion of an experiment, the precipitates
were washed with distilled water and dried in air.

Chemical annlysis

The samples were analyzed by atomic absorption
(AA) for Ca, Mn and Mg. ACV calcite was also
analyzed using a Cameca Camebax SX-50 microprobe
equipped with a Link Analytical eXL energy-dispersion
spectrometer (EDS). The concenfration of Ca was meas-
ured by EDS, and that of Mg, Fe and Mn was measured
by wavelength-dispersion methods. Calcite, dolomite
and rhodochrosite standards were used. The operating
conditions were: accelerating voltage 15 kV, beam cur-
rent 10 nA, and beam diameter 20 pm.

X-ray dffiaction and scanning elecffon microscopy

An aliquot of each starting calcite and selected sam-
ples of heated calcite were prepared for powder X-ray
diFlraction Q(RD) to identify crystalline phases. ACV
calcile was crushed under acetone and spread on a glass
slide. NC, AC and NHC calcite was of sufficiently small
grain-size that only disaggregation was required for
slide preparation. Selected samples were mounted with
Si metal in order to measure unit-cell parameters. Data
were acquired using either a Philips 1800 or a Rigaku
RU-200 automated diffractometer. Samples were
mounted on Al stubs and coated with gold before being
examined with either a Cambridge Instruments
Stereoscan 25O or a Hitachi 5-570 scannins elechon
microscope.

Heating

Heating was carried out in the presence of CO2 by
filling a verrical ceramiclined tube furnace with the
pure gas. Temperafures were recorded every few min-
utes during the 15- to 20-minute warm-up period and
thereafter, several times per day. Recorded temperatures
did not vary by more than 3oC after warm-up and are
believed to be accurate to t5oC. Quenching to room
temDerahrre took 2 to 3 minutes.
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The starting calcite was sealed in platinum tubes for
experiments conducted in the presence of water (hydro-
thermal experiments). The amount of water added was
from 0 to 8.6 wtVo. The starting calcite was not dried
before loading the tubes, so tlat adsorbed water was
always present. Pressure was measured by a calibrated
Bourdon gauge and transmitted by argon gas. Tempe-
rature was read every few minutes during the 20- to
40-minute warm-up time and thereafter several times
per day. Recorded temperatures are accurate to within
5" and did not vary more than t2 to 4oC over the period
of each experiment.

At the end of the experiment, the pressure vessel was
cooled isobarically in a strearn ofcompressed air. The
tubes were cleaned and weighed. Those showing a
weight change of more than 10.0005 g were considered
to have leaked and were discarded.

Lumine s c enc e meas urements

Luminsssgnge was excited using a modified JEOL
IXA-50A electron microprobe operating at aD, acce-
Ierating voltage of l0 kV with a beam diameter of
approximately 50 pm and a beam-current density of
approximately 14 p"NrurP.

Spectra were collected on a Gamma Scientific
NM-3H monochromator coupled to the microprobe
optics by a fiber optic cable. All other instrumental
details are as in Mason ( 1994). Seven to ten spectra were
collected from each sample. Each spectrum was cor-
rected for photomultiplier dark current and background
(see below). Comparisons between samples are based
on spectra collected in the same range of wavelengths
(500 to 800 nm); consequently, corrections for
photomultiplier response were not applied. The wave-
length scale of the monochromator was calibrated in
the range 300 to 1000 nm using the emission from a
mercury vapor lamp.

Each spectrum was fitted using a background func-
tion (y - bo exp l-xlbl), with b. the amplitude and
b1 the rate), and a peak function (the Haarhoff - Van
der Linde function):

, r __ ! ! L :
J a1a3,!2n

'ry/c+*)

in which ao is the arca. at the center of the undistorted
peak, a2 the width, a3 the distortion, and 4 = (x - a)/az.
This function accommodates assymmetrical peaks. The
constants derived from the fitting procedure were aver-
aged to derive values for the CL intensity, wavelengtho
bandwidth and standard errors in these parameters.
Throughout this work, the quoted CL intensity refers to
the peak are4 emission wavelength is given as the peak
center (position of the maximum calculated signal, de-
noted I), and bandwidth is given as the full-width at
half-maximum height (f). The area under the peak is a
better measure of intensity than is peak height because

[*[;']']-'.+['{-d]'

it takes account of differences in peak width among the
samples.

Measurements on starting calcite were used as a ref-
erence againsl which spectra from heated calcite were
compared. Changes in the CL puameters following
heating are measured by the intensity ratio Isllp"l
(H: heated, Ref: reference), change in emission wave-
length, A\ = In - )rn"r, nm) and change in bandwidth,
Af 1= Pr - fsg1, nm).

Rssulrs

Nature of the starting calcite

ACV calcite foflns transparent rhombs, typically 50
pm to 1 mm on a side, in some cases with irregular ter-
minations. ACV calcite precipitated from Mg-bearing
solutions has fewer well-developed faces than that pre-
cipitated from Mg-free solutions. Vaterite was found
in the products of some (Mg-free) experiments, invari-
ably aggregated into spheres and easily removed by
hand-picking before the CL measurements and heating
experiments were performed.

AC and NC calcite form rhombs and modified
rhombs typically less than I pm across, usually aggre-
gated into spheroidal masses (Fig. la) and, in some
cases, with a spherulitic texture. NHC calcite with high
Mn and Mg forms aggregates of modified rhombs that
range from less than 1 to 4 pm across, fhe larger sizes

Hc. la. Physical appearance of NC calcite. Scale bar: 3 pm.
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being found in samples containing lower concentrations
of Mn and Mg. Two samples of NHC calcite have com-
positions that lie inside the calcite - dolomite solvus.
XRD spectra show that they are single-phase, though
with broad reflections.

Table I gives the bulk compositions. The bulk Mn
concentration for ACV calcite ranges from I x lOa to
approximately 0.(X atoms per formulawit(apfu). Mag-
lesirrm is present in three sampleso attaining 0.03 apfu.
Manganese concentrations in AC calcite range from
7 x lf to 1.4 x lf apfu. Manganese concentra-
tions in NC calcite lie between 3 X 10-4 and approxi-
mately 0.01 apfu. Ia NHC calcite, Mn concentrations
are between 0.004 and 0.09 apfu, and Mg reaches
0.3 apfu. NHC calcite with a high concentration of Mn
also has high Mg. These elements total 0.33 apfuin*vo
samples.

ACV calcite is zoned in Mn and, where present in
the starting solution, Mg. Both sector and concentric
patterns of zonation are observed. Manganese concen-
trations in individual CL zones range from below the
limit of detection of the microprobe (6.6 x lf apfu,
2.o) to a high of 0.07 apfu. Magnesium concentrations
in individual zones attain 0.05 apfu. Calcite crystals
made by the AC, NC and NHC methods are too small
for microprobe analysis and for 2sning to be detected.

With the exception of NHC calcite wirh high con-
centrations of Mn and Mg, the unit-cell dimensions are

TIIE CANADIAN MINERALOGIST

FIc. lb. The same calcite as shown in Figure la after heating at400C for 96.7 hours in the
presence of water. Note the increase in grain size and loss of edges and faces compared
with (a). Scale bar: l0 pm.

very close to the values for calcite given by Reeder
(1983). There are no systematic differences attributable
to method ofsynthesis, but both a and c become shorter
with increasing replacement of Ca by Mn and Mg.

Luminescence of starting calcite

The lumiaescence measurements are given in Table
1. Figure 2 shows the CL intensity as a function of Mn
content. The data shown were collected in a single day,
and great care was taken to ensure stability of the
microprobe during data collection.

Intensity increases with Mn concentration to a
maximum for ACV calcite containing approximately
0.04 Mn apfu.NHC calcite, in contrast, shows system-
atically declining intensity of emission between 0.004
and 0.09 apfuMn. Within the composition range from
approximately 0.005 to 0.04 Mn apfu, therefore, two
different trends of concentration dependence are
observed. Calcite synthesized by the NC method gener-
ally has slightly lower intensity of luminescence than
compositionally similal AC and ACV calcite.

Starting calcite has emission wavelength (I) in the
range 598 to 618 nm Clable 1). There is no evidence of
any dependence of )r. on method of synthesis. In ACV
and NHC calcite, there is a positive dependence of
wavelength on the combined concentrations of Mn and
Mg that becomes apparent when these elements total



94007 AC
9,1@8 AC
94009 AC
8800t Ac
8E020 AC
89029 ACV
89030 ACV
90040 Acv
9043 ACV
92014 ACV
,2015 ACV
94029 ACV
94030 ACV
94031 ACV

q2019(o) NC
90r9(b) Nc
92y2qa) NC
e2r2w) Nc
,2020{a) Nc
941OI NHC

IV2 NIIC
94103 NHC
94104 NIIC
94105 NHC
94110 NIIC
94ll l NHC

tt2 NHC
utls NHc
94114 NHC
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TABLE I. CHEMISTRYAND LIJMINBSCENCE DATA FOR STARTING CALCM 620
lyp€ Q'

to93

595
10-5 104 10-3 1O-2 1O-1 100

Mn + Mg (atoms p.f.u.)

Frc. 3. Dependence of the wavelength ()t) on the combined
concentration of Mn and Mg. Concentration is plotted on a
logarithmic scale. Symbols as Figure 2.

starting calcite have f greater than 82 nm (Iable 1).
Bandwidth increases with the combined concenffations
of Mn and Mg (Fig. 4). There is no evidence of any
systematic dependence of f on method of synthesis.

Effects of heating on CL spectra

Heating experiments were carried out at tempera-
tures in the range 75 to 400oC for up to 1921 hn, with
the majority of experiments in the range 15 to 50 hn.
hessure in the hydrothermal experiments was 500 + 40
bars except in a series of experiments on AC calcite at
300'C, in which pressures of930, 1660 and 2146bars
were used. Pressure in the COz experiments was
approximately I bar. Results of luminescence measure-
ments on heated calcite are presented in Table 2.

l t (m) f s(m)

0.00072 10.6(0.3) 600.1(0.2) 7E.3(0.1)
0.000v2 nA Q.3) 599.9 (0.0) 7e.5 (0.0)
0.@t47 13.8(0.3) 600.1(0.1) 78.7(0.1)
0.00003 0.4 (0.0) fi2.4(2.6) 71.0 (3.3)
0.00@6 2.2(0.2) 600.0 (0.8) 78.7 (0.8)

0.981 <d 0.00013 7.4(0.9) 599.E(0.3) 79.0(0.2)
0.9sr <dr 0.00032 5.6(0.6) 600.6(0.3) 7E.2(0.3)
0.898 <dt 0.0356/J 3E"9(2.0) 605.3(0.2) 79.4(0.2)

0.00027 6.0(0.E 601.5(0.E) 81.2(0.7)
0.00892 31.4(0.4) 600.3(0.1) 79.2(0.1)
0.0t792 .1 (t.0) 599.3 (0.3) 79.7 (0.2)

0.943 0.007 0.00018 4.6(0.1) 602.7(0.9) E0.6(0.6)
0.923 o.i lr 0.00il1 6.7(0.3) 601.6(0.3) E1.0(0.3)
0.906 0.031 0.000tE 606.5 (0.2) 81.3 (0.6)

0.0005e 4.8(0.4 600.7(0.2) 7e.6(0.3)
0.0004e t.9(0.1) @2.r(0.3) 76.2(0.4)
0.w2 27.9 (0.5' 599.9 (0.2) 80.8 (0.2)
0.00567 16.6(0.3) 600.2(0.6) 7E.6(0.1)
0.00030 3.1 (0.1) 600.s (0.3) 78.0 (0.1)

0.708 0.305 0.v2952 6.9(0.1) 610.8(0.5) 92.4(0.3)
0.943 0.050 0.0064E rs.5(0.6) 605.4(0.3) El.?(0.1)
0.9u o.s24 0.00747 600.6(0.r) 81.2(0.0)
o.En 0.017 0.00431 600.3(0.1) E0.6(0.1)
0.983 0.006 0.00361 31.2(1.4) 6m.0(0.2) 10.6(0.4
0.6E8 0.U7 0.@16 2.8(0.1) 6t8.0(0.4) S2.0(0.5)
0.964 0.028 0.0045E 59.8(0.2) 84.1(0.1)
0.912 0.0t6 0.N62A 598.5(0.1) El.9(0.1)
0.981 0.006 0.00523 599.5 (0.1) ?9.4 (0.t)
0.985 <t 0.co624 59D.6(0.1) 19.2(0.2)

- 
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more than approximately 0.01 apfu (Fig. 3). There is no
discernible dependence of wavelength on composition
at lower concenhations for any of the different types of
starting calcite. (See the Discussion regarding the choice
of total Mn and Mg as the independent variable in this
and other figures.)

The range ofbandwidths (f) observed for the syn-
thesis products is 76 to p),nrn,btt only two s"mples of
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Ftc. 2. Relationship between CL intensity and Mn concentra-
tion for starting calcite. The dotted lines highlight tren<ls
described in the text. Concentration is plotted on a loga-
rithmic scale. Error bars srs ls5s rhan the symbol size.
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TABII 2, CHANGES INIIJMINESCENCEPAMMETERS FOREMTED CAI'ITE

Rm Sffiitrg Tery. Tire ldh4' Al A.f
doib eq G@) (m) (m)

CO, (l b{)

P@ Shing TeEp. Tire IdI'd' Al AI
cabns eq Gm) (m) (M)

gsu2tr 9,f008 t23 2a.2 l.16(0.03) -0.21(0.20) 4.02(0.49)
950,61-1 94008 t28 190.8 1.,+0(0.05) -0.83(0.3O 0.65(0.41)
95027-1 9,+008 196 2a l.l3 (0.04) l.2l (0.34) -0.88 (0.s2)
940y2 94008 407 24.1 r.55(0.M) 123(022) -1.48(0.47)

AC ?5 -,t00 'C
NC 250 .C

9s013 s2s2w)
95014 mo2@)
95010 m020(b)
95011 n02w)
95015 92d2w)
9s0t2 m02w)

NC 300 6C
95007 ns20(b)
9s008 9202w)
e5009 t2gzw)

NC,too "C
95001 ,2!2W)
95(y02 ns}W)
950m E2O2W)
95004 y202W)
9s005 92020(b)
93012 y2uzq.b)
95006 nmw)

NC 200 b 400'C
95070 E2020(a)
95064 92t20(a)
95061 '2V2(\a)
93013 ,z@qc)

AC 200 h 300 0c
9506E 94007
95062 94097
95065 94007
95069 9,rcO9
95063 94@9
95066 94009

NHC 400 "C
t?2 101

94118 taz
ttg t03
t20 t04
L2t 94105

94t25 94110
94123 94110

126 941ll
94tn 94t12
94,24 941t3
94129 94t14

4 l.8l (0.06) -3.91 (0.23) 4.ee (0.4e)
24.4 l.1s(0.06) -5.96(0.r9) -r.12(0.49)
71.r 1.98 (0.20) -6.28 (1.18) 0.m (0.e5)
100.3 2.06(0.21) -5.21(r.19) -0.17(0.r)
1M.9 1.84(0.0?) -6.90(0.22) -1.61(0.48)
150 r.e9(0.25) -3.37(o.e2) 4.84(0.87)

24 2.09(0.t8) 4.44(r.01) -1.9E(0.91)
13.s 2.1s(0.r9) -3.92(0.7E) -2.07(0.E6)
307.5 2.35(0.t9) -r.62(0.69) -r.56(0.78)

2 L9t(0.32) -1.17(0.59) -0.32(0.92)
4 299(0.32) 4.7r(0.74) 4.2a(o.c2)
6 2.81(0.32) -0.9r(0.59) 4.05(0.91)

12.3 2.at(0.2e) 0.20(0.s6) 4.20(0.80)
18.3 2.40(0.32) -t.37 (0.v) 0.n (0.81)
26.5 2.61 (0.09) -0.43 (0.15) -r.32 (0.48)
37.7 2.86(0.29) r.U(0.9r) -1.14 (0.8r)

24 1.83 (0.09) -1.s5 (0.42) 1.06 (0.67)
23.3 1.94 (0.07) -1.37 (0.39) 0.43 (0.63)
26 2.08(0.07) -1.5?(0.38) 0.43(0.66)
25 3.38(0.25) 0.l l (0.53) -0.42(0.E6)

24 1.43 (0.05) -1.E0 (0.28) 0.93 (0.56)
2s3 1.52(0.07) -0.35(0.,O) 0.12(0.59)
26 r.62(0.03) 0.21(0.48) 4.65(0.57)
24 1.24(0.03) -0.70(0.31) 0.00(0.43)

23.3 1.37(0.03) 4.44(0.16) -0.40(0.40)
1.50(0.03) -0.79(0.14) 0.0E(0.38)

24.a 5.n (0.2r) 5.44(0.s6) -3.12(0.6r)
ra.2 3.09(0.07) 0.4r(0.30) -2.09(0.38)
ta.z 2.62(0.M) r.42(0.19) -2^82(0.22)
r8.z 3.62(0.09) -0.55(0.2t) -2.25(0.46)
?A.a 1.69 (0.0E) 0.91 (0.45) -2.81 (0.&7)
21 6.70(0.11) 10.83(0.42) -5.42(0.74)

24.a 6.92(0.13) 13.06(0.36) -5.93(0.75)
21 4.12(0.t4) 4.75(0.22) -5.43(0.34)
22 3.s6 (0.16) 2.91 (0.22) 4.t7 (0.43)
n 2 (o.os) t.6(0.?3) -2.2s(0.36)
t2 L70(0.M) -0.04(0.30) -1.60(0.55)

45.8 r.09(0.04) r.86(0.3s) -1.E2(0.47)
118.4 1.81(0.05) l.?8(0.20) -2.t5(0.42)
120.6 2.62(0.10) 2.79(0.t9) -2.V(0.48)
6.4 3.00(0.12) 0.90(0.26) -1.64(0.53)
29.2 3.77 (0.r4) 0.37(0.12) -2.07(0.48)
5.1 3.77(0.Is) 0.03(0.IE) -1.r3(0.52)

22.5 r.23 (0.M) {.25 (0.41) 0.5E (0.73)
zs.s r.66(0.08) -r.65(0.39) 2.12(r.05)
8.2 l.9l(0.0E) -2.68(0.44) 1.46(0.E5)
503.r l.8l (0.04 0.52(0.48) 0.19(1.20)
23 3.42(0.09) -0.55(0.3?) 0.62(0.60)

22.3 5.71 (0.2E) -0.79 (0.3r) r.39 (0.85)
4.2 s.26(0.r7) -r.32(0.45) 0.16 (0.95)
503.E 7.03 (0.29) -1.19 (0.52) 2.71 (1.06)
29.7 6.34(0.14 o.l8(0.40) -2.50(0.9r)
4&4 6.22(0.17) o.t1(0.4o) -1.57(0.91)
n.5 6.33(0.25) -r.16(0.24) -1.s0(0.s6)
663.3 3.65 (0.09) -1.72 (0.38) r.54 (0.65)
27 7.U2(0.36) -t.51(0.40) l. l0(0.87)
48 7.29(0.22) -0.65(0.42) 2.r2(r.0/2)

70.6 5.39 (0.20) 0.64 (0.38) -0.6E (0.79)
96.7 5.s6 (0.26) -1.33 (0./t0) 0.06 (0.63)
663 6.st(o.rs) 0.72(0.35) -0.7r(0.78)

lE4 1.05 (0.03) 0.39 (0.22) 0.m (0.30)
n.9 1.49(0.02) 0.10(0.14) -0.r8(0.18)
64 1.65(0.03) 0.s0(0.3? -0.6r(0.52)
21.7 t.72(0.s2) 1.55 (o.27) -r.71 (0.50)
[e.8 1.65(0.02) 0.7t(0.30) 4.80(0.5t
2t.a 2.21.(0.03) 0.44(0.2t) 4.El (0.39)
23.a l.Ee(0.03) 0.l l(0.20) 4.24(0.31)

n3 0.91(0.04) r.M(0.26) -0.0e(0.4e)
lE4 r.04(o03) 0.36(0.2) 0.14(0.42)

rni.4 1.24(0.03, 0.4s(0.28) -0.34(05D
27.3 1.07(0.04) r.4r(0.22) -1.05(0.51)

1820.4 r.2E(0.U) 0.46(0.28) -0.34(0.50)

95022 94004
95032-t 94009
9s02s-l 9,1009
95U2+1 94009
gsmr 94009
95U20 94009
94093 94009

ACV ,rO0'C
94@4 94t29
940a9 94029
9495 94030
94490 m0

NHC 200 &40fC
94106 9410I
94108 9410r
941t6 102
94115 103
94109 94103
94rr1 94105

ACV 75 - 400 "C
950v2 89t29
95093 89m9

95051-1 89029
9505Gt 8W29
95052-t 89029
95055-1 89U29

ACV 75 - 400 "C
95095 8m30
9s096 89030
95097 89030

95051-2 89030
95052-2 89030
95053-2 89030

ACV 75 - 400 'C
95098 9@,10
95099 900,10
95100 9()040
95101 90040

950s62 90M0
9505'2 90040

ACV 75 - 400 0C
95t02 90043
95103 90043
95tM 900f3
95105 9@43

ACV ,100 oc
940s2 94U29
9,t083 94030
94084 94031

NC 100 - 400.c
9508G2 92.o20ft)
9508r-2 CZ0,0$)
95082-2 92V2W)
9503+2 9020{b)
95035-2 nv2i@)
95037-2 C2020(b)
950362 C2020&)

NC 75 - 400 "C
9s09rl2 CmnG)
9504+2 ns20(c)'9su5-2 

E2sn&)
95@1-2 Ez@n\o)
9sU1-2 9?-024{c)
95M6F2 92An@)
95M3-2 92O2.0{o\
95M2-2 92m0{e)
9503C2 ns2.{\a)
95t77-2 E2-920\c)
9505U2 92g2f{io)
9504+2 92o2r{io)
9503U2 E2cn{c)
9507G2 9292,o(a)

AC 75 -,t00 'C
9503G2 94007
9502*2 94007
9507V2 9401
950A7-2 Wt1
9SO7r2 94097
%086 94Vl

2s1
251
253
250
252
250

3 0 t
3 0 1

391

395
384
396

t96
254
30t
383

1 9 6
254
301
r96
254
301

394
396
396
396
394
398
394
398
392
392
392
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44.a r.20(0.05) -0.9r(028) 1.25(0.48)
160.4 Lt3(0.03) -0.92(0.rt 0.81(0.36)
4L7 r.L2(0.05) -0.57(0.23) -0.41(0.45)
42.6 1.06(0.02) -0.91(0.24) 1.73 (0.40)
45 1.15(0.02) 0.03(0.15) 0.68(0.38)

44.3 r.33 (0.04) -0.4s (0.07) 0.37 (0.36)
2l.E r.75 (0.01) 0.,16 (0.09, -0.n(0.29)

2t.4 2.70(0.20) 0.16(0.96) -r.06(0.69)
24 3.06(0.2r) 0.00(0.ee) -0.88(0.69)

22.7 1.33(0.08) 1.62(0.53) -0.84(0.44)
24.4 1.24(0.06) 0.E5(0.48) 4.37(0.49)

r4.8 4.69<0.25) 7.44(0.99) -3.37 (0.73)
5.6 16.54(0.66) 9.25(0.76) -1.40(0.63)
le.3 2.16(0.0s) -1.51(0.32) -3.15(0.44)
19.1 r.92(0.03) r.48(0-25) -2.n(0.2s)
s.9 3.35(0.06) r.14(0.2r) -1.9r(0.2t
t9.5 r.73(0.M) r.l5(0.47) -2.r4(o.tE)

23 0.65 (0.05) 0.8:r (0.85) -3.m (0.85)
22.5 0.9?(0.0A 0.41(0.3r) -0.42(0.69)
4s 2.53(0.15) -1.07(0.70) 0.13(0.51)

L3.1 r.65(0.10) r.It(0.65) 4.79(0.68)
27 1.78(0.r5) 2.04(0.6s) -1.46(0.63)

23.2 r.86(0.10) 1.73(0.62) -t.63(0.62)

22.7 r.20(0.07) -2.16(0.5r) r.62(0.38)
21.3 l.3r(0.06) 0.66(0.35) 4.13(0.31)
2r.2 0.72(0.02) r.r2(0.3q -r.02(0.43)
45 r.68(0.16) -2.00(0.41) 1.89(0.50)
27 2.12(0.19) -3.52(0.E5) 3.09(0.59)
23 r.81 (0.19) -0.60 (0.38) 0.5s (0.42)

2t.e r.33 (0.10) -3.43 (0.54 0.s3 (0.32)
?2 1.,14(0.07) -2.81(0.31) -0.39(0.26)

20.9 1.28(0.07) 4.57(0.38) 1.90(0.30)
20.8 t.n(0.07) -t.n(0.40) 0.32(0.33)
2s.7 l.8lr(0.08) -1.74(0.38) -0.60(0.2s)
23.2 2.26(0.09) -1.56(0.30) -0.69(0.30)

21.5 l.r7(0.06) 0.?3(0.&3) -Zu(0.72)
27.a Lu (0.05) -0.20 (0.90) -1.65 (0.75)
24.2 1.59(0.[) -1.30(0.80) -1.10(0.73)
24.8 1.73 (0.13) -1.95 (0.98) -0.85 (0.90)

20.4 2.63 (0.28) 0.0r (0.97) -1.33 (0.65)
2s.E t.39(0.01) 2.12(0.31) -1.s9(0.46)
2r.8 3.15(0.34) 4.07(0.49) 0.43(0.78)

45.r r.44(0.05) r.90(0.26) -2.s4(0.43'
118.4 1.75(0.o7) 1.49(0.18) -2.05(0.,$)
720.6 2.33(0.M) Ln@.23) -1.33 (0.38)
6.4 3.99(0.16) 0.20(0.20) -r.87(0.52)
29.2 3.93(0.16) 0.19(0.18) -2.26(o.so)
5.7 3.70(0.t5) -0.16(0.22) -1.79(0.51)
30-4 3.43 (0.18) 0.34 (0.21) -1.87 (0.50)

77 225 r.21(0.M) r.39<0.46) -r.22(0.88)
104 48.2 1.93(0.06) -0.34(0.46) 4.81(0.9)
99 503.1 2.35(0.04 -1.37(0.52) l.5E(l. l l)
154 23 3.2t (0.09) 1.42(0.43) 4.96(0.79)
198 48.2 4.48(0.12) -0.38(0.43) -r.25(0.n)
rn 503.8 6.10(0.3r) -0.60(0.34 0.68(0.E6)
29a 29.7 1.n (0.n) 4.U (0.4) -0.06 (0.e1)
302 4a.4 6.74(0.19) 0.22(0.4r) -2.36(0.90)
300 97.5 6.29(0.m -0.t2(0.%) -1.06(0.83)
29 663.3 4.27(0.r3) 0.90(0.35) -1.00(0.77)
4t2 n 1.00(0.36) -1.2t(0.34 0.E4(0.85)
399 4E 7.75(0.22) -r.54(0.42) 3.41(r.03)
4@ .7 5.53 (0.22) -r.r7 (o.22) -1.09 (0.56)
3n 6$ 5.62(0.16) -1.8r(0.54) I. i l(0.84)
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m3
400

398
40l
4M
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208
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394
200
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75
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195
303
z99
4M

8t
t05
t49
t95
29
403

79
109
t54
2.40
303
444

77
160
3U2
3E7

,|{}0
43
401

99
t49
252
302

,t0l
395

NC 100 - ,()0 'C
9508Gr 92.02q.q I
95081-1 02w) r49
95082-l S2mn<D 252
95034-l nmw) 3v2
95031r ,?!2W) 299
95037-r ns20(b) 401

NC 75 -,400.C
9509G1 92q2qc) 77
95M7-1 92t2-qq 103
9504G1 ,2U20\c) 104
95M!l c2.0m$) I
95091-1 Czgzo(c) 154
9504&1 92ft2.qc) 198
95Mt-l E2-om{a) 198
9sM61 92@n\q r97
95M3-7 9202n{c) 298
95U2-L nmqq 3s2
9503s1 sm2a@) 300
95077-l ,2o20{a) 291
9505GL?32qa) 4m
9504+l Y2O23(c) 399
950E3 Y2o20{a) 406

950391 nozn\c) 4A
930761 E2020\a) 3n

AC 75 -,100'C
9503G1 9&V1 75
95t2vl 944t7 201
95fi8-t 940m 196
950E7-l 94007 300
95079-1 940t7 299
94085 94097 398
94091 940t7 404

AC 75 - 400 0C
95033-1 94008 76
95031-1 94008 76
95059-1 9,{008 74
gstz6-l 9,008 lg2
9506G1 94008 99

75
201
196
3@
29
,t0l

r84 l. l0(0.03) 0.27(0.14) -0.30(0.20)
n.9 1.55(0.02) -0.46(0.19) -0.14(0.r9)
6A r.69(0.03) -0.72(0.41) 4.06(0.52)
21.7 1.67 (0.03) 2.01 (0.31) -1.96 (0.57)
119.8 1.88 (0.04) l.0l (0.38) -r.m (0.5J)
23.8 2.lr(0.06) 4.31(0.21) 4.44(0.38)



HEATING AND LUMINESCENCE IN SYNT1IETIC CALCITE 1095

S6dng Tq. Is/IMr Al Af

AC 75 - 400 "C
95033-2
9503t-2
9592G2
950&2
95V2r2
9506t-2
95921-2
94097

AC 75 - 400 "C
95019

95032-2
95018

950232
9502.+2
9s017
95086 '
9508E '
95089 4
95016
9408E

ACV 400 0C
94042
94083
940E4

27.3 1.08(0.02)
lE4 l.0r (0.03)
27.3 0.97(0.O2)

rE20.4 1.32(0.M)
2a.2 l.l5 (0.03)

190.8 1.23 (0.04
2a l.2l (0.08)

23.a r.73 (0.03)

-0.52(0.25) 0.26(0.s0)
t.3 5 (0.22) - t.0 r (0.43)
Ln(o.n) -r.2r(0.s3)
0.15 (0.38) -0.32(0.41)
0.9e (0.23) -l.ol (0.49)
1.52 (0.4s) -r.ll (0.44)
1.30(0.27) -0.61 (0.53)

-0.28(0.2t -0.37 (0.49)

-2.46 (0.49) r.76 (0.46'
4.29(0.r0) 0.12(0.36)
0.3e(0.08) 4.25(0.30)
-t.20 (0.23) -0.3? (0.49)
-3.13 (0.51) 2.90 (0.34)
4.55 (0.14) 0.56 (0.32)
0.22(0.rD -0.&r(0.3e)

4.86(0.12) 0.24(0.,r0)
4.14(0.13) -0.92(0.40)
0.37(0.07) 0.04(0.2e)
0.4r (0.10) -0.s7 (0.32)

0.01 (0.y/) -1.33 (0.65)
2. 12 (0.37) - r.59 (0.46)

4.07(0.49) 0.43(0.7r)

r.29 (0.02)
l.rE (0.02)
r . r4 (0 .0D
r.19 (0.(X)
l. l5 (0.08)
r.39 (0.03)
r.58 (0.05)
r.58 (0.M)
r.6e (0.04)
1.78 (0.01)
r.74 (0.M)

2.63 (0.2A)
1.39 (0.0'4
3.15 (0.34)

' $anlrd mh bockm'?Pr6N : 930 bm 3 Pros- 1660 bm
aPrEs=2146bN

X-ray-diffraction spectra show that NHC calcite with
compositions inside the calcite - dolomite solvus breaks
down into two phases on heating. The XRD reflections
from the exsolved phases are very wideo but the pat-
terns match a dolomite-like phase (without superstruc-
ture reflections) and calcite. Compositions estimated
from the (calibrated) positions of the lM reflections
indicate that the combined concentration of Mn and
Mg in the Ca-rich phase is less than approximately
O.Ol5 apfu. The relative intensities of the 104 reflec-
tions suggest that the dolomite-like phase is quantita-
tively dominant in all the two-phase mixtures. Other
samples of NHC calcite and all samples of AC, NC and
ACV calcite remain single-phase on heating.

The factors that influence the value of IH/Ipsr
obtained in a given experiment are temperature, method
of heating and method of preparation of the starting
calcite. There are also consistent differences among
samples prepared by the same method. There is no ev!
dence of a pressure effect in the hydrothermal experi-
ments within the range 5OO to 2146 bars. Changes in
CL intensity are accomplished within 2 to 5 hours at
100'C and above. The few data available suggest that
at a lower temperature, longer experiments are required
for the changes in CL intensity to be completed. The
quantity of water present il the hydrothermal experi-
ments has no influence on the value of IH/Ips1 attained
at any temperahfe or on the rate at which changes in
CL intensity take place.

Heating causes an increase in luminescence inten-
sity, with the majority of Is/Ip"1in the range 1 to 7. The
tull range of Ig/Ip"s is 0.65 to 16.5, with five experi-
ments yielding Ig/Ip"6 less than I and six giving values
greater than 7. The highest IF/Irsl c4me from an NHC
starting calcite sontaining 0.03 Mn and 0.3 Mgapfuthat
recrystallized hydrothermally to two phases at 400oC
(Table 2).

50 100 150 200 250 300 350 400 450

Temperature ('C)

O NHC NC AC
o ACV a 92020(b) tr 94007

a 92020(c) E 94008
E 94009

Ftc. 5. Isllner as a function of temperanre and starting calcite
for the hydrottrermal experiments. Note the difference in
scale ofthe abscissa in (a), (b) and (c). The curves and lines
have no theoretical significance. The line in (c) is that for
the 94007 data from O). The circled datum on (a) is from a
sample that broke down to two phases on heating. One
datum for NHC calcite (In/In"r = 16.5 at 400'C) is not
shown. Error bars are less than the svmbol size except
where shown.

The intensity ratio increases with temperature for any
given starting calcite and method of heating. When
heated hydrothermally, NC calcite has higher In/Iner at
a given temperature than AC and ACV calcite (Fig. 5).
The intensity ratio of heated NC calcite increases non-
linearly with temperature, apparently reaching a plateau
at 300 to 400'C @g. 5a). Intensity ratios for heated
calcite92O2O(b) are consistently lower than for heated
calcite9202O(c). Data for hydrothermally treated NHC
calcite are few, but Ig/Ips6 are similal to those for NC
calcite (Fig. 5a). NHC calcite with compositions inside
the calcite - dolomite solws invariably broke down into
two phases on heating. In general, Isllp"l is greater for

_ 2
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o
E,

'6
c
o
E

1

24.4
160.4
25.2
42.7
42-6

l5l.s

29
103.4

20.4
23.4
2t.a

9,t00E 76
94008 76
9400E ttz
9,t008 I
9,100E 123
94008 t28
9400E t96
94008 39

94009 74
9M 70
9M 94
9M 94
94009 tL?

0@ 201
94009 300
94009 30t
94{09 29
94009 400
9,m9 39

940|29 400
94030 &3
94tBt 4l
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Temperature ('C)

Hc. 6. lntensity ratio (Iriln"r) as a function of temperature and
starting calcite for the CO2 experiments. The curved line is
for NC calcit€ 92020(b) (from Fie. 5a), and the sraight line
is for AC calcite 94AO7 (from Fig. 5b). Symbols as Fig. 5.
The circled data are from samples that broke down to two
phases on heating.

these samples compared with NHC calcite that remains
single-phase. Intensity ratios for hydrothermally heated
AC calcite increase with temperature, but there is no
indication that a plateau is reached over the temperature
range studied. AC calcite 94007 has the highest, 94009
has intermediate, and 94008 has the lowest IgApef at any
temperature (Fig. 5b). Hydrothermally heated ACV cal-
cite has intensiry ratios similar to those of AC calcite
heated under the same conditions; there is, however,
considerable scatter in the data (Fig. 5c). There is no
compelling evidence of systematic differences in Inlln"r
among samples of ACV calcite.

Heating in CO2 generally yields lower intensity
ratios than heating under hydrothermal conditions
(Fig. 6). In NC calcite, the difference between the two
methods of heating is relatively large, whereas in AC
calcite it is small. The few data available for hydrother-
mal treatment of NHC calcite make clear that their
Ig/Ip"1 extend to higher values than for heating in CO2.
There are systematic differences among the types of
starting calcite, with NC calcite and NHC calcite
having higher In/Iner than AC and ACV calcite heated
under similar conditions. This behavior is similal 1q
that observed when heating is carried out in the pres-
ence of waler.

There is no significant difference in lg/Ir.l between
the two samples of NC calcite when heated in CO2. This
is in contrast to hydrothermal heatrnent. Two samples
of AC calcite heated in CO2 differ in Ilrlln"r, with
calcitn94O07 having consistently higher values than
calcite 94009. This difference is in the same sense as
observed in the hydrothermal experiments. Intensity
ratios for ACV calcite heated in CO2 (Mason 1994) are
essentially the same as for hydrothermal treatment.

4\
{91
\7

A

^n
o  c D  B n

0
$, '{. 

o

104 10€ 1O-2 10r 100

Mn + Mg (atoms p.f.u.)

FIc. 7. Intensity ratio (Ig/Ip"1) as a function of the combined
concenffation of Mn and Mg for hydrothennal and CO2
experiments conducted at 400'C. Concentration is plotted
on a logarirhmic scale. The circled data are from calcite
that broke down to two phases on heating.

In heated NHC calcite, Ig/Ip"s increases systema-

tically as .the combined concentration of Mn and Mg
increases from approximately 0.01 to 0.33 apfu. TIis
trend is most clearly shown by the data for heating in
CO2, although similar behavior is suggested by the more
limited dafa for hydrothermal treatment (Fig. 7). The
largest IH/Iq.6 are found for starting calcite that broke
down to two phases on heating. Among heated AC,
ACV and NC calcite, there is no evidence of any sys-
tematic dependence of Ig/Ip"s on composition, although,
as described above, individual samples of NC and AC
calcite attain different intensity ratios when heated under
the same conditions.

An attempt was made to ascertain if In/In.r is a
reversible function of temperature. The NC calcite
92020(c) was heated hydrothermally at 400'C for
71 hours, resulting in an lg/Ip"i of 5.4 t 0.2. Two
portions of this heated calcite were tlen separated
and heated hydrothermally for 164 hours at 480 bars,
one portion at l00o and one at 150oC. At 100'C there
was, statistically, no change in the intensity ratio
(Is/In"r = 5.6 t 0.2), whereas at 150'C the intensity
ratio increased to 6.8 + 0.2. The latter value lies within
the range of IH/Isgi observed for hydrothermal
heating of this starting calcite at 400oC. These results
show that the cha:rge in intensity induced by heating is
irreversible.

Heating induced changes in the wavelength of CL
emission in some experiments. The changes (A\) range
from -7 to 13 nm for calcite heated in COz and -4.6 to
9 n- for calcite heated hydrothermally (Iable 2). In
general, only changes in wavelength greater than
approximately f I nm at'e statistically significant. There
was no significant change in wavelength for either of
the reversal experiments.
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Ftc. 8. Change in wavelength (A\) as a function of the com-
bined concentration of Mn and Mg for samples heated in
COz at 20O to 400oC. The horizontal lines represent the
approximate limits of significant change in wavelength
(tl nm). Concentration is plotted on a logarithmic scale.
The circled data are from calcite that broke down to two
phases on heating.

Changes in wavelength are erratic for hydro-
thermally heated calcite, with no evidence that AL is
temperature-dependent. The largest A)t was recorded for
heatedNHC calcite (with Mn andMg toraling 0.33 apfu)
that separated into two phases on heating. There is no
evidence of a systematic dependence of A)t on compo-
sition for the remaining samples.

Wavelength became shorter in 15 out 19 experiments
in which NC calcite was heated in CO2 (Nt was insigni-
ficant for the remainder). There is a systematic decrease
in the magnitude of A\ (from an averuge of -4 to
-{.4 nm) with increasing temperature between 250 and
400"C. Among heated samples of NHC calcite, A)r is
dominally positive (i.e., wavelength increases on heat-
ing) and increases as total Mn and Mg increases from
0.01 to 0.33 apfu(Fie.8). At the latter composirion, rwo
phases formed during heating. Changes in wavelength
for heated AC calcite were invariably very small.

Changes in the bandwidth (Af) of the CL emission
peak are generally small (ranging from -6 to 3.5 nm)
and typicaly less than t2 nm. tn hydrothermally heated
NHC calcite, Af is consistently negative (1e., the band-
width decreases on heating), but in AC, ACV and NC
calcite, it is erratic in sign. There is no evidence of any
dependence of Af on composition or temperature. The
greatest changes in bandwidth were found in NHC
calcite heated in COz Grg. 9) and, as with the hydro-
thermal data for this type of calcite, AI is consistently
negative. There is no evidence of any dependence of
AI on temperature for any of the different types of start-
ing calcite, but Figure 9 suggests that in salsite ssatain-
ing more than approximately 0.01 Mn and,Mgapfu,the
CL emission band becomes narrower on heating.

104 10€ 1O-2 1O-1 100

Mn + Mg (atoms p.f.u.)

Flo. 9. Change in bandwidth (AI) as a function of the com-
bined concentration of Mn and Mg for samples heated in
COz at 2ffi to 2100"C. The horizontal lines represent the
approximale limits of significant change in bandwidth (tl
nm). Concentration is plotted on a logarithmic scale. The
circled data are from calcite that broke down to two ohases
on heating.

Other effects of heating

XRD peaks become narrower as a result of heating,
especially under hydrothermal conditions at 300'C and
above and for NC and NHC calcite. Figure l0 illustrates,
forNC calcite, the spectral region containing reflections
from lattice planes2l4,208 and 119. After hydrother-
mal fr'eatrnent at 300oC or above, the width of the peaks
is comparable to that of natural calcite. In contrast" heat-
ing hydrothermally at 100oC, or at any temperature in
CO2, has little effect on XRD peak widths. AC calcite
has substantially narrower XRD peaks, and heating
causes only a slight reduction. In ACV calcite (Fig. 1 1),
peak width is comparable to that of natural calcite, and
heating causes no change. Notably, any decrease in the
width of of XRD puks is greatest where Is/Ip"s is rela-
tively large. Unit-cell paftlmeters did not change as a
result of heating except where the starting calcite broke
down into two phases.

SEM examination of heated calcite shows that there
are systematic changes in grain sLe and morphology
during heating. These are most apparent in hydrother-
mally heated calcite. Figure lb illustrates an example
from the NC series. After being heated hydrothermally
at 400oC for 100 hours, the crystals have coarsened to
5 - 20 pm and have lost any faces and edges present in
the starting calcite @g. la). Similar changes take place
ia calcite of the AC and NHC series, though coarsening
of AC calcite is less extensive than that of NC calcite.
Hydrothermal treafinent of ACV calcite leaves the crys-
tals essentially intact, but with a little recrystallization
at the margins.
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Natural calcite

Hydrothermal

zt00 'C lgflp"y = 3,8

3tD 'C lg/|p"1= 4.0

100 'C lHflqef = 1 .4

60 61 62 63

20 (CulQ)

Ftc. 10. XRD spectra for the 20 region 60 tD 62" for natural
calcite and for AC calcite before and after heating hydro-
thermally and in COz.

DrscussroN

This discussion will fust deal with hypotheses that
may explain the data before going on to consider how
the results apply to natural calcite. Finally, some com-
ments will be presented regarding prospects for use of
CL as a geothermometer.

Controls on CL inter*ity

The principal observations to be explained are
(a) that heating of synthetic calcite causes an increase
in the CL intensity, (b) that different methods of syn-
thesis produce calcite that differs in its response to heat-
ing, and (c) that individual samples ofcalcite prepared
by the same method differ in their response to heating.
There are two hypotheses that can, in principle, explail
the effect of heating on CL intensity. Both hypotheses
involve changing the concentration dependence of

20 (CuK";

FIc. 11. )(RD spectra for the 20 region 60 to 62'for natural
calcite and for ACV calcite before and after heating hydro-
thermally.

luminescence. A briefreview ofthat dependence is pre-
sented below, and further details are given in Walker
(1985) and Imbusch (1978). A quantitative treatment is
given by Johnson and Williams (1950a, b).

As the concentration of activator ions in a matrix
increases, the intensity of luminescence increases to a
concentration beyond which the addition of activator
ions causes it to diminish. This phenomenon (concen-
tration quenching) arises because there is a finite prob-
ability that an activator in an excited elechonic state will
hansfer the excitation energy to an adjacent activator
that is sufficiently close. This process can continue until
the excitation energy is released radiatively (i.e., with
the production of luminescence) or non-radiatively (i,e.,
with the production of phonons only). Non-radiative
release is more probable if the excitation energy is
passed to an activator that is close to a def.ect (e.g., a
vacancy, an impurity, erc.) (lnbusch 1978). The more
rimes the excitation energy is passed among adjacent
activators, the greater the chance that it will eventually
encounter an activator on which non-radiative decay is
probable. Thus as the number of activator ions in close
proximity i-ncreases, so too does the probability of non-
radiative release of excitation energy.

If the distribution of activator ions on the available
sites is random, then as the activator concentration is
increased, the number of isolated activators will
increase, So too, however, will the probability of find-

63626160

Hydrothermal

400'c lHflRs, ='1.9

300'c lHnRqf = 1.8

100 'C IHnRef = 1

400 "C lp/lR"f = 2.4

250 'C Ig/13"1 = 1.4
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ing activators on adjacent sites in clusters of different
sizes. At a high concentration of the activator, there are
relatively few isolated activator ions, resulting in rela-
tively low intensity of luminescence. The distribution
of the activators on the available sites (in clusters, in
random occupancy, in patterns of order, etc,) and the
nature and concenffation of defects that encourage non-
radiative release of excitation energy will therefore play
importantroles in controlling CL intensity. The hypoth-
eses to be considered deal with these effects; they will
be stated, then compared with the evidence presented
above.

The hypothesis of defects: Defects ofunknown type
are present at different concentrations in calcite made
by different methods. Heating causes destruction of
these defectso thus allowing increased CL emission
without change in the bulk composition of the calcite.

The hypothesis of clusters: Calcite synthesized by
different methods has differently distributed activator
ions (e.g., different numbers and sized of clusters), lead-
ing to ffierent extents of concentration quenching at a
given (bulk) concentration of activator. Heating
disperses the clusters, leading to enhanced efftciency
of CL.

Both hypotheses explain the observations on CL
intensity and its change on heating. If the hypothesis of
defects is correct" then NC and NHC calcite have greater
concentrations of defects than AC and ACV calcite. If
the hypothesis of clusters is comect, then NC and NHC
calcite have a greater portion of their Mn concentration
contained in clusters than do AC and ACV calcite. The
evidence from XRD spectra and from changes in the
wavelength of CL emission on heating, together with
indirect evidence conceming the local distribution of
Mn that can be inferred from phase equilibria, are
important in testing these hypotheses and will be dis-
cussed below.

XRD spectra and crystal size

As described above, both NC and NHC calcite have
relatively wide XRD reflections that become signifi-
cantly narrower on (hydrothermal) heating. The width
of XRD reflections depends on the degree of perfection
(crystallinily; of the struchrre and on the size of the crys-
tals, being greater where the crystallinity is poor and
crystals are small (Klug & Alexander 1974). ThLe drf-
ference in width of XRD peaks among types of starting
calcite cannotbe attributed to grain-size effects because
AC calcite, with relatively na:row XRD peaks, has simi-
Iar grain-size to NC calcite, with wide XRD peaks. It is
unlikely that the cluster hypothesis can explain differ-
ences in XRD spectra among NC, AC and ACV calcite
because Mn concentrations are generally too low to
cause significant structural distortion. The evidence
from XRD spectra of NC, AC and ACV calcite thus
favors the hypothesis of defects. The width of XRD
peaks from NHC calcite with high Mn and Mg could be

explained by the distribution of these elements, by
defects, or a combination of both factors.

Wavelength

The wavelength of emission depends on the number
and identity of cations in the second coordination shell
about an activator, because they exert an influence on
the M4 distance of the activator. This changes the en-
ergy difference between the lowest excited state and the
lower level state involved in emission (usually the elec-
tronic ground state) (Walker 1985, Imbush 197.8).
Where an activator is in dilute solution in the host, it is
dominantly the host cations (Ca in the present case) that
occupy the second coordination shell. As these are
replaced by other substituents (Mn or Mg in the present
case), the wavelengtl of emission should sffi system-
atically in a direction controlled by the characteristic
M-O distance of the substituent, together with any
changes in distance brought about by relaxation of the
structural strain associated with substitution of a differ-
ently sized ion (Waychunas 1988). Sommer (1972)

demonstrated that in the rhombohedral carbonates, the
wavelength of emission from Mn2* increases with
increasing Mg content. This is consistent with the
shorler M-O distances observed in Mg-O polyhedra in
dolomite and magnesite (Reeder 1983).

The present data do not permit the effects of Mn and
Mg unambiguously to be separated because the major-
ity of samples with substantial Mg also have a high
concentration of Mn. Starting calcite lacking Mg has Mn
concentrations in the range 3 x 10-s b 0.036 apfu
(Table l). The starting calcite with the highest concen-
tration of Mn in this group has the longest emission
wavelength (605 nm), suggesting that wavelength
increases with Mn concentration. The behavior of wave-
length as a function of Mn can also be inferred ftom
crystal-chemical arguments, ln rhodochrosite, the M4
distance is 0.219 nm (Reeder l983,Table?a), compared
with 0.210 nm for magnesite and 0.236 nm for calcite.
It is expected, therefore, that the effects of Mn and Mg
on )t will be complementary, substitution of both caus-
ing an increase in the wavelength of emission. This
explains the systematic increase in )t that is observed
for combined Mn and Mg concentrations great€r than
approximately O.Ol apfu. (This expected similalily ia
the effect of Mn and Mg substitution on wavelength is
the reason that the total of these ions per formula unit is
used as the independent variable in plots of )t and A)t as
a function of composition.)

Given that local coordination controls the wave-
length of emission, then changes therein must reflect
changes in the coordination of the activator induced by
heating. A simple interpretation based on the relations
between wavelength and composition discussed above
is that shifts to shorter wavelength (negative A)t) reflect
decreasing abundances of Mn or Mg or both around any
one activator, and a positive A)t reflects an increase. In
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terms of the cluster hypothesis, negative A)t represents
dispersal of clusters, and positive A)r represents the for-
mation ofclusters. Inferences regarding the likelihood
of the formation or dispersal of clusters can be drawn
from consideration of phase relations in the system
CaCOg - MgCO3 - MnCO3, together with A)t.

The CaCO3 - MgCO3 - MnCO3 syslem was studied
by Goldsmith & Graf (1960). Their phase boundaries
for the Ca-rich portion of tle system at 500oC and
l0 kbar (the closest approach to the heating tempera-
tures used in the present study) are shown in Figtre L2,
along with the phase compositions of starting calcite
used in the present work. In the temperature range of
the present study, the temary solws should be slightly
wider. Low pressures should also serve to widen the
solvus if the data of Goldsmith & Newton (1969) on
the CaCO3-MgCO3 binary joil extend to the ternary
system. There is some uncertainty in phase relations on
the join CaCO3{aMn(CO3)2, the compositional region
occupied by NC, AC and all but three samples of ACV
calcite. Data from phase-equilibrium studies (Goldsmith

o.4
0.4 0.5 0.6

\
MnCO3

& Graf 1.957, de Capitani & Peters l98l) indicate the
presence of a solid solution ftom calcite to a composi-
tion close to ca:Mn = 50:50, even at low temperature.
However, reaction rates in this system are low, and
Goldsmith (1983) and Peacor et al. (1987) have dis-
cussed evidence from natural assemblages suggesting
that under equilibrium conditions a solvus exists
between a Ca-rich solid solution and kutnohorite. If
these interpretations are correct, then Ca-Ca and
Mn-Mn clusters in Mg-poor calcite should be stable
relative to random distributions, even for samples with
compositions that lie outside the two-phase region.

OnIy the two samples of NHC calcite cont2ining the
greatest abundances of Mn and Mg have Al, that are
large and consistent in direction between hydrothermal
and CO2 heating experiments. Manganese partitions into
the Mg-rich phase in their unmixed products. This result
is consistent with the observations of Lloyd er aI. (1993)
and El Ali et al. (1993), who have shown that in dolo-
mite, Mn partitions into the Mg site in preference to the
Ca site. The positive AI recorded for these materials

0.6

0.0
/

0.1 0.2 0.3

MgC03
Ftc. 12. A porrion of the system CaCO3 - MnCO3 - MgCO3 at 500.C, 10 kbar (after Gold-

smith & Graf 1957). The solid symbols indicate the compositions of starting calcite.
Symbols as Figure 2.
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are thus consistent with the changed coordination of Mn
implied byphase separation. Partitioning of Mn into the
Mg-rich phase requires slight enrichment of Mn rela-
tive to the starting calcite. This effect must lead, on av-
erage, to closer proximiry of the Mn ions than in the
starting calcite, and should lead to enhanced concentra-
tion quenching and a reduction in CL intensity. Instead,
heating of these two samples of calcite invariably caused
an increase in CL intensity. Indeed, the largest values
of Irilner encountered in this study came from calcite
thatunmixed into two phases during hydrothermal heat-
ment. This shows that the cluster hypothesis does not
explain the changes in CL intensity, at least within this
range of composition.

There is no evidence ofphase separation during heat-
ing of the remaining samples of NHC calcite. Although
their compositions lie outside the ternary solvus
Fig. 12), at low temperature Ca-rich and Mg-rich clus-
ters should be stable relative to a random distribution of
cations, their compositions being determined by mixing
properties in the Ca-Mg-Mn carbonate system. Both
dispersal and gowth of clusters are possible, depend-
ing on the initial disribution of cations, which is
unknown. The preference of Mn for Mg-enriched car-
bonates Q-loyd et al. l993,El Ni et al. 1993) makes it
likely that any Mg-rich clusters will partition Mn pref-
erentially relative to Ca-rich clusters. The predomi-
nantly positive A)t observed for these samples (when
heated in CO) suggests that such (Mg,Mn)-enriched
clusters either form or grow larger during heating.
Formation or growth of Mn-enriched clusters should
enhance the operation of concentration quenching and
cause a reduction in CL intensity on heating. This is not
the behavior observed: heating invariably causes an
increase in CL intensity.

The erratic nature of wavelength changes for AC,
ACV and NC calcite, which l ie on the CaCO3-
CaMn(COt2 join (Fig. 12), and uncertainties regarding
phase relations in this part of the system, make evalua-
tion of the cluster hypothesis diffrcult for these compo-
sitions. However, if dispersal of any Mn cluslers formed
during crystal grovl'th is a major cause of increased CL
intensity with heat treatment, then there should be a
negative relation between A\ and IH/Ipdfor these mate-
rials. Such a relationship does not exist. Within the com-
position range of AC, ACV and NC calcite, the cluster
hypothesis is unlikely to explah glanges in CL inten-
sity on heating.

Morphological study by SEM shows that hydrother-
Bandoidth mal conditions are optimum for recrystallization, prob-

ably because a process of dissolution and reprecipitation
The bandwidth of CL depends on the extent of vi- can operate, whereas in CO2 it cannot. The modest

brational interaction between the activator and the ions recrystallization and improvement in crystallinity that
to which it is coordinated (Walker 1985). The slight occur when calcite is heated in CO2 suggest that the
increase in bandwidth of luminescence emission witl correspondingly modest increase in Ig/Ip"s under fhese
increasing concentration of Mn and Mg could be inter- conditions is a kinetic effect. Where a driving force for
preted as arising solely from changes in this interaction recrystallization exists (e.g., phase separation) and a

as ions of different mass and electronic structure pro- mechanism is avulable (e.g., solution - reprecipitation),

gressively replace Ca. If this hypothesis is correct, then
the bandwidth of emission from Mn2* in magnesite
should differ from that in calcite. This is not the case:
the bandwidth (f) of CL emission from magnesite is
typically 77 to 85 nm (l\4ason, unpubl. data), arange
enclosed by that of calcite in the present study.

An alternative explanation of the effect of composi-
tion on bandwidth is that increasing replacement of Ca
by Mn and Mg increases the range of coordination
environments of the activator. Both random substitution
and chemical zoning could cause this effect (Smith
l953,Wa1ker et al. 1989).If substitution of Mn and Mg
is random, then simple statistics suggest that the great-
est range of coordination environments of the activator
should arise when Mn and Mg total 0.5 apfu. The
present measurements are consistent with this intelpre-
tation in that I increases continuously up to a total Mn
and Mg concentration of 0.33 apfu,themaxtmum avail-
able in this study. The critical test, to observe if I
decreases as the total of Mn and Mg approacbes I apfu,
cannot be performed with the presently available data.
In the absence of evidence to the contrary, it is assumed
that the statistical hypothesis is conect.

Heating of NHC calcite caused the emission band to
became narrower (i.e., LT is negative). Taking the sta-
tistical hypothesis to be correct, this observation sug-
gests that heating causes a reduction in the range of
coordination environments of the activator. This inter-
pretation is consistent with preferential partitioning of
the Mn into one phase for thoss 5amples that break down
into two phases on heating. It is inferred from their nega-
tive AI that in NHC salgils senfaining lesser amounts

of Mn + Mg, there is an increase in clustering of these
elements, but without phase separation. This inference
agrees with the deductions made on the basis of changes
in wavelength.

If the cluster hypothesis is correct, then dispersal of
Mn-rich clusters on heating causes the CL intensity to
increase. The evidence from changes in wavelength and
bandwidth, together with behavior inferred from phase
relations in the system CaCO3-MgCO3-MnCO3, is that
clusters are more likely to form or enlarge than to dis-
perse during heating. This should lead to reduction in
CL intensity, contrary to ttre observations. The cluster
hypothesis is thus considered to be false.

Recmstallization
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large changes in CL intensity result from heating. Con-
versely, when the driving force for recrystallization is
smaller, changes in CL intensity are relatively modest.
It is concluded that extensive recrystallization under
hydrothermal conditions aids the annihilation ofdefects,
causing a reduction in the widths of XRD peaks aad a
large increase in CL intensity.

Comparison with rntural calcite

Among the four methods of synthesis used in the
present work, the ACV method produces calcite that is
most comparable with natural calcite in terms of crys-
tallinity (as manifested in widrh of XRD peaks) and of
the relatively modest response of CL intensity to heat-
ing. The ACV method of synthesis is thus most appro-
priate if a chemically simpte analogue of natural calcite
is required for a study of CL. There are, nevertheless,
some differences between ACV and natural calcite. The
laner exhibits $eater variability in the wavelength and
width of the CL emission band activated by Mn2*, and
in the response of this band to heating (in COD, than
does ACV calcite. Mason (1997) anributed this variabil-
ity to the presence of Mg, which extends to O.O2 apfu
compared with up to 0.03 apfu in ACV calcite, in addi-
tion to Mn. The present results show that the preseDce
of Mg within this range of concentration does not
explain these differences. As discussed above, the wave-
length and bandwidth of CL emission, and changes in
these parameters, most probably depend on the local
distribution of Mn and Mg. If this interpretation is cor-
rect, differences between nahral and ACV calcite may
reflect greater variability in their distributions in the
former. Alternatively, the presence of both Fe and Sr in
natural calcite might play a role, although their low
concentrations [0.004 and 0.0003 apfu, respectively:
Mason (1997)l make this unlikely.

The existence of a temperature effect on CL inten-
sity raises the possibiliry that it could be used as a
geothermometer. Mason (1997) showed that whereas
CL intensity in nahral calcite can be modified by heat-
ing, any systematic effects are overwhelmed by vari-
ability in the response of individual 5amples. The
present results confirm that different samples of calcite
respond differently to heating. The results of anempted
reversals show also that CL intensity responds in a com-
plex way to heating at a sequence of temperatures, as
might be encountered during exhumation of a sedimen-
tary succession. The origin of these effects must be un-
derstood if the goal of using CL as a geothermometer is
to be realized.

CoNcl-uslotts

(1) The intensity of luminescence from synthetic
calcite doped with Mn2+ depends on tfie method of
preparation. Differences in CL intensity are ascribed to

differences in the density of defects acquired during
crystal growth.

(2) The wavelength and bandwidth of CL of emis-
sion from calcite increase as Ca atoms are replaced by
Mn and Mg.

(3) There are significant differences in the width of
XRD peaks among batches of calcite synthesized by
different methods. These differences are attributed to
differences in the density of defects.

(4) The intensity of luminescence from Mn2+-acti-
vated calcite is increased by heating, especially in the
presence of H2O. The increase is greater at higher tem-
perafures.

(5) The magnitude of the increase in CL intensity
induced by heating depends on the method by which
calcite is synthesized. Differences among batches of
calcite prepared by different methods are attributed to
systematic differences in density of defects.

(6) Wavelength and bandwidth of CL emission may
change during heating. These changes are attributed to
redistribution of Mn and Mg at the available sites.

(7) )(RD peaks become narrower when synthetic
calcite is heated in the presence ofwater. The change is
greatest at higher temperature and in calcite showing
the largest concomitant increase in CL intensity.

(8) Individual samples prepared by the same melhod
differ in the magnitude of their response to heating. Com-
position contributes to this effect, but sample-to-sample
differences in density of defects also may be important.

(9) Changes in the CL intensity and reduction in
XRD peak width induced by heating are attributed to
annihilation of defects.

( l0) Calcite precipitated from CaCl2 solution by con-
tact with ammonium cabonate vapor provides the best
synthetic analogue of natural calcite in terms of its re-
sponse to heating.
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