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ABSTRACT

Quartz overgrowths from Keuper sandstones of the Paris basin were examined using
cathodoluminescence (CL) microscopy and spectroscopy coupled with a scanning electron
microscope (SEM). With the use of standard cold CL equipment, it was observed that the
emission of authigenic quartz is much less intense than that of detrital quartz grains, but
a reversal of intensity was observed with scanned CL in the 200-800 nm range. The main
CL emission band of diagenetic quartz is at 330-340 nm in the UV range, with other
bands in the visible range. The determination of trace element distributions in authigenic
quartz by in situ analyses and by SIMS imagery reveals the correlation of the 330-340
nm emission band with the highest Al and Li contents. The cathodoluminescence emission
of diagenetic quartz in the UV range appears to be influenced by the coupled substitution
of Al and Li into the crystal. Two explanations are suggested: (1) Al, Li, or both serve as
activators, and (2) the incorporation of Al and Li causes lattice defects that lead to an
enhancement of the intrinsic luminescence. Trace element analyses and fluid-inclusion
studies revealed that quartz overgrowths precipitated from a fluid that partially originated
from an Li-enriched primary brine derived from eastern Triassic evaporites of the Paris
basin. The specific CL emission band in the UV range can be linked to the diagenetic
environment. The chemistry of the fluids appears to be the essential parameter, whereas

precipitation temperatures do not influence the occurrence of such emissions.

INTRODUCTION

The cathodoluminescence (CL) technique allows the
differentiation of diagenetic overgrowths from detrital
quartz grains (Smith and Stenstrom 1965; Sippel 1968).
Cathodoluminescence has been extensively used in sand-
stone diagenetic studies because of the different CL prop-
erties of authigenic and detrital quartz (Ruppert et al.
1985; Marshall 1988; Burley et al. 1989; Hogg et al. 1992;
Guscott and Burley 1993). Nevertheless, the factors re-
sponsible for the CL properties of quartz are still debated
(Hanusiak 1975; Zinkernagel 1978; Sprunt 1981; Owen
1984; Ramseyer and Mullis 1990; Perny et al. 1992). The
study of quartz overgrowths from Keuper sandstones of
the Paris basin provides an opportunity to investigate the
CL characteristics of quartz from geologic samples by
combining CL spectra and trace element analyses. The
purpose of this work is (1) to determine the occurrence
of quartz overgrowths in Keuper sandstones of the Paris
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basin with the use of CL, (2) to supplement visual micro-
scopic examination of CL with spectral analyses, (3) to
search for possible correlations between trace element
contents and specific CL occurrence in quartz over-
growths, and (4) to discuss a possible correlation between
this CL occurrence and the diagenetic environment of
quartz precipitation by comparing the CL characteristics
of Paris basin quartz overgrowths with those of North
Sea (Alwyn area) quartz overgrowths. Quantitative in situ
trace element determinations in the parts per million range
were obtained with the use of secondary ion mass spec-
trometry (SIMS) (Shimizu et al. 1978) with the aim of
resolving the origin of the observed CL. Incorporation of
trace elements such as Al, Fe, Ti, Li, Na, and K in quartz
crystals is well known (Bambauer 1961; Suttner and
Leininger 1972; Smith and Steele 1984; among others).
Their heterogeneous distribution reflects the physical-
chemical variations of the fluids during crystal growth
(Ramseyer and Mullis 1990). Determination of changes
in trace element contents allows detection of variations
of the crystal-growth conditions. The study of trace ele-
ment distribution may also contribute to an understand-
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Ficure 1. Study area and borehole location in the Paris ba-

sin (France).

ing of CL intensity. Mn was included among the elements
analyzed because it has been mentioned as a possible CL
activator (Marshall 1988). H was also analyzed to inves-
tigate the possible effect of H,O on CL (Owen 1984). The
nature of the precipitating fluids was determined by fluid-
inclusion microthermometry, which allows a better un-
derstanding of the type of diagenetic quartz studied.

THE KEUPER SANDSTONES OF THE PARIS BASIN

The Paris basin is an intracratonic basin in north cen-
tral France, filled with Triassic to Tertiary sediments with
a maximum thickness of 3000 m. Four stratigraphic lev-
els have oil-reservoir characteristics: the Keuper, the
Rhaetian, and the Neocomian sandstones, and the Bath-
onian-Lower Callovian limestones. The samples de-
scribed here were collected in the Keuper stratigraphic
level, except for one sample, which belongs to the Rhaetian
reservoir. About 20 samples from the Keuper units were
collected from boreholes B1, B2, B3, and B8 (Fig. 1) at
depths ranging from 2600 to 2800 m, and the Rhaetian
sample was collected from borehole B9 at a depth of 2000
m. All the samples were observed using CL-SEM; seven
samples were used for spectral analyses.

The Keuper reservoirs consist mainly of fluvial sand-
stones (Chaunoy and Donnemarie deposits in the western
part), dolomites (Spéti et al. 1993), and some clay-rich
units, which are associated with evaporite, especially an-
hydrite in the eastern part of the basin. The Keuper sand-
stones studied are principally lithic arkose with some lith-
ic subarkose and feldspathic litharenite according to
McBride’s (1963) classification.

The main cement is dolomite (up to 35% determined
by point counting) except in the eastern boreholes where
dolomite is rare and associated with a large amount of
anhydrite cement (up to 27% in borehole 8). Conven-
tional and CL petrographic studies have revealed several
generations of dolomite that occur as zoned crystals.
Quartz cements are also present as overgrowths around
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detrital quartz grains (up to 19% determined by point
counting). Albitized plagioclase and authigenic adularia
on potassium feldspar grains may also occur. Clay ce-
ments are mainly composed of illite and some illite-
smectite mixed-layer minerals. Other minor diagenetic
cements may be present, such as dispersed pyrite or an-
atase and barite-filled fractures. Quartz overgrowths
clearly predate the burial carbonate cements, but they
postdate some early carbonate cements that sometimes
occur as small relics between the detrital quartz grain and
its overgrowth. Chronologic relationships between quartz
overgrowth and authigenic feldspar are not well under-
stood. Each has been observed predating the other. Total
porosities in the studied Keuper sandstones range up to
13%.

METHODS

Detrital quartz grains and their overgrowths were ex-
amined using CL and a scanning electron microscope
(SEM) JEOL JSM 840. Carbon-coated thin sections were
observed using a JEOL CDU 40 CL detector, an accel-
erating voltage of 25 kV, and a probe current of 6 nA.
Some quartz-rich sandstones were examined with a Tech-
nosyn cold-cathode instrument operated at 18 kV. CL
colors were also investigated using the hot-cathode sys-
tem described by Ramseyer et al. (1989) at 30 keV. Lu-
minescence photomicrographs were recorded on Fuji 1600
ASA film with 2-3 min exposures on the cold-cathode
instrument, and on Ilford film on the SEM. CL spectra
were recorded with a CL spectrometer on another JEOL
JSM 840 SEM (Blanc et al. 1994). This system consists
of a parabolic mirror, a silica window allowing the pas-
sage of UV emissions, a Jobin-Yvon H10.UV grating
spectrometer, and a Hamamatsu R636 photomultiplier,
which allows detection from 200 to 900 nm. The effi-
ciency in the red part is only one-sixth the efficiency in
the blue part of the recording spectrum. Peaks at 500 and
800 nm are present in all the recorded spectra; they re-
sulted from equipment response and are not related to
the material studied. The spectra presented in this study
were not corrected for instrument response.

SIMS analyses were made on gold-coated thin sections
with a Cameca IMS 3f ion probe. Mass spectra were ob-
tained over a mass range of 1-140 to determine which
elements were present in significant amounts. Quantita-
tive peak intensities were obtained for the following ele-
ments and masses: H (1), Li (7), Na (23), Al (27), Si (29
and 30), K (39), Ti (47 and 49), Fe (54 and 56), and Mn
(55). The negative primary O beam with 1-2 nA intensity
was focused onto a 10 um wide spot. The field aperture
was 60 um, and the mass resolution (M/AM) was 400.
The energy slit aperture was open to 20 V, and an energy
filtering of —60 + 10 V was applied to minimize polya-
tomic ion intensities and isobaric interferences. A liquid-
nitrogen trap was used to lower the background, especial-
ly for H. The electron multiplier was used in the counting
mode. Counting rates ranged from 4600 to 18000 cps for
30Si. Analyses were made by peak jumping, with counting
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times of 3 s for masses 1, 27, 29, 30, and 56 and of 5 s
for the other masses. Switching time was 1 s. Each anal-
ysis included 14 measurement cycles over the different
masses. Peak count rates for each element were normal-
ized to *°Si after each cycle and then converted into con-
centration by correcting the measured ratio by the ion-
ization yield of each element, relative to Si, calculated in
the applied energy window (Hinton 1990). Reported er-
rors represent two standard deviations. Fe contents were
determined from the 54/30 ratios because high 56/30 ra-
tios suggested possible isobaric interferences on mass 56.
Ti contents were determined from both 47/30 and 49/30
ratios to minimize the background effect on such small
ratios. The ratio of H/Si was not converted into concen-
tration because of a lack of ionization yield data. Energy
filtering minimized the matrix effects (Shimizu and Hart
1982). The calculation using ionization yields did not of-
fer the precision that could be expected from use of cal-
ibration curves, but, in the absence of well-known avail-
able standards, it allowed an estimation of concentration
from the ion probe measurements.

Concentrations determined by ion probe were com-
pared with those obtained for Al using a Cameca SX50
electron microprobe with 20 nA sample current, 15 kV
voltage, and 100 s counting time. Detection limits (2o
error) were found to be about 90 ppm. Figure 2 shows a
good 1:1 correlation between Al concentrations deter-
mined using ion probe measurements with ion yield cor-
rections and those determined using the electron micro-
probe. The two points not on the correlation line
correspond to quartz with low and variable Al concen-
trations (as shown by standard deviations).

Ion images were obtained with a Cameca IMS 5f for
seven masses: 7, 23, 24, 27, 28, 39, and 40. A 250 x 250
um primary-beam scan was used to remove gold from a
300 x 300 um field for at least 10 min.

Fluid-inclusion data were obtained for the quartz ce-
ment (Demars and Pagel 1994). Care was taken to select
only primary fluid inclusions. Inclusions present at the
grain-overgrowth boundary represent fluids of the first
stage of cementation, but none of these inclusions were
large enough to allow measurement (oxides and clays,
also present at this interface, could hide inclusions). Suit-
able fluid inclusions were found within quartz over-
growths as isolated two-phase aqueous inclusions, gen-
erally 2-5 um in size, although sometimes as large as 10
um. Microthermometric measurements were made on
200-300 um thick plates on a heating and cooling stage.
Calibration curves were determined using synthetic in-
clusions and standard melting products. Because the in-
clusions were very small, phase transformations could
not be easily observed. When homogenization was sus-
pected to have occurred, the temperature was lowered a
few degrees. The reappearance of a vapor bubble at this
stage indicated that the homogenization temperature ac-
tually had not been reached, and the measurement was
repeated. Measurement accuracy is +0.3 °C for melting
and =3 °C for homogenization temperatures.
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Ficure 2. Comparison of Al concentrations deduced from
IMS3f ion probe measurements and ion yields from Hinton
(1990) and those measured by electron microprobe. Bars repre-
sent standard deviations.

CATHODOLUMINESCENCE OF QUARTZ
Cathodoluminescence petrography

Occurrence of detrital and authigenic quartz. Authigen-
ic quartz occurs as euhedral overgrowths on detrital quartz
grains or more rarely as small bipyramidal crystals filling
pores. In images produced using the cold-cathode instru-
ment, quartz overgrowths occur as dark areas around var-
iously colored cathodoluminescent detrital grains. Images
from the hot-cathode instrument described by Ramseyer
et al. (1989) show dark blue cathodoluminescence in the
cement but variable CL colors in detrital grains. If the
equipment is attached to a SEM, the CL image of quartz
is rather different because of a different detection system:
Comparison of the crystal boundaries observed in BSE
(backscattered electron) mode and the boundaries ob-
served in CL mode emphasizes the presence of over-
growths around detrital quartz, but the CL equipment
reveals quartz overgrowths occurring as bright areas
around dull detrital quartz grains (Fig. 3). The distinction
between bright overgrowths and darker detrital grains is
thus easily and rapidly made. Silica cementation, there-
fore, was studied in various samples from each of the five
selected boreholes.

Detrital quartz grains. The use of different CL instru-
ments allows better definition of the boundaries and
shapes of individual detrital grains. The widths of the
detrital grains are reported in Table 1. Most of the detrital
quartz grains have round shapes. Some moderately round
grains were present in samples of borehole B3, whereas
some rare angular grains were observed in the samples of
borehole B8. Detrital grains do not show any interpene-



Ficure 3. SEM photomicrograph of a sandstone from bore-
hole B8. (A) Backscattered electron image showing dark gray
quartz (Qz) and (B) CL image of the same area showing bright
luminescent thin overgrowths around slightly luminescent detri-
tal grains; note the floating grains.

tration figures. They are normally connected to their
neighbors by only one point but are sometimes totally
isolated. No quartz-filled fractures with CL similar to that
of overgrowths were found. CL colors of detrital quartz
grains observed using the Technosyn instrument are vari-
able. Most of the grains have a brown or a violet-blue
color, but some are only blue whereas other angular grains
appear rose.

Authigenic quartz overgrowths. CL highlights the quartz
overgrowths around detrital quartz grains in the samples
of the five selected boreholes. The quartz overgrowths
show various widths, as given in Table 1 for the different
boreholes. The quartz overgrowths are extremely well de-
veloped in the porous sandstones of borehole B3, in the
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TasLE 1. Widths of detrital quartz grains and quartz
overgrowths from the Keuper sandstones of the
Paris basin, determined using CL
Grain size (um) Overgrowth widths (um)
Borehole Min. Max. Min. Max.
B1 100 300 20 80
B2 50 200 5 30
B3 200 600 20 100
B8 35 300 10 60
B9 100 300 20 60

Rhaetian sandstones of borehole B9, and in samples of
borehole B1. Overgrowths are widespread in samples from
borehole B8. In samples from borehole B2, overgrowths
are not homogeneously distributed. Quartz overgrowths
are defined by bright areas using SEM, but careful obser-
vation shows inhomogeneous patterns (Fig. 4) as already
reported by Hogg et al. (1992). These Cl figures were also
observed using the hot-cathode equipment on the micro-
scope: Patches of shades of blue are visible at the very
beginning of electron bombardment (Ramseyer et al.
1989), becoming duller with time. Some of the lumines-
cence patterns are similar to twinning patterns. Others
show concentric areas of different shades of lumines-
cence, which could be described as zoning. However, most
of the overgrowth patterns are patchy, without any indi-
cation of concentric growth or twinning, and may reflect
areas with lattice defects or crystallographic orientation.

Cathodoluminescence spectra of quartz overgrowths

The locations of the analyzed areas are shown in Figure
5. CL spectra of quartz overgrowths, recorded at room
temperature, are shown in Figure 6. The spectra are char-
acterized by a broad band in the UV region, centered at
330-340 nm. There is a broad continuous distribution
with a maximum intensity at ~640 nm. The asymmetry
of the 330-340 nm and 640 nm bands suggests the pres-
ence of other bands, the positions of which were searched
for by fitting the CL spectra in Gaussian peaks. The
asymmetry of the 640 nm emission band suggests the
presence of another band centered around 500 nm. The
asymmetry of the 330-340 nm band suggests the pres-
ence of several bands. According to Remond et al. (1992)
there are three possibilities: 380 nm, 400 nm, and do-
mains ranging from 440 to 470 nm. Monochromatic pho-
tomicrographs were taken at different wavelengths. Bright
overgrowths appear more intense at about 330 nm. CL
spectra were also recorded for quartz overgrowths from
sandstones of the Alwyn area (North Sea), which appear
nonluminescent using CL-SEM. These spectra do not
show the 330 nm peak.

CL intensity and color in quartz are affected by electron
bombardment. CL images taken before and after irradi-
ation, at room temperature, are different and depend on
wavelength. The 630 nm peak is greatly increased under
prolonged electron bombardment (several minutes), as
can be seen in Figure 7, in which the indicated squares
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BACKSCATTERED'
ELECTRONS

CATHODOLUMINESCENCE

Ficure 4. SEM photomicrograph of quartz from a Keuper
sandstone from borehole B3. (A) Backscattered electron image
showing the dark gray quartz (Qz) and (B) CL image of the same
quartz showing the dark luminescent detrital grain (G) and the
bright luminescent overgrowth (0); note the bright patterns in
the overgrowth.

are areas irradiated for several minutes, whereas the 400
nm image remains unaffected (Fig. 7).

TRACE ELEMENTS DETERMINED BY ION MICROPROBE,
ELECTRON MICROPROBE, AND IONIC IMAGERY

On the basis of the patterns observed using CL, trace
element profiles were determined across detrital quartz
and areas of various CL intensities in quartz overgrowths.
Variations of trace element abundances were measured
with the ion probe and the electron probe for Al. The
locations of the measurements are visible in Figure 5.
Trace element contents, as well as 'H/*°Si ratios, which
were determined by ion probe measurements, are report-
ed in Figure 8. The main differences between detrital
quartz and overgrowths are Li and Al contents (Fig. 8).
Al contents are much higher and more variable (up to
2100 ppm) in overgrowths than in detrital quartz. De-
spite its low concentration, Li content has the same char-
acteristics as Al: It is low in detrital quartz and abundant

Os

G2

Ficure 5. Authigenic quartz overgrown on detrital quartz
grains in a Keuper sandstone from borehole B3. (A) Backscat-
tered electron photomicrograph showing dark gray quartz (Qz),
(B) CL photomicrograph, and (C) sketch of the analyzed loca-
tions in the overgrowths (O) and in the detrital grains (G).
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Ficure 6. Cathodoluminescence spectra of some of the quartz overgrowths shown in Figure 5: (A) luminescent overgrowth O2,
(B) bright luminescent overgrowth O3, (C) slightly luminescent overgrowth OS5, and (D) very bright luminescent overgrowth O7.

in quartz overgrowths (up to 29 ppm). Bright over-
growths are characterized by the highest Al and Li con-
tents. Figure 9 shows the correlation between Al and Li
contents. Fe, Mn, K, Na, and H contents do not show
any systematic difference between the detrital and the
authigenic quartz (Fig. 8). Some detrital quartz may be
enriched in Ti. K content is higher than Na content in
some quartz. Such characteristics have already been ob-
served in agates, K being incorporated with Al as a charge-
compensating cation (Merino et al. 1995).

Electron microprobe measurements confirm the high
Al contents in bright quartz overgrowths (Fig. 10). In
detrital quartz grains, Al content is often lower than the
detection limit (90 ppm) or may exceptionally reach about
300 ppm. In quartz overgrowths, minimum Al content is
about 250 ppm, and maximum contents reach 2780 ppm.
Profiles from core to border (or from border to core) re-
vealed that no simple Al zonation exists for the different
overgrowths (Fig. 10). This is consistent with the patchy
variation in luminescence intensity noted previously.

SIMS images were acquired on a detrital quartz grain
(G4 on Fig. 5) surrounded by a very bright luminescent
overgrowth (O7 on Fig. 5). Figure 11 presents the Al and
Li distribution over this area. High Li and Al contents
were found within the brightly luminescent overgrowth.

The distribution of the other elements measured (Na, Mg,
K, Ca) did not show any correlation and is not presented.

For comparison, Al and Li contents were measured on
detrital quartz grains and their overgrowths from sand-
stones of the Alwyn area (North Sea). The Li and Al
contents were always higher in the overgrowth than in
the detrital grain. However, Li and Al contents were much
lower in nonluminescent quartz overgrowths from the
Alwyn sandstones than in bright luminescent quartz
overgrowths from Keuper sandstones of the Paris basin
(Fig. 12).

MICROTHERMOMETRIC RESULTS

The mean resuits of microthermometric measurements
in quartz overgrowths are given in Table 2. Homogeni-
zation and melting temperatures were corrected accord-
ing to the calibration curve established for the heating
and cooling stage used for the measurements. The tem-
peratures were obtained from samples from boreholes B1,
B2, and B3 (Demars and Pagel 1994).

Homogenization temperatures

Measured homogenization temperatures (77) are given
in Table 2. Aqueous inclusions in borehole B3 homoge-
nized between 75 and 122 °C. Inclusions in borehole B2
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Ficure 7. SEM photomicrograph of cathodoluminescence at
various wavelengths. (A) At 630 nm, arrows show the location
of prolonged electron bombardment. Note the higher cathodo-
luminescence signal of these areas. (B) At 400 nm, bombarded
areas do not show any variation of the cathodoluminescence
signal.

homogenized at higher temperatures ranging from 94 to
119 °C at greater depths. Inclusions in quartz overgrowths
in borehole B1 homogenized at tightly constrained and
higher temperatures ranging from 116 to 129 °C.

Melting temperatures

Measured melting temperatures (7,,) in quartz over-
growths are given in Table 2. Corresponding salinities were
calculated using the Bodnar (1993) equation. 7, mea-
sured in quartz overgrowths from borehole B3 ranges from
—15.5 to —1.7 °C (corresponding to salinities of 2.9-19
wt% NaCl eq.). In borehole B2, T, ranges from —18.4
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FiGure 8. Trace element contents determined by ion probe
for the various quartz areas shown in Figure 5. Contents are
expressed in parts per million for all elements except H, for
which the 1/30 ratio is used.

to —7.9 °C (corresponding to salinities of 11.5-21.3 wt%
NaC(l eq.). In borehole B1, as T, exhibits a small disper-
sion, T, values are rather tightly grouped, ranging from
—13 to —11.9 °C (corresponding to salinities of 15.9-
16.9 wt% NacCl eq.).
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Ficure 9. Plot of Al vs. Li contents of quartz determined by
ion probe.
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Ficure 10. Al contents determined by electron probe of the
various quartz areas shown in Figure 5. Arrows indicate growth
directions, white histograms represent Al contents lower than
the detection limit (90 ppm).

INTERPRETATION AND DISCUSSION
Cathodoluminescence spectrum of quartz overgrowths

Quartz overgrowths have often been reported as non-
luminescent (Zinkernagel 1978) or dull luminescent.
Ramseyer et al. (1988) reported common short-lived blue,
blue-green, and bottle green luminescence colors in au-
thigenic quartz overgrowths developed around detrital
quartz grains in sandstones using a special CL optical
microscope developed for investigation of low-lumines-
cence intensities. The CL spectral investigation conduct-
ed between 200 and 900 nm on quartz overgrowths from
the Keuper sandstones of the Paris basin revealed a major
ubiquitous emission band in the UV range centered at
about 330-340 nm. Such a band has never been reported
in classical CL studies of quartz in sandstones, probably
because many spectral studies were restricted to the vis-
ible range. Other CL peaks were noticed, but they are of
minor importance. A high 650 nm peak was observed
once but is probably related to intensity increase during
continuous bombardment, which, as discussed above, is
a normal process in this part of the spectra. The classifi-
cation proposed by Zinkernagel (1978) does not take into
account such quartz overgrowth spectra.

Origin of CL in the UV range in the quartz overgrowths
of the Paris basin: Possible correlations

Despite the extensive use of CL in geologic studies, the
mechanisms responsible for it are not yet well under-
stood. Studies linking doped synthetic crystals or geologic
sample analyses with the recording of CL spectra and the
observation of CL color have led to several hypotheses
about the origin of visible CL. Ti, Ti/Fe ratio (Sprunt
1981), Mn (Marshall 1988), Al (Perny et al. 1992; Grant
and White 1978), Na and Li (Perny et al. 1992), and H,O
(Owen 1984) have been frequently mentioned as possible
activators. Other authors dispute the possible influence
of activators in quartz because of the general absence of
CL zonations. However, some observations with appro-
priate equipment suggest that zonations may exist (Ram-
seyer and Mullis 1990). Zinkernagel (1978) concluded that
the ordering degree of the quartz lattice is the cause of

Ficure 11. Ionic images of the area shown in Figure 5, in-
cluding quartz grain G4 and overgrowth O7. (A) Li image: The
highest signal is shown in the overgrowth O7 (black); (B) Al
image: The highest signal is shown in the overgrowth O7 (dark
gray). The ionic images are inverted in comparison with stan-
dard SEM photomicrographs.

CL. SIMS and electron microprobe analyses demonstrat-
ed that high Al and Li contents are mainly located in
quartz overgrowths. The abundances of these two trace
elements correlate strongly with the UV-CL brightness of
the diagenetic quartz and therefore with the intensity of
the 330-340 nm band. Electron microprobe analyses
showed that Al concentrations varied from 250 to 2780
ppm in quartz overgrowths. The other trace elements an-
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and quartz overgrowths from Keuper sandstones of the Paris
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overgrowth, GO = gray overgrowth, BO = bright overgrowth.

alyzed by means of SIMS (Na, K, Fe, Ti, Mn, and even
Mg, Cl, and F) were either not correlated with the quartz
overgrowth luminescence or had very low concentra-
tions. Although Ti, Ti/Fe (Sprunt 1981), Mn (Marshall
1988), and H,O (Owen 1984) have been found to be po-
tential activators of the quartz CL, they are not respon-
sible for the observed UV-CL emission at 330-340 nm.
OH has often been mentioned as a potential cause for
some quartz CL peaks. However, H contents measured
by ion probe do not correlate with the brightness of the
overgrowths. Because H may be found at different loca-
tions (4H+ for Si*+ or H* + AI** for Si**), the lack of
correlation does not directly imply that OH is not in-
volved in UV-CL emissions but suggests that it could not
be the only source of luminescence. However, trace ele-
ments such as Al and Li appear to be of great importance
in the 330-340 nm emission, as is shown by the similar-
ity of the CL image of the very bright quartz overgrowth
and the Li and Al images obtained with the ion probe.
Al (or a specific cation-compensated Al point defect) has
already been mentioned as a possible luminescence cen-
ter of the short-lived CL by Perny et al. (1992). Grant
and White (1978) also claimed that a 400-500 nm band
may be associated with the replacement of Si by Al. Sub-
stitution of Al for Si is known to be the most important
mechanism of compositional variation in quartz (Frondel
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1962). Valence compensation is completed by the con-
comitant incorporation of H+ and a small alkali ion, ei-
ther Li or Na, or both (Frondel 1962), into interstitial
positions. AI>* substitutes for Si*+ in the Si-O tetrahedra,
and the monovalent alkali ion, acting as charge compen-
sator, is located in interstitial positions in channels that
parallel the c axis (Jain and Nowick 1982). However, it
is still unclear if concomitant Al-Li incorporation is di-
rectly or indirectly correlated with the intensity of the
330-340 nm band, i.e., do the trace elements act as ac-
tivators or do the (Al/Li+)° cause structural defects, such
as lattice distortion, which enhance the intrinsic or self-
activated luminescence? The (Al/Li* )° point defect could
be observed using electronic paramagnetic resonance
(EPR) after irradiation to make this defect paramagnetic.
Unfortunately, the studied quartz overgrowths are only a
few micrometers wide and are difficult to separate from
the host detrital quartz grain. Because no in situ EPR
spectra could be obtained, the (Al/Li+*)° presence and its
correlation with the UV emission of synthetic Li-doped
quartz could not be observed. Whatever the mechanism
may be, the coupled Al-Li substitution in the quartz over-
growths correlates with the UV emission at 330-340 nm.

Depositional environments for development of such over-
growths

The 330-340 nm emission band in spectra of the quartz
overgrowths from the Keuper sandstones of the Paris ba-
sin is absent from the spectra of quartz overgrowths from
North Sea sandstones. A better knowledge of the growth
conditions, in terms of thermometry and chemistry, was
thought to be essential to define the most favorable en-
vironment for the development of such diagenetic quartz.
The occurrence of UV emission in quartz overgrowths
could therefore be related to a well-defined diagenetic en-
vironment.

Microthermometric data for quartz cements from the
Keuper sandstones of the Paris basin provided homoge-
nization temperatures for the fluid inclusions between 89
and 124 °C, depending on the depth and the location of
the sample. With the assumption of a thermal gradient
similar to that at present, it has been concluded that quartz
cementation occurred at relatively great burial depths
(Demars and Pagel 1994).

Salinities range from 2.9 to 21.3 wt% NacCl eq. Such
moderate to high salinities have been related to variously

TasLE 2. Microthermometric results obtained for quartz overgrowths from the Keuper sandstones of the Paris basin (from

Demars and Pagel 1994)

Borehole Depth (m) NT, T.min (°C) T.max (°C) Mean T, (°C) NT, T.min (°C) T.max (°C)
B1 2756.07 3 119.0 124.0 122.0 £ 2.6 1 — —
B1 2781.81 24 116.0 129.0 123.6 + 3.6 20 -13.0 -11.9
B2 2805.50 18 94.0 119.4 1076 £ 7.4 34 -18.4 -7.9
B3 2598.00 25 74.9 121.7 91.7 = 10.7 67 -15.5 -2.3
B3 2619.38 15 86.4 93.4 889 + 2.0 31 -123 -1.7
B3 2624.50 2 93.0 94.5 93.7 = 1.0 4 -5.8 —4.2

Note: T, = homogenization temperature, T,, = melting temperature, and N = number of measurements.
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diluted mixtures of primary and secondary brines, which
probably originated from eastern Triassic evaporitic de-
posits (Matray et al. 1989; Demars and Pagel 1994).
Quartz overgrowths from North Sea sandstones with dark
CL have been found to have precipitated from lower sa-
linity fluids (<4 wt% NaCl eq.) at about the same tem-
peratures.

Li and Al occurrence in Keuper quartz overgrowths has
been demonstrated to be a possible cause for the catho-
doluminescence emission in the UV range. The high Li
content in quartz could be explained by either rapid
growth (Poty 1969) or growth from an Li-enriched fluid.
The rarity of inclusions in any quartz overgrowth (re-
gardless of the crystallographic direction) do not favor the
hypothesis of rapidly grown quartz. Therefore, the most
plausible option is that the fluids from which quartz pre-
cipitated were enriched in this ion. High Li values have
been reported for saline solutions associated with oil fields
in the Paris basin (Fontes and Matray 1993). These au-
thors precluded the origin of Li from diagenetic reactions
and concluded that the high content of trace elements,
such as Li, in the solutions must be due to contributions
from an extremely evolved primary brine. Diagenetic
quartz enriched in Li should have precipitated from sim-
ilar saline solutions. The 330-340 nm emission band
seems, therefore, to be related to specific diagenetic con-
ditions and in particular to the nature of the diagenetic
fluid. The contribution of an extremely enriched primary
brine has favored the precipitation of Al- and Li-enriched
quartz, cathodoluminescent in the UV range.
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