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Sum mary

This report concerns the application of cathodoluminescence (CL) to the estimation of

palaeotemperatures in limestones from the Cam bro-Ordovician Platform sequence of W estern

Newfoundland. It is a continuation of the program  brie fly reported by Mason (1992) . The work is

experimental in nature, involving laboratory heating (at 400°C) of rock samples and study of the CL

spectra (obtained on powders) of heated material and equivalent unheated ("control") material. The

approach taken is to to com pare the CL results  with conventional m easures of thermal m aturity (especially

conodont alteration index, CAI) . The CL results comprise measurements of the intensity, wavelength of

emission (centroid) and width of the emission band (full width at half max imum  peak height, FW HM),

together with three parameters which measure changes induced by heating. The three parameters are:

(1) the intensity ration (IH/I) which is the CL intensity from heated material divided by the CL intensity of the

control; (2) the change in emission wavelength (Dl) defined as centroid wavelength (heated) minus

centroid wavelength (control); (3) the change in width of the emission band (DFW HM) , defined as FW HM

(heated) minus FW HM (control) . The material studied contains both dolomite and calcite, with the

calcite/dolomite ratio ranging up to 1:1, as estimated by X-ray diffraction. 

The intensity ratio (IH/I) ranges from  0.3 to 2.8, very similar to the values obtained on synthetic calcite

(Mason, in press) , and confirming that the CL intensity of natural calcite can be modified by heating. It

was anticipated that there should be a negative relationship between intensity ratio and CAI. This proved

to be the case, however there is considerable scatter in this re lationship. The magnitude of the scatter is

such that measurement of a single intensity ration does not allow a reliable estimate of CAI to be made

from the CL data. The scatter is attributed to the limitations of the CAI, to the possible effects of

deformation and to complications arising from chemical exchange between calcite and dolomite.

The wavelength (centroid) of (Mn2+ activated) emission from natural calcite lies in the range 597 to 623

nm in both heated and control samples. The lower value is com parable with results from very pure

synthetic calcite. The upper value lies outside the observed range for synthetic calcite (600 to 609 nm:

Mason, in press) . The wavelength of emission from  control material decreases with increasing CAI,

although there is considerable scatter in the data. On heating, the wavelength of CL emission is changed

by 0 to ±20 nm , and the width of the CL em ission band (FW HM) changes by 0 to ±27 nm . The change in

em ission wavelength induced by heating (Dl) shows a positive correlation with CAI, whereas the change in

FW HM induced by heating (DFW HM) shows a negative correlation with CAI. 

Regional trends in the intensity ratio, Dl, and DFW HM parallel that def ined by CAI: that is, thermal maturity
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increases from west (Port aux Port Peninsula) to east (Pistolet Bay - Quirpon - Englee areas) . Of the

parameters derived from  CL measurement, Dl and DFW HM offer good prospects for practical use in

palaeothermom etry, although measurements on a single sample cannot, at present, be considered

reliable. Regional trends in the intensity ratio only become apparent when relatively large numbers of

sam ples are available. 

The presence of dolomite in the samples, and the m ore complex chemistry of rocks com pared with

synthetic calcite, is thought to lead to the greater complexity in their behaviour on heating (i.e., significant

changes in wavelength and em ission band width have not been observed in synthetic ca lcite) . 

The correlation between the wavelength of CL emission and CAI in control material is discussed terms of

partial compositional equilibration towards the limb of the calcite-dolomite solvus. Similarly, the

relationship between Dl and CAI is explained (qualitatively) by redistribution of Ca and Mg between calcite

and dolomite during laboratory heating. However, there are quantitative problems with these explanations,

which await resolution. In addition, the hypothesis does not explain the data pertain ing to changes in

FW HM induced by heating. 

Refinements of the CL technique for estimating palaeotemperature are possible and desirable. The

principal problem  is to m inimise the large variations in intensity ratio and lesser, though significant,

variations in Dl and DFW HM found in rocks with (apparently) similar thermal histories. This may be

accomplished by studying single crystal material and polished slabs of rock so that composition and CL

parameters can be measured at the same locations on a micro-scale. It is highly desirable to calibrate the

CL parameters directly against a reliable measure of temperature such as oxygen isotope thermom etry or

fluid inclusion temperature.

Introduction

The intensity of cathodoluminescence (CL) emission is normally interpreted as being a function of

activator and quencher element concentrations (Machel et al. 1991). However, Mason (in press) has

shown that synthetic calcite heated in the range 200 to 500°C exhibits different (usually increased)

cathodoluminescence (CL) intensity compared with equivalent unheated material. This observation leads

to the possibility that in natural calcite the CL intensity may be a function of both m inor element chemistry

and thermal history. If the contribution of thermal history to CL output could be separated from that of

activator/quencher concentrations, then CL could be used as a means of palaeotem perature estimation. It

is shown below that the response of natural m aterial to heating is m ore com plex than that of synthetic

calcite, probably because of the effects composition and sample heterogeneity, but that useful information

on therm al maturity can be derived from the CL spectra. 

Previous W ork on Natura l Calcite 

Mason (1992) studied a small suite of limestone from  the Cam bro-ordovician carbonate platform

sequence of Western Newfoundland and compared the CL method with conventional indicators of thermal

maturity. 

The CL results showed that the effects of heating are not restricted to synthetic material, and that the

magnitude of the response to heating differed among the sam ples. This suggested that the CL spectra

may indeed contain som e record of the therm al history. 

However, the changes in intensity corre lated poorly with the conventional therm al maturity measurem ents

and, because of the small number of samples studied, did not allow firm conclusions to be drawn

regarding the validity of the CL method. 

Purpose of Study 

The present program was designed to overcome the inadequate sampling of the earlier study (Mason,

1992) . The aims are to compare the CL results with conventional methods of estimating

palaeotemperature and to dem onstrate regional trends, if any, in the CL data. 



Sample Selection

Approximately twenty-five limestones were selected from the author's collection. In addition, the materials

studied by Mason (1992) were re-examined. The latter samples were selected from a suite collected by

Drs S.H. W illiams and E.T . Burden, who k indly provided access to their therm al maturity data (vitrinite

reflectance and pollen based thermal alteration index: see Williams 

Burden 1992 for details). Samples were selected to consist predominantly of calcite, as indicated by visual

inspection. This was to minimise complications in the CL spectra arising from em ission lines interfering

with that from calcite: Mn. in particular, dolodtones were avoided and, on a hand specimen scale, the

material removed for CL study was selected to minimise the amount of contaminant dolomite.

Nevertheless, X-ray diffraction (XRD) study of the powders used for the CL work shows that most samples

contain some, and a few contain s ignificant quantities of, dolomite. No attem pt was made to separate

coarsely crystalline calcite cement from micrite. 

The selected samples cover, geographically, W estern Newfoundland from the Part-au-Port Peninsula in

the south to Quirpon in the north (Fig. 1) . They range in age from Lower Cambrian to Lower Ordovician.

Samples prefixed F880- are from the author's collection, those labelled Mob- are from the W illiams &

Burden collection (they can be cross referenced to appendix 1 of W illiam s & Burden (1992) us ing the field

designations given in Table 1a) . In addition to these ancient limestones, recent calcites from various

localities were examined. Only one of these, a precipitate (labelled BP-1) collected from "Blue Ponds" near

Corner Brook, had a measurab le luminescence s ignal. Sam ple details are given in Table 1a. 

Source Of Thermal Maturity Data

The approach taken is to compare the CL results with conventional monitors of thermal maturity, rather

than with a technique yielding direct estimates of temperature, because the latter are unavailable.

 

Thermal maturity data [conodont alteration index (CAI), vitrinite reflectance (Ro%) and thermal alteration

index (TAI) ) are taken from W illiams & Burden (1992). In the case of the samples labelled Mob-, the Ro%

and TAI data were obtained (by the latter authors) on aliquots of the samples used here for CL study. The

CAI data were compiled by W illiam's & Burden from published sources. Thermal maturity data have been

estimated for samples prefixed F880- by comparison with the sample location maps and appendix 1 of

W illiams & Burden (1992). Fortuitously, many of the F880- limestones of the present study were collected

at the same localities as those sampled by the latter authors, in which case assignment of thermal

maturity indicator values was straightforward. W here thermal m aturity data are lacking for a g iven sam ple

location, equivalent horizons at immediately adjacent localities of W illiams & Burden (1992) were used

make estimates (details for each sample are given in Table 1a). 

The most complete (geographical) coverage of thermal maturity data is for CAI: this indicator is used as

the primary monitor of thermal history in the present work. Fig. 2 shows the CAI data in relation to the

sample locations. For two sam ples, F88018b and BP-1, there are no CAI data. Sam ple F88018b is a ve in

calcite which cuts deformed marble (F88018a) with CAI = 5. However, the relative timing of low-grade

metamorphism and vein formation are unknown and the thermal history of the vein may differ from that of

the country rock. Sample BP-1 is a Recent calcite precipitate collected from a small pond (near Corner

Brook) which is actively precipitating very fine-grained calcite mud. The sam ple is assumed never to have

been outside earth-surface tem perature conditions. 

Experimental Methods

Samples were heated in the form of rock fragments crushed to approximately 1 mm  on a side. The

heating temperature and duration were 400±5°C and 18.8 to 336 hrs, respectively. Mason (in press) has

shown that (in synthetic calcite) at this temperature the exact duration of heating is unimportant within the

range used. Following heating, the sample and an equivalent unheated "control" were powdered and

mounted for CL exam ination. Details of the sam ple preparation, mounting and heating procedures are



given in Mason (1992).

 

It was noted by Mason (1992), and described more fully by Mason (in press), that CL intensity declines as

the duration of e lectron bom bardment increases. Thus, it is advantageous to irradiate at any one tim e only

that part of the sample from which a spectrum is being collected. This is difficult to achieve in a cold-

cathode CL microscope owing to the broadness of the beam (typically 9 x 5mm  in the Luminoscope used

by Mason, 1992). Accordingly, in this study, luminescence spectra were collected on a modified electron

microprobe operating at 15kV accelerating voltage with a beam diameter of approximately 30 to 50 mm .

These conditions produce a beam current density (14 mA/mm2) and spectra l intensity comparable with

those obtained by Mason (1992). 

Seven to ten spectra were collected from each sample. Each was corrected for photomultiplier dark

current and any spectra l overlap (see below) , and then the average was calculated. 

The wavelength scale of the monochromator was calibrated in the range 300 to 1000 nm using the

emission from a mercury vapour lamp. The spectra used in measuring the CL intensity were collected in a

restricted wavelength range (500 to 800 nm): consequently corrections for the photomultiplier response

were not required. 

Following CL work, the powder was mounted for X-ray diffraction (XRD) estimation of the proportion of

dolomite. This was carried out by direct comparison between the intensities of the reflections from the

(104) lattice planes of calcite and dolom ite. 

No attempt was made to calibrate these intensities or to compensate for preferred orientation in the XRD

mounts and, consequently, the results are only semi-quantitative.

Results 

Cathodoluminescence spectra 

A spectrum from 300 to 1000 nm is illustrated in Fig. 3. The prominent emission band near 600 nm

wavelength is identical to those illustrated by Mason (1992, figs. 2 to 5) and is typical of activation by Mn2+

incorporated in the Ca site of calcite. In several samples the 600 nm em ission band overlaps with the long

wavelength "tail" of a broad band emission peaking in the blue part of the spectrum at approximately 400

nm (Fig. 3). This overlap was approximated and removed by fitting a straight line between 500 and 800

nm.

The origin of the "blue" emission band is unclear: it could be "background blue" emission from calcite,

thought to  be caused by structural defects  (Mason & Mariano, 1990; Machel et al., 1991), or it could

originate from  detrital or authigenic silicate grains. 

One of the disadvantages of taking spectra from powdered heterogeneous samples is the possibility of

contamination by unwanted phases, such as dolom ite. V isual CL examination of polished thin sections, in

which dolomite is readily identified, shows that it is non-luminescent in these rocks, either because the

Mn2+ concentration is too low or the Fe content too high, or both (Machel et al., 1991). Careful

examination of the CL spectra has also failed to reveal any evidence of emission from dolomite in any of

the samples, even when the calcite/dolomite ratio (measured by XRD) is as low as 1 (Table 1c) . Such

emission would be expected to produce a peak in the range 640 to 650 nm (Marshall, 1988; Mason,

unpublished) and, if of sufficient intensity, to be partially resolved from the calcite: Mn emission band. The

absence of dolomite interference in the spectra is fortunate because it simplifies considerably the

interpretation of the spectra. 

Cathodolum inescence Measurem ents

The CL intensity was obtained by integrating under the mean spectrum. The wavelength and width of the

emission band were monitored using the centroid and full-width at half-maximum height (FW HM),

respectively. Measurements of these parameters were made on each of the 7 to 10 spectra obtained from

each sample. Standard errors in the intensity, centroid and FW HM were obtained from the variance in the



respective parameters measured on each individual spectrum. Table 1b gives the results of the CL

measurem ents, arranged in ascending order of intensity ratio (see below). 

CL intensity

The logic behind the use of CL in calcite as a palaeothermom eter, and the stimulus for the experimental

approach is as follows. It is known from  work on synthetic calcite that, upon heating, the CL intensity

changes (usually increases) relative to control material. If natural calcite has been heated after formation,

those physical processes responsible for the change in luminescence intensity may have been

accomplished in the earth. Heating of such a calcite in the laboratory should produce, at m ost, only a

modest change in CL intensity. Conversely, a natural calcite which has experienced only low temperatures

should respond to laboratory heating with a s ignificant increase in CL intensity. 

Changes in the Mn2+ CL intensity consequent on heating were m easured using an "intensity ratio" IH/I, in

which IH is the intensity from the heated material, and I is the intensity from the control (Mason, 1992 and

in press) . An intensity ratio >1 indicates a "low-temperature" calcite and an intensity ratio near 1 indicates

a "high-tem perature" calcite. Intensity ratios measured in this study range from 0.3 to 2.8 (Table 1b), with

a standard error in the range ± 0.01 to 0.06, considerably better than was obtained by Mason (1992).

Fig 4 shows the CAI values (Table 1c) plotted against intensity ratio. Given that CAI increases with

increasing tem perature, there should be a negative relationship between the variables on this plot.

Grouping the samples by CAI and taking the mean intensity ratio for each group it can be seen that the

results conform  to the expected pattern. However, the scatter of IH/I within each group is as large as the

difference between groups. Thus, measurement of the intensity ratio of a single specimen does not

provide a re liable estimate of therm al maturity. 

As noted above, the number of samples for which TAI and Ro% values are known, or could be estimated,

is relatively low. Figs. 5 & 6 show, respectively, Ro%  and TAI plotted as a function of intensity ratio. In both

cases a negative relationship should exist between the conventional TMI and the intensity ratio. In the

case of Ro% (Fig. 5), it is poss ible to interpret the expected trend for four of the sam ples but the majority

form a tight cluster which is clearly separated from this apparent trend. In Fig. 6, six of the samples may

define the expected negative relationship against intensity ratio. However, at least five, and possibly

seven, samples seem to define a loose cluster which violates this trend. Clearly, the interpretation of these

data is am biguous. Further d iscussion is presented below. 

Emission wavelength. The centroid of the Mn2+ emission band lies in the range 597 to 623 nm  (standard

error <1 in both contro l and heated calcite (Table 1b). The lower values are comparable with results

obtained on synthetic calcite (Mason, in press), for which the range is 600 to 609 nm. There is no

correlation between the emission wavelength of control material and the calcite/dolomite ratio estimated

from XRD data. Such a correlation would indicate spectral interference by Mn2+ activated emission from

dolomite. 

The centroids obtained on control material are plotted against CAI in Fig. 7. The data define (crudely) a

trend of decreasing emission wavelength with increasing CAI, although the scatter is such that

measurem ent of the centro id of an individual sample does not allow accurate prediction of the CAI. Fig. 8

is an equivalent plot for heated material. In this case the data do not define any clear trend. Given the

precision of the centroid measurements, the scatter within each CAI class may reflect real chemical or

physical differences among the m aterials. 

From  the different patterns in Figs. 7 and 8 it is clear that in som e, at least, of the samples the centroid

position m ust have changed as a consequence of heating. The change is given by:

ÎW = centroid (heated) - centro id (control). 

The magnitude of the change ranges up to approximately 20 nm , whereas the standard error of D l is

never worse than ±1 nm. Changes in centroid position occur in both directions, i.e. in some sam ples the

centroid position increased upon heating and in others it decreased (Fig. 9). W ithin each group of samples

(collected by CAI) there is considerable scatter in the extent of the change in centroid. However, the



direction of change is quite consistent. Thus, most samples with CAI>3 show an increase in emission

wavelength on heating and those with CAI<3 generally show a decrease. However, as with intensity ratios

(Fig. 7), the CAI could not be predicted with confidence from the behaviour of a single sample.

Given the re lationships illustrated in Figs. 7 and 9 it is to be expected that D l will be re lated to the centroid

position obtained from control material. This is illustrated in Fig. 10. Samples with a control centroid near

603 nm tend to increase emission wavelength on heating, and most have CAI > 3. Samples with a control

centroid near 615 tend to decrease em ission wavelength. on heating, they are also m ostly samples with

CAI < 3.

Em ission band width

The width of the emission band, as expressed by the FWHM, varies from 71 to 93 nm for control material

and 55 to 93 nm for heated material (but only one value lies outside the range 69 to 93 nm , see Table 1b).

The standard error of the m easurem ents is dependent on the intensity of emission, but is typica lly ±1.5

nm. The FW HM of control material is independent of CAI (Fig. 11) but for heated material, there is a

poorly defined negative relationship between FWHM and CAI (Fig. 12). This implies that, upon heating,

the Mn2+ emission band changes in width. This change was monitored by defining DFW HM = FWHM

(heated) - FW HM (control). 

The magnitude of DFW HM ranges between 0 and 27 nm (Table 1b), however, all but one sample lie in the

range 0 to 12 nm. The standard error is typically ±2 nm, with a maximum of ±5 nm. Both increases and

decreases in emission band width were observed. Fig. 13 shows that DFW HM is related systematically to

the CAI. Samples from  rocks with CAI <3 tend to get broader on heating whereas those from rocks with

CAI = 5 genera lly get narrower. Both types of behaviour are observed for sam ples with CAI = 3.5. 

Discussion Of Luminescence Data

Heating-induced changes in the intensity of luminescence, although generally in the predicted direction,

are very erratic when compared with conventional indicators of thermal maturity (Figs. 4, 5 and 6). The

possibility that the conventional indicators are rather inexact monitors of thermal history must be

considered. In addition, the response of a given natural calcite to heating may reflect variables other than

thermal history (e.g. crystal growth, deformation) . Compared with synthetic calcite the changes in CL

induced by heating rocks are more complex in that both the wavelength and emission band width may

change. When rocks are heated there may be chemical exchanges which do not occur in synthetic calcite.

 

There are no objective criteria available against which the reliability of the CAI, Ro and TAI values for the

sam ples may be judged. They can, however, be tested for internal consistency (unfortunately suitable data

extend over only a limited range of CAI values). Figs. 14 and 15 make comparisons for those samples for

which two or more thermal maturation indicators are known (the data are in Table 1c). Fig. 14 shows that

values of Ro for a given CAI form fairly tight groupings (range of <1 in Ro) but there is no difference in Ro

values between CAI = 1 and CAI = 1.5. The TAI shows a much wider range of values for a given CAI

(range >1 unit) and again, there is no difference in TAI between CAI groups 1 and 1.5. Comparing TAI and

Ro (Fig. 15) it is clear that there is a positive correlation between the two parameters, but the scatter of

values at low TAI and Ro is appreciable. 

The inference to be drawn from these data echo that demonstrated in figures 7 and 8 of W illiams &

Burden (1992): high quality correlations between measures of thermal maturity are not to be expected,

especially in rocks which have been subjected only to low temperatures (<90°C) . Thus, it is concluded

that (in part) the scatter in relationships between the CL data and the CAI data shown in Figs. 4 to 13

reflect the significant inherent limitations of the CAI method, as well as any inadequacies in the CL

technique. This is not to imply, however, that either method is valueless for these rocks - the regional

trends presented by W illiams & Burden (1992) show otherwise - but anom alies m ust be expected. 

Mason (in press) found that in synthetic calcite the magnitude of IH/I was rather variable among the

different starting materials used, but there was no relationship between the intensity ratio and chemical



com position. The effect of heating on intensity was attributed to the destruction of (unspecified) defects

which either suppress CL emission or interfere with the transfer of energy to the activator ions. It was

suggested that the variability in response may reflect differing defect densities acquired during crystal

growth. This may also be a factor in natural material and may explain why sample BP-1, a Recent

prec ipitate, showed only modest response to heating. 

It is c lear both in the field  and in thin section that som e of the rocks studied have been deformed. This is

particularly true of those samples taken from beneath the Hare Bay allochthon. In the field, the

deformation manifests itself in the form of conspicuously folded and extended dolomite-rich layers, which

may once have been worm burrows. On a m icroscopic scale, the development of twin lam ellae in calcite

and, in one sam ple, the presence of quartz with undulose extinction, are indicative of deform ation. If

Mason's (in press) hypothesis that defects are important in controlling CL intensity is correct, then

deformation might influence the CL intensity through the development of the dislocations which allow

various slip mechanisms to operate (see, for exam ple, W enk et al., 1983). It can be anticipated that if

such dislocations are important to CL then the relative timing of deformation and low-grade

metamorphism m ay be critical, because the dislocations could be annealed out if the thermal pulse came

after deformation. Thus, some of the scatter in the IH/I values within each CAI group may reflect

differences between the samples in the extent and timing of deformation. 

The material studied differs from the synthetic calcite of Mason (in press) in being heterogeneous: calcite

and dolomite are detectable by XRD in the majority of samples, and may be present below the detection

limit (~1%) in all. A contribution to the relatively erratic behaviour of the intensity ratio could arise if, during

heating, Mn and/or Fe (a known quencher of CL em ission) are redistributed between calcite dolomite. It

should be noted, however, that there is no direct evidence for such an effect. Indeed, Mason (in press)

found no evidence (in the zoning patterns) for significant transport of Mn within heated single crystals of

synthetic ca lcite. 

A further difference between rocks and synthetic calcite lies in their respective compositions. The latter,

having been grown under controlled conditions, contains elements such as Fe and Mg at concentrations

<<100ppm. In contrast, prelim inary elec tron m icroprobe work indicates  that Mg is present at the 0.2 to 0.5

wt% level and Fe is present at up to 0.1 wt% in the natura l calcites. 

The wavelength of CL emission for an activator depends on the average coordination environment, which

is a function of composition and mixing properties. In the present case it is the concentration of Mg and

the nature of Ca-Mg m ixing which are expected to exert the greatest influence on wavelength. A

compositional effect on the emission band width could arise from the wider range of coordination

environm ents possible in crystals of low purity. In addition, because calcite in the natural samples coexists

with dolomite, there is the possibility of exchange of Ca and Mg between these two phases during heating.

These effects are explored in detail below. 

Under equilibrium conditions, the concentration of Mg in calcite coexisting with dolomite at a fixed

tem perature is defined by the lim b of the calcite-dolom ite m iscibility gap. (This is almost universally

referred to as a "solvus", even though the gap exists between phases of different structure) . The solvus

has been located in temperature-composition space by Goldsmith & Heard (1961) and Goldsmith &

Newton (1969) and is presented in Fig. 16a. Owing to experimental difficulties, the solvus limb positions

are not well constrained below 300°C, but it is expected that calcite equilibrated below this temperature

will conta in <1 m ole% MGCO3 (approx imately 0.2 wt% Mg). 

It is well known that biogenic carbonates are precipitated metastably as either h igh m agnesium calcite

(HMC), containing 4-30 mole% MgCO 3, or as aragonite (see, for example, Veizer, 1983). During

diagenesis both phases transform towards (more) stable low magnesium calcite (LMC, <4 mole%

MgCO3). That is to say, calcite compositions initially inside the solvus should migrate towards the Ca-rich

limb, along paths such as A and B in Fig. 16a. The excess Mg is released to the pore fluid and may be re-

precipitated as dolomite. As with any reaction, it is to be expected that the rate of compositional change,

and the final extent of re-equilibration, will be greater at high- than at low-temperature. Thus, in rocks

which have been subjected to a relatively high temperature (A  on Fig. 16a), calcite com position is likely to



approach the solvus limb m ore closely than in rocks which have experienced low temperatures (B on Fig.

16a). 

The wavelength of CL emission from calcite: Mn is known to increase as Mg content increases (Sommer,

1972; Marshall, 1988). Thus, qualitatively, the trend of decreasing emission wavelength with increasing

CAI (Fig. 7) can be explained by the above hypothesis as arising from a greater extent of equilibration

towards the solvus limb, and therefore possession of lower Mg contents, in calcite from rocks with higher

CAI. 

W hen heated in the laboratory, it is to be expected that calcite composition should re-equilibrate towards

the solvus limb. Fig. 16b is a sketch of the Ca-rich solvus limb at low temperature. As noted above, the

position of this limb is not well known below 300°C. For the purposes of illustration Fig. 16b was

constructed from the thermodynamic data in Goldsmith & Newton (1969) using a regular solution model at

1 atmosphere pressure. In reality the solvus is asymmetric (i.e. non-regular) and there is a small pressure

effect on the limb position. 

Any calcite with a composition inside the solvus should reduce its Mg content during laboratory heating (by

Ca/Mg exchange with pre-existing dolomite or precipitation of new dolomite). Any calcite with a

composition outside the solvus should increase its Mg content. Consider a calcite such as C on Fig. 16b.

Having equilibrated to the solvus limb during low-grade metamorphism, the composition lies outside the

position of the solvus limb at 400°C. On heating at 400°C in the laboratory, the Mg content is too low and

should increase, leading to an increase in the wavelength of CL emission after heating. Conversely, low

temperature calcite (D on Fig. 16) may retain (metastably) a relatively high Mg content an lie inside the

solvus. On heating in the laboratory, such a calcite should lose Mg by Ca/Mg exchange with dolomite,

resulting in a decrease in the wavelength of CL emission. In this way the pattern of variation in Dl as a

function of CAI (Fig. 9) can be explained. 

Although the hypothesis presented above accounts qualitatively for the observations pertaining to

wavelengths, and changes in wavelength induced by heating, there are some problems. Firstly, the rate of

increase of emission wavelength with mg concentration is approximately 1 nm/mole% MgCO3, according

to Sommer (1972, fig. 2) . This requires a compositional range of 20 mole% MgCO3 across the samples

in order to explain the observed range in emission wavelengths (approximately 20 nm) from control

material. A program  of m icroprobe analysis of contro l material has just commenced and, although data

are available for on ly five sam ples, the highest MgCO3 content encountered is only 1.5 mole%. In

addition, the magnitude of the changes in em ission wavelength on heating (+20 nm, Table 1b) require

rather dramatic compositional changes (+20 mole% MgCO3) to take place.

These magnitudes are predicted on the basis of a shift in wavelength of 1nm  per mole% MgCO3 which is

linear across the calcite-magnesite system  (Som mer, 1972, fig. 2). It is possible that the scatter in this

relationship (loc. cit.) conceals deviations from linearity resulting from non-random m ixing of Ca and Mg.

Such non-random m ixing is to be expected because the presence of a solvus in the system calcite-

dolomite shows that Ca- Mg mixing must be non-ideal. It can be argued from crystal field theory that the

wavelength of em ission from  Mn2+ in calcite should be very sensitive to local coord ination environm ent,

which is a function of both the concentrations and m ixing of Ca and Mg. If there is any tendency to form

Ca-rich and Mg-rich clusters in the structure, it is to be expected that the rate of increase of wavelength

with composition will be steeper that is suggested by Somm er's (1972) data. Nevertheless, until the

suggested influence of Ca-Mg mixing is verified experimentally, the observed magnitude of the

compositional effect on wavelength stands as an argument against the proposed explanation of the

wavelength versus CAI systematics. 

Secondly, it was observed (Fig. 13) that the emission band generally becomes narrower on heating

material with higher CAI and gets broader on heating material of low CAI. This pattern is d ifficult to

reconcile with the hypothesis outlined above. 

It would be expected that an increase in Mg content during heating would lead to an increase in emission

band width because a wider range of coordination environments is possible in less pure calcite. Again,



however, this argument may be simplistic in neglecting the possible influence of Ca-Mg mixing on

em ission band width. 

Regional Trends

From  the data presented above, it may be anticipated that parameters derived from CL spectroscopy have

som e value in delineating reg ional trends in therm al maturity. 

Fig. 2 shows the CAI data for the sample localities of the present work (CAI data from W illiams & Burden,

1992). There is a very clear trend of decreasing CAI from north-east (Quirpon) to south-west (Port aux

Port Peninsula). Contours of equal CAI would lie NNE-SSW , with  values decreasing to the west. This

distribution provides a standard against which the CL data can be compared.

Fig. 17 illustrates the geographical distribution of CL intensity ratios. There is a general-trend of increasing

IH/I from north-east to south-west, in conformity with the spatial distribution of CAI. The trend is seen most

clearly in the mean values of IH/I (circles on Fig. 17): the scatter of data for individual localities is

considerable, as would be expected from the relationship between IH/I and CAI shown in Fig. 4.

A geographical trend is more clearly seen in the distribution of the change in emission wavelength on

heating (F ig. 18). In the north-east (Quirpon-Pistolet Bay and adjacent areas) values are predominantly in

the range 1 to 19. In the Port aux Choix - Bonne Bay areas the values are in the range 0 to -12 and on the

Port aux Port Peninsula and imm ediately adjacent areas the values lie in the range -1 to -19. The gradient

in this parameter therefore lies essentially E-W  and contours would essentially parallel those of CAI. As

could be anticipated from  the results  presented in Fig. 9, the systematic geographical trend for this

parameter is not so well defined as that for CAI. 

Fig. 19 illustrates the geographical distribution of the change in emission band width on heating. In the

north-east the values are dominantly in the range 1 to -27. In the Port aux Choix to Bonne Bay areas

values of DFW HM are in the range -1 to 11. On the Port aux Port Peninsula and adjacent areas most

values are in the range 7 to 11. Once again, if contours in this parameter were constructed they would lie

essentially parallel to those for CAI.

Discussion Of Regional Trends

The data presented above essentially conform to the regional pattern of variation demonstrated by the CAI

data: thermal maturity in the Cambro-ordovician carbonate sequence of Western Newfoundland increases

from west to east. However, the parameters derived from the CL data do not vary with geography in so

consistent a manner as do the CAI values. This could be anticipated from the quality of the correlations

presented in Figs. 4, 9 and 13.

 

The CL method provides three parameters which have some value in measuring thermal m aturity:

intensity ratio (IH/I) , change in emission wavelength (Dl) and change in emission band width (DFW HM) .

That is to say, these parameters correlate with a conventional measure of thermal maturity (CAI) and

appear to define a similar regional pattern. Their principal disadvantage is that measurement of an

individual sample is insufficient to provide reliable data: the geographical trends displayed only emerge

when comparatively large num bers of sam ples are studied. O f the three param eters, the change in

em ission wavelength is the most re liable. 

A question which arises im mediately is whether the CL data reflect loca l subtleties in thermal maturity

which the CAI data do not, a possibility which must be entertained given that the degree of internal

consistency between the CAI, TAI and Ro values is only moderate (Figs. 14 and 15). Unfortunately, from

the data presently available, th is question cannot be answered. As discussed above, the problem may lie

either with the inherent uncertainties of the CAI method, or with the complexities of the processes which

may occur in heterogeneous m aterial when it is heated. 



Conclusion

(1) Heating of natural limestone at 400°C induces changes in CL intensity from calcite. The changes are

measured by the intensity ratio which ranges from 0.3 to 2.8, s imilar to the values obtained on synthetic

calcite. 

(2) There is a (poorly defined) negative correlation between the intensity ratio and CAI, consistent with

expectations. The scatter in th is re lationship is attributed to the limitations of the CAI, to the possible

effects of deform ation and to com plications aris ing from chemical exchange between calcite and dolom ite. 

(3) The wavelength (centroid) of (Mn2+ activated) em ission from calcite lies in the range 597 to 623 nm  in

both heated and control (i.e. unheated) samples. The wavelength of emission from control material

decreases with increasing CAI, although there is considerable scatter in the data. On heating, the

wavelength (centroid) of CL emission is changed by 0 to ±20 nm, and the width of the CL emission band

(FW HM) by 0 to ±27 nm.

(4) The change in emission wavelength induced by heating (D l) shows a positive correlation with CAI,

whereas the change in FW HM induced by heating, (DFW HM) shows a negative correlation with CAI.

 

(5) The regional trends in intensity ratio, Dl, and DFW HM parallel that defined by CAI. Of the three

parameters derived from CL measurement, Dl and DFW HM offer the best prospects for practical use,

although measurements on a single sample cannot be considered a re liable indicator of thermal m aturity.

Regional trends in the intensity ratio only becom e apparent when relatively large num bers of sam ples are

available.

(6) The presence of dolom ite in the samples, and the m ore complex chemistry of rocks com pared with

synthetic calcite, leads to the greater complexity in their behaviour on heating.

(7) The relationship between the wavelength of CL emission and CAI in control material can be explained

qualitatively in terms of differences the extent of partial compositional equilibration towards the limb of the

calcite-dolomite solvus. The relationship between Dl and CAI can be explained (qualitatively by

redistribution of Ca and Mg between calcite and dolomite during laboratory heating. There are quantitative

problems with these explanations which await resolution. In addition, the hypothesis does not explain the

data perta ining to changes in FW HM induced by heating. 

(8) The usefulness of CL as a means of ( indirect) palaeotemperature estim ation has been established in

the present work. However, some improvements are desirable to enhance the application of the

technique.

Future W ork

The most important improvement will be the determination of the cause (s) of the differing response of CL

intensity to heating am ong sam ples with (apparently) sim ilar thermal history. This may allow reliable

results to be obtained from m easurements on a single sample. From the discussion presented above, the

factors to be addressed are: 

(1) characterization of control material with respect to defect density and composition; 

(2) characterization of heated m aterial with respect to these param eters; 

(3) evaluation of the role of deformation in modifying CL; 

(4) calibration of the CL measurem ents against a re liable tem perature scale. 

From a more academic standpoint, measurement of the effects of Ca-Mg mixing properties on CL

emission wavelength and band width is highly desirable.

This work will require a refinement of the techniques used to date. The greatest change will be the study



of single crystal material, or slabbed and polished rock sections. This will allow CL and chemical

measurements to be made at the same locations (on a scale of 50 to 100 mm ) before and after heating.

One advantage of this "microscopic" approach is that it should allow comparisons to be made between

different compositional and textural areas in a single sample. The facilities for this kind of work are

available in-house.

Calibration of natural material against reliable temperature scales will be more difficult. The two most

promising techniques are fluid inclusion studies and oxygen isotope thermometry. Both techniques are

available within CERR, but success depends critically on the provision of suitable samples.

The role of deformation could be addressed experimentally in work on single crystals. At present the level

of experimental sophistication required is unclear, however, simple pilot studies should be simple and

inexpensive to initiate. 
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