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Abstract

The laser fluorination technique reported here for analyzing the oxygen isotope composition (8'30) of fine quartz size fractions 5020,
20-10, 10-5, 5-2, 2-1 and <1 pm has been validated by comparison with the ion microprobe technique. It yields accurate §'%0 data with
an external precision better than 0.159,. This is a significant methodological improvement for isotopic studies dealing with materials such
as soil or biogenic oxides and silicates: particles are often too small and recovered in insufficient amount to be easily handled for ion
microprobe analysis. Both techniques were used to investigate 8'30 composition of a Cretaceous quartzite and silcrete sequence from
the South-East of France. Quartzite cements average 31.04 + 1.939,. They formed from Mid-Cretaceous seawater. Higher in the series,
silcretes cements average 26.66 + 1.36%,. They formed from Upper- or post-Upper-Cretaceous soil water and groundwater. Oxygen iso-
tope data show that the silicification steps from one mineralogical phase to another and from one layer to another (including from an
upper pedogenic silcrete to a lower groundwater silcrete) occurred in a closed or weakly evaporating hydrological system.

© 2006 Elsevier Inc. All rights reserved.

1. Introduction

Infra-red (IR) laser-heated fluorination techniques are
now commonly used for analyzing the oxygen isotope com-
positions (6'%0) of grains of silicate and oxide minerals
(e.g., Sharp et al., 2002). However several studies have
shown that experimental problems occur during the laser
heating of fine grain fractions. These include loss of ejecta
and inconsistent 5'%0 values, and have prevented the appli-
cation of laser-heated fluorination investigations to oxide
and silica grains finer than 30-50 pum. Such fine size frac-
tions are common in sandstones, chert and silcrete quartz
cements, fine-grained sediment, soil oxides and biogenic sil-
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ica particles such as phytoliths, diatoms and sponge spic-
ules. The 6'®0 values of such materials are generally
measured using conventional fluorination techniques which
involve a large amount of sample (10 mg, Alexandre et al.,
2004) reacting slowly with BrFs_Laser-based techniques re-
quire small amount of sample (0.5 mg, Crespin et al., 2005)
and can be analyzed more quickly. Thus, analyzing fine
powders of silicate and oxide minerals with an infra-red
laser-heated fluorination technique would represent a
significant methodological improvement. It would aid in
understanding genesis of these phases and would enhance
their use as quantitative proxies of paleo-waters and
paleo-environments.

Fouillac and Girard (1996) first pointed out that mea-
sured 0'%0 values of quartz fractions finer than 75 um were
lower when analyzed using a laser-heated fluorination
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technique than using conventional fluorination. Kirschner
and Sharp (1997) proposed mixing powders finer than
30 um with LiF binder in order to prevent loss of ejecta.
However making the pellets is an additional step to an al-
ready time-consuming method. Moreover, according to
Kirschner and Sharp (1997) the sample chamber and adja-
cent line become coated with a LiF residue that necessitates
periodic cleaning; thus to our knowledge, the binder meth-
od was not further developed. Spicuzza et al. (1998) after
Valley et al. (1995) then described a rapid heating defo-
cused laser beam technique using sufficient laser power that
yielded good accuracy and precision when analyzing quartz
size fractions finer than 50 um. Up to now, there have been
no investigations conducted on grain-size fractions finer
than 30 pm.

In this paper, we report a 30 W CO, IR laser heating
protocol that leads to good precision and reproducibility
of 0'®0 analyses of quartz size fractions 50-20, 20-10,
10-5, 5-2, 2-1 and <1 pm. The laser fluorination technique
applied to fine quartz grains was validated by comparison
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with results using the ion microprobe technique. Both tech-
niques have been used to investigate the §'30 composition
of micro- (1-5 pm or 2-5 pm), granular and fibrous crypto-
(<1 or 2 um) crystalline quartz cements of a quartzite and
silcrete sequence from the Southeast of France. Processes
of formation of the quartzite and silcrete sequence have
been inferred from 6'%0 data, and 8°°Si results recently ob-
tained by Basile-Doelsch et al. (2005) on the same
sequence.

2. Geological setting, sample description and analytical
methods

2.1. Geological setting

The sandstones series of Apt (South-East of France)
(Triat and Parron, 1976; Sabouraud and Parron, 1977; Par-
ron and Guendon, 1985; Basile-Doelsch et al., 2005)
(Fig. 1) has an inferred age of Mid-Cretaceous (Albian to
Lower Cenomanian). Sedimentation occurred in seawater

Nodule from
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Fig. 1. Location map and schematic section of the Apt series (modified from Basile-Doelsch et al., 2005) showing the sandstone, quartzite and silcrete
samples analyzed in this study. Photomicrographs of silcrete (S4c and 11), quartzite (S13) and sandstone (S14a) samples showing detrital quartz (DQ),
overgrowths (Ov), embayments (Em), micro-crystalline quartz (nQ), granular crypto-crystalline quartz (GCQ), fibrous crypto-crystalline quartz (FCQ),

clays (Cl) and voids (V), are associated.
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(Cretaceous Alpine Sea), as indicated by the occurrence of
syn-sedimentary glauconite. Deposition was followed by
diagenetic carbonate and silica cementation of detrital
quartz leading to the formation of sandstones. When the
cement and detrital grains of sandstones are made of
quartz, the sandstones are also called quartzites. During
Upper-Cretaceous time, the Durance uplift exhumed the
glauconitic sandstones and quartzites where they were sub-
jected to weathering under a wet tropical climate. In the
upper part of the series, weathering of quartz marine
cements and glauconite led to the formation of red- to
yellow-ochre sands composed of detrital quartz associated
with kaolinite, goethite and hematite. At the top of the ser-
ies a silcrete comprising centimeter-sized silicified nodules
in a cement of clays is present. Massive lenses of silcretes,
made of detrital quartz in micro and crypto-crystalline
quartz cement, developed below, in different layers of the
rubefied sands. No geochronologic techniques are available
for the accurate dating of these Upper- or post-Upper Cre-
taceous silcretes (Watchman and Twidale, 2002). Analysis
of fluid inclusions of a silcrete cement showed that the
cementing fluid was low temperature (<40 °C) fresh water
(Sabouraud and Parron, 1977). On the basis of microscopic
features in the samples, the vertical superposition of sil-
cretes was interpreted as having formed from soil water
in its upper portions (pedogenic silcrete) and from succes-
sively deepening levels of the water table in the lower por-
tions (groundwater silcretes) (Basile-Doelsch et al., 2005).

2.2. Sample descriptions

Microscopic observations of thin sections (Fig. 1) were
done to determine the mineralogical composition of the
sandstones, quartzites and silcretes. On the basis of field
and microscopic observations, three sets of samples were
collected (Fig. 1). One sample of sandstone without quartz
cement (S14a); samples of quartzites from two levels (S5b
and S13), partly characterized by non-weathered glauco-
nite; and three samples of silcretes from three levels (11,
S14b and S4c) distinguished by the occurrence of weath-
ered glauconite or lack of glauconite. All samples exhibit
a grain-supported fabric, except for S14a and S4c which
exhibit a floating fabric. From bottom to top, samples
are described as follows (Fig. 1).

2.2.1. Sandstone without quartz cement

S14a (site of Gorgues, level VII), a matrix supported
sandstone, consists of 100-500 um size rounded and partly
embayed (Em) detrital quartz (DQ) grains devoid of over-
growths (Ov), surrounded by a micron-scale brown coat-
ing, in a cement of clays (Cl) containing titanium oxide.

2.2.2. Quartzite

S5b (site of Gorgues, level II), a grain-supported quartz-
ite, is made of 50-300 um size irregular detrital quartz
grains devoid of overgrowths, in places surrounded by a
micron-scale brown coating and non-weathered glauconite

grains, in a cement of fibrous crypto-crystalline quartz
(FCQ) (also defined as chalcedony).

S13 (site of Couloubrier, below level VII), a grain-sup-
ported quartzite, is made of 50-300 pum size rounded detri-
tal quartz grains devoid of overgrowths, and juxtaposed
against non-weathered glauconite grains in a cement of fi-
brous crypto-crystalline quartz and weathered glauconite.

2.2.3. Silcretes

Sample 11 (site of Istrane, higher level IV), a grain-sup-
ported silcrete, is made of 50-500 pum size rounded detrital
quartz grains with overgrowths, which are in places sur-
rounded by a brown coating, in a cement of granular cryp-
to-crystalline quartz (GCQ) and weathered glauconite.
Micro-crystalline quartz (uQ) occurs in cracks.

S14b (Gorgues, level VII), a grain-supported silcrete, is
made of 50-300 pm size rounded detrital quartz grains with
overgrowths, and surrounded by a brown coating, in a ce-
ment of granular crypto-crystalline quartz. No glauconite
was observed.

S4c (Istrane, upper level), a matrix-supported silcrete,
shows, at the macroscopic scale, pedogenic features such
as silicified nodules and silicified root porosity. Nodules
are made of 50-150 pum size rounded detrital quartz grains
with embayments, in a cement of micro- and granular cryp-
to-crystalline quartz (nQ and GCQ). No glauconite was
observed.

2.3. Analytical methods

2.3.1. Separation and concentration of micro-, granular
crypto- and fibrous crypto-crystalline quartz size fractions
In an attempt to concentrate the cement phases, size
fractionation of the sample was done following a procedure
developed by Lee and Savin (1985), and later used by Gir-
ard and Deynoux (1991), Graham et al. (1996), Girard
et al. (2001) and Alexandre et al. (2004). Samples were
gently ground in water to preserve as much as possible
the original grain-size of constituents. Iron oxides were
reduced using sodium citrate and sodium dithionite. Resid-
ual amorphous material was removed by boiling in hydro-
chloric acid until the solution became clear. Samples were
treated with 7% hydrofluoric acid at room temperature in
an ultrasonic bath for six days in order to weaken grains
along the core—cement interface and facilitate the separa-
tion of the cement from the detrital grains. This step was
repeated two or three times. The purity of the quartz sam-
ples was checked under the optical microscope and by X-
ray diffraction (XRD). After rinsing, the samples were
sieved at 200, 100 and 50 um. The <50 um size fraction
was separated into 50-20, 20-10, 10-5, 5-2, 2-1 and
<1 pum size fractions using a centrifuge. Particles finer than
<1 um were recovered for sample S4c only. Efficiency of
the size separations was checked under optical microscope.
The 5-2 pm and coarser size fractions always contain sig-
nificant amounts of particles coarser than the nominal
upper limit of the fraction. Size fractions 2-1 pm and
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<1 um were correctly separated. Samples S13 (quartzite),
S14b, 11 and S4c (silcretes) were processed following the
procedure described above. Sample S14a was not processed
or analyzed by laser-fluorination, because its cement is
made of clays. Similarly, we were unable to analyze the ce-
ment in sample S5b because the large concentration of iron
oxides in this cement could not be successfully removed.

2.3.2. Necessity of an equilibration procedure of the quartz
cement prior to isotopic analysis

The occurrence of a significant amount of exchangeable
oxygen in hydroxyl-bearing silicate phases, particularly
crypto-crystalline quartz, may require one to perform iso-
topic analysis via an isotopic equilibration technique such
as that developed by Labeyrie and Juillet (1982). Equilibra-
tion of exchangeable oxygen was performed on samples
S4c <2 um (granular crypto-crystalline cement) and
S13 <2 um which contain some fibrous crypto-crystalline
quartz cement. The resulting 6'30 values (27.2 + 0.2%,+
for Sd4c <2 pm; 22.03%, for S13 <2 um) were similar to
6'%0 values obtained without equilibration (27.1 + 0.2%,
for S4c <2 pm; 22.05 4+0.2%, for S13 <2 um). We con-
clude that the crypto-crystalline quartz cements were not
hydrated to the extent that requires an equilibration step.
This is consistent with the conclusion based on Fourier-
transformed-infra-red (FT-IR) data by Alexandre et al.
(2004) for fibrous crypto-crystalline quartz of an Austra-
lian silcrete. This is also consistent with XRD pattern of
sample S13 <2 um that only shows peaks attributed to well
crystallized quartz and no obvious diffuse intensity, large
half width or diffuse peaks with d-spacing between 0.43
and 0.28 nm, characteristic of silica minerals with structur-
al disorder and/or low crystallite size (Florke et al., 1991).

2.3.3. Oxygen isotope analysis of fine silica grains using laser
extraction technique

Molecular O, was extracted from quartz using a laser
extraction technique similar to that described by Sharp
(1990). The oxygen isotope ratio was measured using O,
gas and a ThermoQuest Finnigan Delta Plus mass spec-
trometer at CEREGE (Aix-en-Provence, France). The
originality of this study lies in analysis of fine quartz pow-
ders ranging from 200 to 1 um (Fig. 2):
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Fig. 2. Average 6'30 and reproducibility (error bars) of size fractions of
the laboratory quartz standard “Boulangé” obtained with the laser
fluorination technique, CEREGE. The overall average value is
16.469,, + 0.15 vs V-SMOW (76 analyses).

A Merchanteck 30 W CO, IR laser was used. Thirty
three samples of 1.5 mg were loaded in a nickel sample
holder, dried at 105 °C for 1 h and pre-fluorinated in a vac-
uum line for 1 h. In an atmosphere of 100 mbars of BrFs
samples were preheated with a 0.1 W laser beam with a
diameter of 2000 um for 20s. The power of the 2000 pm
of diameter laser beam was then increased up to 12-13 W
and samples were heated starting at the center and slowly
moving the laser beam in progressively larger concentric
circles until a bowl of liquid silica formed. The laser beam
was then focused to a diameter of first 1000 um and then to
200 um. Laser emission was stopped when all particles dis-
appeared in the gas phase. This protocol avoids ejection of
a portion of the sample. Replicate analyses of the interna-
tional standard NBS 28 (120-250 um) gave an average of
9.6 £0.15%, (16) vs V-SMOW. Seventy-six analyses run
over 12 weeks of a laboratory quartz standard (‘“Bou-
langé”) of 200-100, 100-50, 50-2 and 2-1 um yielded an
average value of 16.46%, and an external reproducibility
of +0.159%, (1s), with no relationship between measured
6'%0 values and grain size (Fig. 2).

2.3.4. In situ oxygen isotope analysis using the ion
microprobe

The oxygen isotope ratios of detrital quartz, over-
growths, micro-, granular crypto- and fibrous crypto-crys-
talline quartz were measured using the CAMECA IMS
1270 microprobe (secondary ion mass spectrometry
(SIMS)), with a 40-50 um spot size, at CRPG (Nancy,
France) (Gurenko et al., 2001). Internal precision of
4+0.2%, (lo,) was obtained when analyzing quartz stan-
dards and samples. Replicate analyses of internal quartz
standards gave an external reproductibility of =+0.3%,
(10). Locations of analyzed craters were identified under
the optical microscope after the SIMS session. Data ob-
tained from craters that included several mineralogical
phases (e.g., detrital quartz and overgrowth, overgrowth
and micro-crystalline quartz,...etc.) were not considered
further.

3. Results

3.1. 6’30 data obtained on separated size fractions using the
laser-fluorination technique

Average 6'%0 compositions of the size fractions of sam-
ples S13 (quartzite), S14b, 11 and S4c (silcretes), obtained
after grain size separation and laser fluorination are given
Fig. 3 and Table 1. Standard deviations (¢) higher than
0.15%, likely indicate heterogeneity of the extracted
material.

The 'O values of the four samples increase with
decreasing size fraction, consistent with progressive
increases in the authigenic quartz content in the finer frac-
tions. The 6'®0 values of the coarsest fraction range from
17.3 £ 0.019%, (S14b) to 21.3 + 0.139%, (S4c) suggesting that
the samples with the highest 6'%0 values contain a mixture
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Fig. 3. The 6'"®0 composition of size fractions extracted from quartz
cements of the quartzite and silcrete sequence obtained with the laser-
fluorination technique, CEREGE. No error bars (reproducibility) are
displayed for samples analyzed only once.

of detrital quartz (6'%0 values ranging from 6.4 to 20%,
according to Garlick and Epstein, 1967; Savin and Epstein,
1970; Clayton et al., 1972; Eslinger et al., 1973; Blatt, 1986;
Graham et al., 1996) and authigenic quartz (6'%0 values
ranging from 20 to 329, according to Savin and Epstein,
1970; Graham et al., 1996; Kolodony and Epstein, 1976;
Bird et al., 1992; Abdel-Wahab et al., 1998; Webb and Gol-
ding, 1998; Alexandre et al., 2004).

The 6'%0 values of the 2-5 um size fractions range from
19.8 +0.159, (S14b) to 26.18 £ 0.48%, (S4c). Those sam-
ples with the lowest 6'®0 values, while predominantly
authigenic, contain some detrital quartz as well. The 6'%0
values of the 2-1um size fractions range from

20.19 + 0.16%, (S14b) to 27.2 + 0.2%, (11), while the 6'%0
value of the <1 um fraction (S4c) is 26.8 4+ 0.179%,,.

3.2. 6'%0 data obtained from in situ ion microprobe analysis

The 6'80 values of detrital quartz, overgrowths, micro-,
granular crypto- and fibrous crypto-crystalline quartz of
the sandstone and quartzite samples are given in Fig. 4.
Averages are given Table 1. Some phases such as the mi-
cro-crystalline quartz of sample S14b and overgrowths of
sample 11 could not be analyzed because of the lack of vis-
ibility of the grain boundaries.

Detrital quartz show a large range of 4'%0 values
although the ranges are essentially all the same (Fig. 4),
with 0'®0 averages in individual samples (Table 1) ranging
from 8.29 £+ 0.3%, (S14b) to 13.38 4+ 0.149,, (S4c). More-
over, variability of 6'%0 values occurs at the scale of single
detrital grains (e.g., three 6'30 values measured on one
detrital grain from S14a: 7.46, 8.17 and 14.31 +0.39%,).
Such significant intra-grain variability has also been report-
ed by Graham et al. (1996) for detrital quartz and by Aléon
et al. (2002) for eolian quartz from several sources.

Authigenic overgrowth, and micro- and granular cryp-
to-crystalline quartz of samples 11, S14b and S4c (silcretes)
give very similar average 60 values ranging from
25.8 +£1.149, to 27.57 + 0.919,,. No obvious relationships
were found among average 0'°O values, location of craters
close or far from detrital grains or voids. Because a combi-
nation of sample heterogeneity and analytical uncertainties
lead to a relatively high standard deviations of §'%0 values
from a single phase, it does not appear reasonable to inter-
pret as significant a ca. 1%, 6'%0 average variation from
one phase to another (e.g., between S4c micro-crystalline
quartz and S4c¢ granular crypto-crystalline quartz).

Fibrous crypto-crystalline quartz constituting the ce-
ment of samples S5b and S13 (quartzites) reach values of
30.99 £ 0.549%, and 31.09 + 2.60%,. Once again, no obvi-
ous relationship was found between 6'%0 value and loca-
tion of the phase close or far from detrital grains or voids.

Finally, two groups of siliceous cements can be distin-
guished: (1) cements made of overgrowths, micro- and
granular crypto-crystalline quartz of samples 11, S14b
and S4c (silcretes) which have similar 6'®0 values averag-
ing 26.66 + 1.369,, regardless of the mineralogical phase;
(2) cements made of fibrous crypto-crystalline quartz of
samples S5b and S13 (quartzites) which have similar 6'%0
values averaging 31.04 + 1.939,. These values are close to
the ones determined by Kolodony et al. (2005) for a chert
breccia where the fragments of chert formed from seawater
(6"%0 value around 32%,) and the breccia matrix formed
from fresh water (6'®0 value around 269%,).

3.3. Comparison of data between the two techniques
Comparison of data obtained with both techniques

(Table 1) shows that when cements are fibrous crypto-
crystalline quartz (sample S13), 6'%0 values measured on
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Comparison of 6'%0 data obtained from in situ microprobe analyses and from the laser fluorination technique analyses applied to small size fractions

In situ CRPG ion microprobe (Nancy, France)

Laser fluorination of micrometric fractions CEREGE (Aix en Provence, France)

Sample # Mineralogy s%0 n  Sample # Mineralogy o180 n
(%, vs V-SMOW) 1o (%, vs V-SMOW) 1o
Silcretes
S4c DQ 13.38 0.14 13
nQ 26.65 0.69 3 S4c5-10 pm 20.05 0.04 2
GCQ 27.57 091 22 S4c2-5um nQ, GCQ 26.18 048 2
S4¢ <2 um 27.20 020 4
S4c <1 pm 26.88 0.17 3
11 DQ 10.84 190 6
nQ (crack) 2591 075 5 11 5-10 pm 23.30
GCQ 25.80 1.14 10 11 2-5pm Ov, nQ, GCQ 24.35
11 <2 pm 25.80 0.01 2
S14b DQ 8.29 034 1
Ov 26.34 029 6
S14b 2-5 pm Ov, nQ 19.79 0.15 2
20.19 0.16 4
Average pQ, GCQ, Ov  26.66 1.36 46
Quartzites
S13 DQ 10.02 1.69 5 S132-5um 21.85 1
FCQ 31.09 260 9 S13<2um FCQ 22.05 0.19 2
S5b DQ 10.48 1.62 4
FCQ 30.99 054 7
Average n1Q, GCQ, Ov  31.04 1.93 16
Sandstone without quartz cement
Sl4a DQ 11.46 236 20

DQ: detrital quartz; Ov: overgrowth; nQ: micro-crystalline quartz; GCQ: granular crypto-crystalline quartz; FCQ: fibrous crypto-crystalline quartz.
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Fig. 4. The 6'80 composition of detrital quartz (DQ), overgrowths (Ov),
micro-crystalline quartz (pQ), granular crypto-crystalline quartz (GCQ)
and fibrous crypto-crystalline quartz (FCQ) obtained from in situ ion
microprobe analysis, CRPG. Internal precision (0.3%,) is included in the
points.

the 2-1 um size fractions using laser-fluorination (22.05 +
0.19) are far lower than 6'®0 values measured in situ with
the ion microprobe (31.09 + 2.6), certainly due to an

admixture of detrital quartz in the samples analyzed by la-
ser fluorination.

When cements are made of micro- and granular crypto-
crystalline quartz (S4c and 11), §'®0 values measured on
the 2-5 wpm size fractions by laser-fluorination
(26.18 £ 0.48%, (S4c) and 24.359%, (11)) are similar to or a
bit lower than 8'®0 values measured in situ for micro-crystal-
line quartz with the ion microprobe (26.65 + 0.69%, (S4c),
25.91 + 0.75%, (11)). 6'%0 values measured for the <2 um
size fractions by laser-fluorination (27.2 4+ 0.29%, (S4c <2
um); 26.88 £0.17%, (S4c<1um) and 25.8+0.01%,
(11 <2 pm)) are similar to 6'*0 values measured in situ for
granular crypto-crystalline quartz with the ion microprobe
(27.57 £ 0.919%, (S4c), 25.8 £+ 1.149, (11)).

4. Discussion

4.1. Reliability of laser extraction for analyzing microscopic
silica grains

The laser protocol reported here allows analysis of oxy-
gen isotope ratios of separated quartz size-fractions finer
than 30, 20, 10, 5 and 2 um with a reproducibility of
+0.15%,,.

Similarity between 6'*0 data obtained with the laser
fluorination technique on the <2-1 um quartz size-frac-
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tions and with the ion microprobe on granular crypto-crys-
talline quartz support the conclusion that data obtained by
both techniques are accurate.

Thirty-three analyses of 1.5 mg of fine powders can
be made over four days. Up to now, because of meth-
odological problems such as ejection of powder during
laser heating, these size fractions were still processed
using conventional time consuming bulk fluorination
procedures that required much larger amounts of
sample.

4.2. Efficacy of concentration of micro-, granular crypto- and
fibrous crypto-crystalline quartz size-fractions

(1) Isotope data indicate that the separation method
used here did not provide pure concentrates of fibrous
crypto-crystalline quartz.

(2) All size fractions coarser than 5 um contain a mix-
ture of authigenic and detrital quartz and do not effectively
concentrate micro-crystalline quartz. Micro-crystalline
quartz is better concentrated in the 2-5 um size fraction.
Alexandre et al. (2004) followed the same concentration
protocol in an attempt to concentrate an Australian silcrete
cement made of fibrous crypto- and micro-crystalline
quartz. The <2pm quartz fraction of their sample
contained about 4% of detrital quartz as indicated by
cathodoluminescence (CL). Detrital high-temperature
quartz typically exhibits bright luminescence, while authi-
genic low-temperature quartz is typically non- or weakly
luminescent (Sprunt and Nur, 1981). The 6'%0 analysis
using the conventional fluorination method and mass—bal-
ance calculation led to a calculated 6'%0 value of the ce-
ment ranging between 24.8 and 25.8%,. New in situ 6'%0
analyses of this silcrete sample obtained using the ion
microprobe during the present study yielded 6'%0 values
of 30.25 £+ 1.789%, (n = 6) and 25.8 4+ 0.48%, (n = 4), respec-
tively, for the fibrous crypto-crystalline quartz cement and
for the micro-crystalline quartz cement. This new result
confirms that the separation protocol is very suitable for
concentration of micro-crystalline quartz but inadequate
to concentrate fibrous crypto-crystalline quartz. The
paleo-environmental interpretations presented by Alexan-
dre et al. (2004) are not in doubt but should be applied
to the micro-crystalline phase of the Australian silcrete
cement only.

(3) Granular crypto-crystalline quartz is efficiently con-
centrated in the <2-1 um size-fraction.

4.3. Implications for the cementation processes of quartzites
and silcretes of the Apt series

The 680 composition of a mineral reflects the 6'%0 val-
ue of water from which it formed and the temperature of
formation. On this basis, hydrological constraints leading
to cementation processes can be documented from the
0'%0 values of quartzites and silcretes cements studied in
this paper.

4.3.1. Quartzites

Cements from samples S5b and S13 (quartzites), made
of fibrous crypto-quartz show similar 60 composition
averaging 31.04 + 1.939, (Table 1). This value is typical
of shallow sea cherts (Sharp et al., 2002; Kolodony et al.,
2005), in agreement with interpretations previously drawn
from field and petrographic observations of a marine origin
(Parron et al., 1976).

4.3.2. Silcretes

The sequence of formation of quartz polymorphs deter-
mined in this study is typical of silcrete cements and is com-
monly interpreted as resulting from successive dissolution/
re-crystallization stages with associated leaching of impuri-
ties (Thiry and Millot, 1987). This process was also pro-
posed by Basile-Doelsch et al. (2005) who studied silicon
isotope ratios (6°°Si) of micro- and granular crypto-crystal-
line quartz of several silcrete samples of the Apt Series.
They found a shift in 6°°Si of about —29%, from micro- to
granular crypto-crystalline quartz and from one silcrete le-
vel to another. Successive dissolution/re-crystallization can
lead to the formation of highly fractionated quartz cements
(6°°Si of —7.5%,).

Given the large dispersion of §'%0 signatures among a
single phase (up to +1.149%, in granular crypto-crystalline
quartz of sample 11) and the analytical uncertainty
(£0.3%,), the measured 6'%0 values of overgrowths, gran-
ular crypto-crystalline quartz and micro-crystalline quartz
and from one silcrete layer to another may be regarded
as similar (26.66 + 1.36%,; Table 1). This result suggests
that changes in the silicification process that caused shifts
from one mineralogical phase to another and from one sil-
crete layer to another (including from upper pedogenic sil-
crete to lower groundwater silcrete) occurred in a closed
hydrological system that experienced only small variation
in the 8'®0 value of water.

Alternatively, the variations in 6'%0 values of quartz of
about +19, around 26%, (range of variations in a single
phase, from a phase to another, and from a layer to
another) may be interpreted in term of changes in temper-
ature and/or water '%0 values: (1) Assuming that the
8'%0 value of the silcrete-forming water was constant,
and using the oxygen isotope fractionation factors be-
tween quartz and water (Knauth and Epstein, 1976;
Matsuhisa et al., 1979), the 6'®0 variations among the ce-
ments range from 25.3 to 28.02%,, corresponding to a
temperature range of more than 8 °C. Such a large tem-
perature change occurred on a million-year time scale
during Upper-Cretaceous time and later but is difficult
to imagine on a shorter time scale. (2) Assuming that tem-
perature remained constant, the §'0 variations among
the cements would correspond to a change of water
0'®0 composition of less than 2.5%,. For comparison, fre-
quent recharge of soil water, at tropical high rainfall sites
in Hawaii, caused 6'%0 variations of up to 4%, on a three-
month time scale (Hsieh et al., 1998). Thus a 2.5%, change
would argue either for an open hydrological system sub-
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ject to frequent recharge and low evaporation or for a
closed hydrological system.

Finally, the vertical superposition of silicification levels
would have developed from the same water, with no or
only weak evaporation of the soil water. This water would
have recharged a lower water table subject to successive
deepening in a closed hydrological system. This is in agree-
ment with earlier conclusions based on §°°Si data (Basile-
Doelsch et al., 2005). Fibrous crypto-crystalline quartz of
marine quartzites located along the path of the downward
moving water table, as well as granular crypto-crystalline
quartz in the higher silcrete levels (Basile-Doelsch et al.,
2005), would have been the starting points from which
the sequence of quartz polymorphs of the silcretes cements
would have formed.

5. Conclusion

This study describes a new protocol for laser-fluorina-
tion analysis of the oxygen isotope composition of micro-
scopic silica grains, with an external precision better than
+0.15%,. The similarity of 5'%0 data obtained using the
laser fluorination technique and the ion microprobe on
pure size fractions of quartz suggests that both techniques
are accurate.

Sandstone, chert and silcrete benefit from being analyzed
with the ion microprobe because thin sections are easy to
make, whereas separation of high purity quartz polymorphs
is difficult, as demonstrated in this study. However the fluo-
rination technique is a significant improvement for isotopic
studies dealing with materials such as soil or biogenic oxides
and silicates (e.g., diatoms and phytoliths). These materials
are too small and often recovered in insufficient amount to
be easily prepared for ion microprobe analysis. Until now
they have been analyzed using conventional fluorination
techniques. The use of the laser fluorination technique re-
quires amount of sample only one-sixth the amount of sam-
ple required for conventional fluorination and analyses may
be done in half the time.

Fibrous crypto-crystalline quartz could not be cleanly
separated from detrital quartz using the separation tech-
niques described here, whereas granular crypto-crystalline
quartz is efficiently concentrated in the <2-1 um size-frac-
tion. Micro-crystalline quartz is best concentrated in the
2-5 um size fraction using our separation protocol. Direct
6'%0 analysis of these latter two phases avoids the errors
inherent in previous studies of silcrete in which the isoto-
pic composition of cement was estimated from isotopic
analyses of bulk material and mass Dbalance
considerations.

In the sequence from Apt, 6'0 values of overgrowths,
granular crypto-crystalline quartz and micro-crystalline
quartz and from one silcrete layer to another are similar
(26.66 + 1.369,). This result suggests that the silicification
of all the mineralogical phases and from one layer to
another (including from an upper pedogenic silcrete to a
lower groundwater silcrete) occurred in the presence of

waters of similar isotopic compositions. This implies either
a closed or an open system subject to only weak
evaporation.
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