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A. Introduction

The present dissertatioentitled: "Oxygen isotope microanalysis of silicateswith
application to fluid-rock interfacesfasbeen submitted to the Natural Science Faculty of the
University of Gottingen, December 9th, 1999. It is the result of approximately 3 yeargtieork
project was initiated in Februar§997). The thesis is embedded as "TeilprojeRR" in the
"Sonderforschungsbereich (SFBH8: Wechselwirkungen an geologischen Grenzflachen" of
the "Deutsche Forschungs-GemeinscH&8EG)". The SFB 468 hadeen founded in January
1997 to investigate processes ageological interfaces including organic and inorganic
compoundsThe supervisor othis work hasbeenProf. Dr. Jochen Hoefs frothe Center of
Earth Sciences, University of Gottingen.

Scientific Background

The application ofoxygen isotope analysis in order tovestigate geochemical and
cosmochemical processes is tremendous. An overview has recently been given by Hoefs (1997).

Amongst these, the determination'8®/10-ratios within coexisting minerals &ucidate
"temperatures of formation" (e.g. Urey, 1947; Bottinga & Javoy, 1973) and to characterize fluid-
rock processes (e.g. Sheppar@letl969; Taylor, 1974) iswell known. Thereforepxides and
silicates have been analysiedl many yearsusingthe technique of Clayton & Mayed&963):
Oxygen is released by thermal fluorination, subsequeosttyerted to C@ and finally detected
using mass spectrometevih dual inlet. Generally5-20 mg ofsample material aneecessary
to obtain reproducible results.

A general prerequisitéor doing oxygen isotopéhermometry is that the investigated
system hagully equilibrated.Using the technique of Clayton & Mayedd963) it has long
been recognisethat oxygen isotope thermometers often record discordant temperatures in
slowly cooled metamorphic rocks, thasult from diffusional re-equilibration during cooling
(Giletti, 1986).Hence, slowly cooledoexisting minerals often exhibit disequilibriuaver the
range of their size, which is -within single grains- documented by oxygen isotope gradients from
cores to rims (e.gEiler et al., 1995). Monitoring the isotopic composition otores of
neighbouring minerals would result in moseecurate determinations of peak-metamorphic
temperatures.

Disequilibrium and isotopic gradients also play a significant rolthénidentification of
mechanisms of fluid-rock interactiongsenerally, fluid-rock interaction takesplace by
dissolution-recrystallisatiorgchemical reactiomnd diffusion (e.gGiletti, 1985), each ofvhich
leaves characteristic oxygen isotope gradientsin altered mineragrains (e.gElsenheimer &
Valley, 1993). Additionally, oxygen isotopesan beused toidentify interfaces of fluid-rock
interactionand, hence, tdeduce the style of fluid flodhroughthe rock. An interaction along



grain boundarieseveals aroxygen isotope zonatigoattern distinct from an exchange along a
multiple set of microcracks (Elsenheimer & Valley, 1993, Valley & Graham, 1996).

It is straightforward thatsotopic gradientswithin single mineral grains can not be
monitored using the technique of Clayton & May€tla63). Anewdoor hasbeen opened by
the introduction ofR-laser fluorinatiorfor oxygenextraction, by which theecessaramount
of analyte materiahasbeen reduced t0.1 mg(Sharp,1990). Nevertheless, due to pit rim
fractionations, IR-laseare not suitabléor in situ analysis ofninerals (Elsenheimer &/alley,
1992). This problem has been overcome by using UV- instead of IR-light to induce fluorination
of silicates andxides. The KrF-laser (248 nm) habeen thefirst UV-laser that has been
successfullyapplied to in situoxygen isotopeextraction from various silicatdike feldspar,
biotite, olivine, garnet and pyroxene (Wiechert & Hoefs, 1995).

However, because of its high transparancy in the UV-rditgegfforts toablate quartz at
248 nm failed (Wiechert & Hoefs, 1995). This is a seripigblem since quartz is tiscond
most abundantineral on earth. Additionally, spatiedsolution hadveen restricted t800 um,
since pumol-amounts dadnalytegas have been necessarfpr reproduciblemassspectrometric
analyses and a fractionation-free conversion of oxygen tg [€0r analysisThus, monitoring
of oxygen isotope heterogeneties within single mingrains and amvestigation of fluid-rock
interfaces remained difficult.

Object of the Ph.D. thesis

The main aim of th¢hesis hadeen to investigatéuid flow and exchange mechanisms
betweenhydrothermal fluids and granitassing oxygen isotopes asti@cer of fluid-rock
interaction. For this purpose, granites frtma southeasterischwarzwald, Germanjavebeen
available, which partly have intensively interacted with a fluid of meteoric origin (Simon, 1990).

Of course, a detailed investigation okygen isotope exchange mechanishetween
granite and hydrothermal fluid requires an in-situ analysis of both quartz and its coexisting
minerals.Additionally, mineralgrains of these granitese oftenlessthan 1 mm in size. It is
obvious that the technique of Wiechert & Hoefs (1995) does not fulfill these prerequisites.

Hence, the above aimlso requiredhe development of a new technique, whistables
both in situ oxygen isotope analysis of quartz argktection of nmol quantities of silicate
extracted oxygen. The present thesis is therefore structured into three parts:

In chapter 1 experiments regarding in situ oxygen isotope analysis of guandescribed.
For these experiments the instrumentation of WiecheHdefs (1995) habeen modified by
replacing theKrF-laser by an ArF-lasei\(= 193 nm). Furthetheir opticalsystem haseen
changed in order to obtain twofold energy densities ofdbesedbeam.Within chapter 1 it is
shownthat theArF-laser is suitable to perform in situ oxygen isotope analysis on quartz and



fused silica. For selected samples, a comparison @fygen isotopedata obtained by
conventional analysis, GPand ArF-laser fluorination is provided. Extracts of this chapase

recently been published eochimica et Cosmochimica Ads3, 687-702.

The implementation of a new technique enabling reproducible quantifications of 18/16-ratios
within nmol quantities of silicate extractezkygen is described ichapter 2. Therefore a
continuous flow mass spectrometer (DeltaPlus, Finnigan Inoged, which allows a detection
of oxygen as massé&2, 33and 34.The characteristics of thBeltaPlus concerning oxygen
isotope measurements in a continubo® mode have been investigatednd an isotopeatio
monitoringGas Chromatographilass Spectrometry(irm-GC-MS) system habeen set up,
which finally hasbeen combined to an UV-laser based oxygetnactionsystem. Usinghis
technique, spatiakesolution during in sit@blation of silicates is improved 50 um, while a
single analysis takes less than 15 minutes.

Finally, the newly developed technique, which is described in chapter 2, has been applied to
in situ oxygen isotope analysis @ife samples fromthe St. Blasien granite, Schwarzwald,
Germany (chapteB). In situ analysis haseen carried out on thick sections (ca. 10 x 10 x 4
mm), which afterward$ravebeen investigated by electronicroprobe. In situ oxygen isotope
data and electron microprobe dataised to discusBuid-granite interaction on a scale ranging
from 250 um to a few kilometers. For each thick section averaged idasitus modelledising
the kinetic exchangéheory of Criss etal. (1987). A comparison of UV-lasatataand data
obtained byconventionalanalysis by Simon (1990) is alsmluded. Extracts of chaptervall
be submitted for publication to the jouri@ochimica et Cosmochimica Adtadue course.



1. In situ oxygen isotope analysis of quartz

1.1. Introduction

CO,- and neodymium:yttrium-aluminium-garne{Nd:YAG) lasers have increased

tremendously the number @eochemicalproblemsthat can be investigatedsing oxygen
isotopes. The higher temperatures of these lasers techniques now allow refractory minerals to be
studied. One of the most exciting exampleiison, thatcould not be reacted all, afew years
ago (Valley et al.1994; Gilliam & Valley, 1997).Reacting samples arsfandards irthe same
chamber has improved precision by almost an order of magnitudé/éiey. et al.1995) and
permits the investigation ofery smallisotopic variations irigneous andnetamorphicrocks
(e.g. Mattey et al. 1994, Yui et al. 1995, Eiler et al. 1996, Eilal.,e4997). Inaddition, sample
size has been reduced by a factor of ten,resdead tostudies of oxygen isotop&riations in

single quartz crystals (Conrad & Chamberlain, 1992; Elsenheimdali®y, 1993, Kirschner et
al., 1993, Young & Rumble, 1993, Onasch & Vennemann, 1995). Although&@@Nd:YAG-

laser techniques are very successful, in-situ measurements witloIQ@:YAG-lasers areery

difficult (Sharp, 1990, 1992; Elsenheimer & Valley, 1992; Conrad & Chamberlain, Ya8g
& Rumble, 1993; Kirschner et all993). This isbecause steep therngiadients in the sample
during in-situ analysis induce isotopic fractionati®@uchthermal effectshaverecently been
overcome by vaporizing samples with high power ultra-violet (UV) KrF-laser 248nm),thus
making possible in-situ oxygen isotope analysisilidate mineralfWiechert & Hoefs, 1995;
Rumble et al1997). In contrast t@ablationwith CO,-and Nd:YAG-lasers that radiate in the
infrared (IR)region,UV-lasers releasexygen not byheating but by electronic excitation. A
long list of mineralshavebeen analyzedith the KrF-laser:olivine, pyroxenesgarnet, spinels,
chromites, amphibole, biotitefeldspar and phosphates, but efforts to study higtalgsparent
minerals like quartz failed (Wiechert & Hoefs995). This is a serioyzroblem, becauseost
conventional silicate analyses refer to NBS-28, and quartz is one wiosteabundant minerals
in the continental crust.

Within this chapter it is demonstrated that high precision in-situ oxygen isotope analysis
of silica and quartz can l#one usinghe ArF-laser X = 193 nm). Photon energy tife ArF-
laser is sufficient for exciton creation by a two-photon process, which seems tarbathstep
for breakingSi-O bonds. Isotopicatios are not affected bpw oxygenyields, and the ArF-
laser camprobably be used to study oxygen isotopealiafypes of minerals. It is also shown
that quartz measurements affected either by neighboring feldspar or other contaminations can be
corrected only by using a standard which &9 close to the sample quartz.
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1.2. Instrumentation

The UV-laser microprobe has been described by Wiechert & Hoefs (1995). It consists of an
optical bench enabling sample observatiml laserfocussing (Fig.1.1), avacuum extraction
line with fluorine generato(Fig. 1.2) and aMAT 251 massspectrometert-or the analysis of
quartz, theKrF-laser p = 248 nm) hadeen replaced by an ArF-laser (Com@65, Lambda
Physik Inc.),that emits radiation @93 nm. It ischaracterized by a maximupulse energy of
400 mJ and aepetition rateanging from 1 to 50 HzThe laser provides a maximum of 15
Watts averagepower and gulse duration of 1éhs. Inaddition to replacindKrF with ArF
fillgas, two cylindrical lenses have been added to the laser beam @iiticd.1). The lenses are
placed directly beside the output coupler window, changing the laser beam dimensions from a 28
X 14 mm cross-section to a square of 14 x1im. The laser beam therasses through two
apertures, which reduce the amount of divergent light. Afsising througlthese apertures, the
beam is reflected into theewing optic via adielectric mirror,and is finallyfocused onto the
sample surfaceThe viewing optic is identical to theonfiguration described by Wiechert &
Hoefs (1995).

The sample chamber of Wiechert & Hoefs (1995) tbeen replaced by oribat is 20 ch
i.e. 6 times smaller by volume (Fig. 1.1). It is made of stainless steel and has a cylstdpzl
The chamber is open only at the top and sealed by a KalRez O-ring and Supiadibvi. The
smaller chambeuses lesdluorine gaswithout reducinggas pressure. A Suprasiwindow is
used fortwo reasons: 1)lhe strength of Suprastjives a thinnerless absorbing andiore
durable window than fragile fluoridesich as Mgk, 2) Fluoride reactioproducts adhering to

the inside of thevindow and obscuringhe operator’'sview of samples are easilemoved by
the ArF laser beam from Suprasil but are difficultémovefrom MgF, windows. Thewindow

is undamaged by the ladeeam, adong as it is noplaced close to théocus (see Fig. 1.1).

Another modification of the technique described in WiecheHdefs (1995) for this study is
the use ofcommercially available NaCpretreatedvith BaCl, to remove sulfate, as fuorine

getter. The use of chemically cleaned NaCl instead of KCI, in combingitiorsmaller amounts
of fluorine, leads to &ower oxygen blank. As a&onsequence, differe®®0 valuesfor pure

oxygen and oxygen/fluorine mixtures (see Fig. 3 in Wiechert & Hoefs, 83 otseen. The
previouslyused KClcontained contaminantgrobably SQZ', which werereleased during the

reaction with surplus fluorine.

1.3. Samples and procedures

A variety of samplesvereused forthe different experiments dhis study, both as single
grains (< 1 mm size) anthick sections (2 - 5 mrthickness).The ablation behavior of quartz

11



1/3 CCD
i camera

achromate

cylinder ]
lense field apertures achromate

|+~ 2 \
| \\dielectric

mirror

suprasil _
lens suprasil lens

[ suprasil
. 4~ window
KalRez O-ring—»

gas in/out

Fig. 1.1.Optical system and sample chambertio¢ UV-microprobeAfter the output
coupler the original beam profile of 14 x 28 mm is reduced to a square of 14 x L&ingn
two antireflection-coated cylindrical lenses set up in telescope mode. Hassgigminimized
thereby when passing through the first aperture, which transmits only the flat topsqtitine
beamprofile. Before being slightly prefocused by a first Suprésils, asecondaperture
reducedivergent light. A dielectric mirror, thatansmitsvisible light, reflects theprefocused
beam towards aecond Suprasiéns, by which it is finalljfocused ontdhe samplesurface.
Suprasil 1 is used as window material since it is highly transparent for non-fadudeght.
The window is sealed by a KalR€ering tothe sample chamber, which is madestainless
steel. Sample observation is performed by a T3D cameraandtwo achromats enabling a
magnification from 10-100 (see also Wiechert & Hoefs, 1995).
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Fig. 1.2. Vacuum extraction line and fluorine generator of the UV-micropRure. i
IS generated by heatingsKiF- in a nickel vesse3) (Asprey,1976). After expanding to 10
bars pressure, amounts gfrfecessary for daily analyses are condensed in a cold {#get
liquid nitrogen temperature. Before laser ablation is started the sample chamber (1)vsttilled
50 mbar k. Oxygen isreleased fronthe sample by laser ablation and plasma fluorination.
When enough oxygen is released the valve of the sample chamber is opened angasygen
a NaCl-trap(6), wheresurplus b is reacted at50 °C to C} andNaF. C}, is frozen out in
nitrogen cold trap (7), while other condensable gases likgfi@gze out in liquid nitrogen cold
trap (5). Oxygen streamisito aglassvial (9) and isconverted to CQ® on red hot diamonds,
which are fixed in a small platinum crucible. Generated, @Cfrozen out in nitrogen trap (8)
and yields can easily be determined using a Pirani gauge. To guarantee afldacmis the
massspectrometer generated €@ frozen out a seconiime in a microvolume(10). The
minimum amount of CQ for areliable analysis must be more than 1 pmélbr detailed
information see Wiechert & Hoefs (1995).
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has been studied by analyzing hydrothermally grown quartz Bamsil, because it wakund

to be free of largeinclusions. Dorentrup quartz, which is thein-house standard for
conventional silicatanalysis in Goéttingerhasbeenused totest whetheiisotope fractionation
occurs duringhe ablatiorprocess. Fofaser analysighe standardwas converted to glassy

mass bymelting in a vacuum oven. lilis way rods ofnearly cylindricalshapeare produced.
Analyseswere made on thickections and on single fragments of these aiteshing. Other
samples include quartz frorthe Schluchseegranite, Black Forest, Germany and from
Weinsberg Bohemian Massif, Austriayhich were analyzetioth as single grains and timck
section in order to study the effect of feldspar on quartz measurements. Oxygen isotope analysis
wasalso performed osuprasil 2 a commercially availablsilica glasswith lessthan 1000

ppm OH, highly transparent to ultra-violet light. Glasses of the Suprasil famityoammercially
generated by hydrolysis of SyGit high temperatures. Suprasil 1 (used as window material) and
Suprasil 2 have identical compositionsput different optical characteristicsSuprasil 1 is
optically isotropic, whereas Suprasil 2 is anisotropic. The concentrations of impurijlesses

of the Suprasilfamily are given in Tabld.1. Finally, the ability of theArF-laser to study
heterogeneity in single quartz crystals is demonstrated by analyzing hydrothermally grown
guartz fromUsingen Rhenish Massif, Germany.

impurities |concentration (ppm)
Al 0.05
Ca 0.05
Cr 0.005
Cu 0.01
Fe 0.02
K 0.01
Li 0.01
Mg 0.005
Na 0.05
Ti 0.05
OH <1000

Table 1.1. Concentrations of impurities for glasses of the Suprasil family.

For UV-laser analysis single grains artdick sectionswere purified ultrasonically in
distilled water and dried at 300 °C under vacuum for more than 10 hours. Mineral atidalock
sections were placed on the bottom of the sawidenber, without these of asample holder.
In contrast, single grains were loaded into 2-mm deep twesveredrilled into a nickeldisk.
This sample holder is necessary to hold smatleralfragmentsthat might otherwise jump out
of the laseffocus. After loading the chamber isvacuatechnd heateaver night. Typically the
vacuum is better than Fombar after six hours. Before lasing, the sample chamber isiiled

14



50 mbar K in order toremoveremnants of adsorbaslater.Oncethe blank is reduced tess

than 50 nmol by repeated fluorination, analysis proceeds as described by WiedHedfs
(1995).

The CQ laser technique at the Geophysical Laboratory is essertliallypame as described
by Sharp (1990). 25-watt, Synrad Series 48 Cfaser is used fosample evaporation. In
contrast to Shargl990), oxygen is natonverted to CQ after reaction of samplesith BrFs,
but frozen on a 5A mdiieve.lts isotopic composition igetermined omasse$2, 33,and 34
using a Finnigan MAT-252 mass spectrometer.

Samples for CQlaser analysisverefirst crushedwith a BN pestle and mortar. Aypical
analysis requires the evaporation of 1 - 3 large quartz fragments (1.5 to 2.2 mg) in avoet to
grain size effects (Fouillac & Girard,996). Analysis ofNBS-28 was performed by rapid
heating with a defocused laser beam (RHD-technique) similar to that described in Spiccuza et al.
(1998). The RHD-technique immediately melts small qugréms togetherOnly afew grains
arelost which areprobably noteventouched by the lasdight, but arepushedaway by the
shockwavethat is initiated by the heatingrocess.After a few secondsthe laser power is
reduced to avoid expulsion of partly reacted melt droplets. In this studyN&®y28 analyses,
for which more than 95 % oxygen has beetovered, areonsideredEjection of meltdroplets
was observed to be minavhile evaporatingarger fragments of Suprasil 2 and Dérentrup,

whereasviolent reaction andoss ofmaterial was observedr Weinsbergquartz. Thelatter is
probably caused by large fluidclusions.All CO,-laserdata are correctefr daily variations

with an olivine standach%BO = 5.20 %o).Corrected analyses &fBS-28 have a value 09.57
+0.09 %o (n = 4), and UWG-2, a garnet standéilﬁ(?()corr_ = 5.8 %o by Valley et al., 1995), has
a value of 5.85 = 0.03 %o (n = 2).

Conventionalanalyses in Gottingen and Tubingeere performed in nickel vesselssing
CIF3 (Gottingen) and Brg (Tubingen) as reagents (Borthwick & Harmon, 1982; Clayton &

Mayeda (1963).

1.4. Basic principles of laser fluorination

Most laser-based oxygen isotope analyseguaftzhavebeen performeavith a COy-laser

(Sharp, 1990; 1992; Conrad &hamberlain,1992; Young & Rumble,1993; Elsenheimer &
Valley; 1993; Kirschner edl., 1993; Onasch &/ennemann]1995; Fouillac & Girard, 1996;
Kirschner & Sharp, 1997; Spicuzza at, 1998). Infraredradiation from a C@laser p =
10600 nm) acts to increatiee vibrationalenergy of quartz - in other wordise laser heats the
sample. Oxygen is subsequentlyeleased by a thermally controlled reactibetween
vibrationally excited silicaand fluorine. Incomplete sampévaporation in combinatiowith a
coexisting temperature gradient leads to significantly lowtée values(Fouillac & Girard,
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1996). Probably this is caused byrferential release dfo from cooler samplearts, since

180 is bonded slightly weaker to Si thsf0. As a conseqguence, accuracy of single quartz grain
analysis depends on factdilee grain size (Fouillac & Girard1996) aswell aslaser power
(Spicuzza etl., 1998). Recent improvements in the accuracy of fine-grained quartz analysis
have been made by techniques that increase oxygen vyields cl3@ % by reducinghe loss

of ejecta during laser heating: Kirschner & Sharp (1997) used LiF as a binder, while Spicuzza et
al. (1998) operatedith a defocuseheam(see also chaptdr.3). But, generallyduring in-situ
analysis only a minor percentage of the sample can be vaporized. This meaightipagcision

in-situ analysis of quartz igery difficult with CO,-laser (Sharp,1990, 1992; Conrad &

Chamberlain,1992; Young & Rumble,1993; Kirschner etl., 1993). Consequently, some
workers prefer to cut thick sections into small chips prior tg-&8er analysis, producir@?2 -
1.5 mgsize samples, which can be vaporized almost completely (Elsenheiiviate§, 1993;
Onasch & Vennemann, 1995).

Nd:YAG-lasersoperating at 1064 nm have also been used for oxygen isotope analyses. Due
to the high transparency of quartz at this wavelength, however, it is necessary toaimsodoer
into the sample. Akagi et al1995) used submicronickel powder as an absorber, whereas
Mattey et al.(1994) mixed NBS-28 with olivine of aknown oxygen isotope composition. The

principle of theabsorber is straightforward: laskght is converted into heat by trebsorber
with the resultthat neighboring quartz ikeated by conduction, and then readts CIF3. The

5% valuesreported byAkagi et al.(1995) for NBS-28are much lower than the reference
value, whereas more accurat®-0 values arereported by Mattey et al(1994). The
reproducibility of this technique (£ 0.2 %o, 1 S.D.) seems to be only sligwigr thanwhat is
achieved by diredbeatingwith a CO-laser (<0.1%o, Spicuzza edl., 1998). It isclear that the

absorber technique is not suitable for in-situ measurements of quartz.

In the ultra-violet range KrF-lasers € 248 nm) araised for oxygen isotope analysis (e.qg.
Wiechert & Hoefs, 1995; Wiechert ak, 1997 a, bRumble etal., 1997). KrF-lasersare not
used to heat the sample but to brbakds byelectronic excitation. Ablation ahsulatorswith
nanosecond pulsadtra-violetlasers ignitiated bypromoting an electron of thealenceband
into the conduction band by absorption of one or more photons (Fig. 1.3). \mathiet only
a free negatively charged electron is formed, but also a positive charge (hole) in thdatirgstal
is left behind (Pompe «il., 1992; Haglund &ltoh, 1994). The hole may increase itotential
energy by absorption of an additional photon and, accordingly, the free electron may increase its
kinetic energy. Within a short period of 16 secondselectrons and holeseunite and form
localized excited states, so-called excitons, which are able to reld&fdots. Excitons and
defects ardoth precursors fothe absorption ofadditional photons, byvhich their potential
energy is further increasetenerally,bond breaking and subsequeggdrticle emission can
occur in different ways.For example, the potentiaenergy of the hole, exciton or
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Fig. 1.3.Schematic illustration of ongossible Si-O bond-breakingechanismusing
ArF-laser light with a single photon energy@# eV. The potentiaénergy (VPot.) of &iO-
cluster directlydepends ornthe distance r ofboth atoms fromeach other (anharmonic
oscillator). Anharmonic oscillators ambssible vibrational modesare shown for different
electronic states. For each state bonding is strongest when VPot. reaches a minimum. UV-light
induces an electronic excitation of the irradiated sample. Insulators are electronically excited by
promoting an electron from the valence band into the conduatind. Sincehe band gap for
silica is about ®V, asubsequent or simultaneous absorptiotnwaf photons is required for
band gap crossing. Aelectron hole pair is created (st&)e whichrecombines to an exciton
(state 3). Excitons relax to defects (state 4) by internal conversion. Excitons and rdgflects
be able to absorb one additiopdioton bywhich potentialenergy is furthemcreasede.g. to
state 5. If any of these statesci®ssed by aepulsive statehonding dissociation and oxygen
release occurs, as shown for state 5.
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defect can be transferred to a repulsive electronic \&tateternal conversiorfHaglund & Itoh,
1994), as it is schematically shownkig. 1.3.Theflux of particlesablatedfrom the sample is
directed awayrom the irradiatedsurface. Some ahe particlesabsorb photons frorthe laser
beam, which causes the formation of a plasma plume. Due to the high temperatuasiniae
ablated particles are fluorinated within the plume. Once the light is off and the plasooing,
excess fluorine may prevent recombination of oxygen with other atoms.

1.5. Ablation of quartz using ultra-violet laser light pulses

1.5.1. ArF-laser ablation

The ablation behavior of quartz inflaorine atmosphere was studieding a highly pure
druse quartz from Brasil in order to limit possible effects of impurities. The relationstwpeen
ablation rate, oxygen yield and energy density is shown in Fig. 1.4:
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Fig. 1.4.Relationshipbetween ablation depth/pulse, yiegldd energy density foBrasilia
guartz at193 nm.Ablation depthper pulse(filled circles, dashedine) hasbeen determined by
dividing ablation depth of the laséoles bythe number of lasepulses.Yield in mmol/cni3
(open circles, solid line) has been calculated by dividing the total amount of redesged by
the volume of thédnoles. In thisvay theamount of released oxygen depends nothenfocus
diameter. For discussion see text.

Ablation startsabove 5J/cnf with rates as high ak.1 um perpulse, but almost nanolecular
oxygen is observed. The ablation rate drops dramatically between 5)and,8vhereas it only
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slightly decreaseabove 8J/cnt. Additionally, a linear correlation betweenergy density and
oxygen yield is observeabove 5J/cnf. These observations can be describednlnydifferent,
competitive ablation mechanisms:

ArF-laser light has a photon energy of 6.4 eV. Since the energy gap betwealeribeand the
conduction band is about 9 b silica, anabsorption otwo photons is required foexciton
creation by bandgagprossing.Tsai et al. (1988)Devine (1989) and Rothschild etl. (1989)

found strong evidence for a simultaneous two photon absorption for exciton cresigorasil

using excimer lasers. Single photon transitions can only occur at preexisting defects or inclusion
sites, such as the alkalis, which are present in all types of natural qudaw. éktergy densities
single photon absorptionsill dominate oveitwo photon absorptionsThus, below 8 Jich
beamenergy isexclusivelystored at preexisting defects or inclusiomkijch finally leads to a
bursting of the material by bulk evaporation, as described by PonabhgE292) andhlemann

et al. (1992). Assmall SiG fragments aresjectedand the amount of releasexygen is
negligible this process is called explosive ablation. The highgshtben densitythe higher the
probability of a two photon processhich is theprecursor step for lareak up ofSi-O bonds.
Above a threshold of 8 J/(?menergy density is sufficient to generate excitdfmy, next to the

bulk evaporation asurfaceevaporation occurs, which is indicated by #teep decrease in
ablation depth. Due to surface evaporation much more oxygen is liberated from the sample and a
linear correlation betweenxygenyield and energy density is observed. The higher the energy
density the higher the extent of oxygen release by surface vaporization. Simultareddattn

depth decreases slightly implying that explosive ablation is funti@mized.Fig. 1.5 shows a

SEM picture of an ablation pit in Brasil quartz. The average energy density durispdhiszas

15 J/cnf. Relics of a competitive explosive ablation can be seen from the blocky structure of the
crater. It is also obviouthat thesurroundings othe pit are unalteredhus amelting of the
surroundings during ablation can be excluded (see also chapter 1.6.1a).

1.5.2. KrF-laser ablation

Experiments on silica using 248 nm light have been carried out by Wiechert & Hoefs (1995)
using a LEXTRA 200 excimer laser (Lambda Physik Inc.). Desipédact thapulsepower of
this laser(1.1 x 10 W/cmz) is significantly higher tharthat of theArF-laser (6.4 x 1%
W/cmz), the KrF-laser with a single photon energy of 5.0lib¥rates onlysub umol amounts
of oxygen,even atfluences as high as 20 J/%aniechert & Hoefs, 1995)Using the new
optical system described in Fig. 1.1 energy densities of about 49 Henbe obtainedith the
KrF-laser. At such high energgensities,oxygen yieldsare sufficient to enable aass
spectrometric analysis (see chapter 3). However, explosive ablation remains dominant and spatial
resolution is still not as good as when using the ArF-laser and energy densities 020 Jicm
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There are several reasons that could accoutdviooxygen yields at 248m: E.g. excitons
and/or defects created @248 nmradiation might relax faster thahose generated 93 nm
light, so that in the case of 248 nm excitation fewer excitons and/or defects are aliderto an
additional photon during their lifetimes.

To sumup, pmol amounts of oxygenan be releaseffom quartz by ArF-laser induced
fluorination. Oxygen yieldsincreasewith increasing energy density of tiliecusedbeam. At
high energy densities oxygesan also beextractedfrom silicatesusing a KrF-laser. It is
expected that explosive ablation1£3 nm and 248 nmoan be further minimised if beam
homogenizer is placeoketweenoutput couplewindow and focussing lens. It hasften been
observed that explosive ablatistarts athe rim of the ablating beam. Hemenergy density is
lower than in the centre. A beam homogenizer would providao@ogeneous energy
distribution over the irradiated area.

00000361 . —— 100 um i

Fig. 1.5. SEMpicture of an ablation pit in Brasilia quartdurroundingpit areas are
unaltered, which excludes a melting process and indicates a release of oxygendbgcporec
excitation of the irradiated sample. Relics of an expulsion of fB#@ments due to aexplosive
ablation can bseen bythe blocky structure of pithargins.The pit is of conicashape as the
beam focus had been fixed and ablation only takes place at points of highest energy density. The
center of the crater is blocky since energy density decreatescreasing depth (increasing
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defocusing othe laser beamiith increasing depth)Averagedfocusbeamenergy density has
been 15 J/ck

1.6. Oxygen isotope data of different quartz samples

A multi-step techniqudor oxygen isotope analysis only results docurateand precise
measurements if no oxygen isotofsactionation occurs duringthe whole procedure. Our
fluorination line consists of a reaction chamber in which ablation occurs, a gas exiiaetian
O, to CO, converterand a gas source masgectrometer (see alsog. 1.2). Given that the
massspectrometer operates without fractionation, the easepgtto avoidany fractionation is
trying to keep oxygen vyields as high 880 % for eachstep. Forthe fluorination line in
Gottingen, the extraction odxygen fromthe samplegas andthe conversion to COis
guantitative, wheranalyzing pmol amounts aixygen (Wiechert & Hoefs, 1995). But during
the ablation of quartz at 193 nm, only a small proportion of oxygen is releaseth&ahlated
volume. For Brasil quartz, oxygen yields of only 30h&vebeencalculated, even dluences as
high as 23 Jich Thus it is necessary fwove whethersotopic fractionatioroccurs during the
ablation step.

1.6.1. Comparison of ArF-laser, G@aser and conventional data

Dorentrupquartz, a granite quarfzrom the BohemianMassif (WeinsbergAustria) and
Suprasil have been analysed by ArF-laser fluorinationy-l8€er fluorination and@onventional

‘thermal' fluorination to test the reliability éfrF-in-situ measurements. Gdaser analysis was

carried out at theseophysical Laboratory in Washingtowhile conventionalanalysis was
performed in Tubingen and Gottingen.

a) Ddrentrup
Dorentrupquartz powder is the workingtandard forconventionalanalysis in Géttingen.
For ArF-and CQ-laser analysis tvas melted a1700 °C to form glassyods, aswell as for

conventionalanalysis in Tubingen. Theseds were cut toform thick sectionswhich were
analyzed by ArF-laser fluorination in Gottingefor CO,-laser analysis in Washington and

conventionalanalysis inTubingen, Dérentrup rodswere crushed.Conventionalanalysis in
Gottingen was performed on the original quartz powder.

Fig. 1.6 shows the average and 1 standard deviation féxrréong termrun of Dorentrup
from June 1997 to January 19%aily analysesarealso listed in Appendix I. No corrections
havebeen made to these data. Tderage value of 3&nalyses is 11.99 %ith a single
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standarddeviation 0f0.20 %.. Achange of markers indicatesnew loading of the sample
chamber. The first standard analysis of a day sometie@atesfrom the daily mean by more

than three standard deviations and have been discarded. The %A@ idoes noseem to be
systematic within eacloading of the samplehamberput over all fillings,and might reflect a
variety of factors including e.g. buildup of contaminants in the sample chamber, or outgassing of
the diamonds and of the fluorine getter.

13.0

5°0 (arF) avg= 11.99 + 0.20
12.5
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Fig. 1.6. Thick section ArF-laser data for Dérentrup-quartz from June 1997 to January 1998.
Thelong term averag€11.99 %o) is inexcellent agreement with the meansif conventional
analyses (12.1 %o0) accomplished in triplicate in Goéttingen and Tubingerir3tigvo analyses
after loading afresh sample chamber are not included due ptussible contamination by
adsorbed water or atmospheric oxygen. Oxygen yields varied between 2 and 5 pmol, and energy
densitiesbetween 8and 25 J/crh Changes in signatuniadicate newloading of the sample
chamber.

AveragedDdrentrupdata obtained by each technique are listed in ThBlethe ArF-mean

value (11.99 + 0.20 %o) is within simple standard deviatiooaoiventional12.1 + 0.1 %o0) and
COy-laser analysis (12.10 %o + 0.14 %o). Slighttyver ArF-laseraverages ar@robably not

random but due to smak (.2 %o) fractionation ofoxygen inthe extraction lindWiechert &

Hoefs, 1995). The very good agreement between ArF-laserlaS€r andcconventional data for
Dorentrup isclear evidence thdhere is no significant fractionatiasuring ArF-laserablation.
Heating of the rim zone of ablation pits therefore is inferred to be negligible. As a consequence,
raw dataneed not beorrected, if contamination can be excludede also chapters 1.6.3 and
1.7). In contrast to IR-laser-basedechniques high vyieldsare not required
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ArF - laser

external heated

(thick section) COy - laser Ni-vessels
Sample | n 6180 raw (%0) | N 6180 corr. (%) | N D 180 corr. (%o)
Dorentrup |33 11.99+020 [ 6 1210+014 (3 121+0.1
3 121+01
Suprasil {10 2350+025 |3 2421+015 | - —
Weinsberg| 3 11.09+0.18 |4 1079+0.13 |7 11.3+0.3
NBS-28 | - — 5 957+009 |3 9.72+0.09

* conventional analyses as quartz powder in Gottingen

Table1.2. Comparison of ArF-laselata with CQ-laser andconventionalanalyses.
COy-laser fluorination was carried out at th8eophysical LaboratoryWashington DC,
conventionalanalyses of Ddrentruguartz in Gottingen and Tubingen awdnventional
analyses of granite quartz fratme Weinsberg inGéttingen,only. Analyses oMNBS-28 in
Washington shovthat calibration ofboth techniques isccurateassumingthat thed 20-
value of NBS-28 is +9.6 %o relative to V-SMOW.
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with the UV-laser. Even if oxygen yieldsare low, the methodresults in accurate and
reproducibleBlSO values. Oxygen yields do not measure the quality of UV-laser analyses. This
is a great advantage oking UV-laserssince it permits reain-situ analyses. Thick sections
analyzedfor oxygen isotopesvith an UV laser are stillavailable for an investigation by
additional techniques, like e.g. LA-ICP-MS.

b) Granite quartz

Averaged thicksectionraw data ofWeinsbergquartz is listed in Table 1.2yhile single
analysesre listed in Appendixl. The mearvalue (11.09 £ 0.18 %o) iswithin the range of
suspected heterogenegiven by seven conventionahalyses (11.3 + 0.3 %o). kontrast, the
mean &80 for Weinsbergquartz obtained by C&aser analysis (10.79 = 0.13 %o) is
significantly lower than the conventionahd ArF-lasemean valuesThis lowering may be
explained by an ejection of melt droplets, whidsbeen observed during G@aserheating of
Weinsberg quartz. Once ejected, melt droplets are no longer heated by thedasand thus,
during cooling,160 enriched oxygemay be preferentially releas¢ske also chaptdr.4). The
violent sputtering of Weinsberguartz underthe CQ-laser beam isprobably caused by

decrepitation of large fluid inclusions which are abundant in the sample.

C) Suprasil

Suprasil glass ifree of largeinclusions andcan be vaporized completelising CQ-laser
fluorination. For this reason the Gdaser average (24.21 + 0.15 %o, Table 1.2) is believed to be

accurate. Analysis of Suprasil with an ArF laser, however, reveals angbytitdéms caused by

its transparency to 193 nm light. The raw average of 10 ArF-laser analyses (23.50 + 0.25 %o, for
singledatasee Appendirl) is 0.7 %o below the mearvalue of CQ-laser analysis and®o
decreaseswvith decreasing oxygen yield§ig. 1.7e). Suprasil isharacterized by absence of
impurities, lack of defects and inclusions and thus by lack of sites for photon absorpfam. In

it is observed that many photons go throtigg thick section oBuprasil andhit the bottom of

the ablation chamber. When the Suprasil sectioansvedablation textures of the transmitted
laser beam areisible on the metdloor of the sample chamber beneath where the section lay
during laser fluorination. Secondary hokaefound onthe bottom ofSuprasilthick sections
directly beneath primary ablation craters on top ofsidetions.The secondary holekave a 1

mm wide rim of altered material, the inner part of which is colored brownpliojgosedhat the
holeswith brown alteratiorrims result from a second plasmplume caused by ablation of the
stainless steel reaction chamber by laser light transntittedghthe thick section oSuprasil.

The second plasmaplume is located between theinside surface of the
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Fig. 1.7. Dependence 5180 on the total amount of released oxydaoth for singlegrain
and thick section measurements:

(a) and (b): thick section (a) and single grain measurement (b) of Dérentrup-quartz;
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(c) and (d): single grain (filled diamonds) atmick section(open diamonds) measurement of
granite quartzes frorthe Weinsberg(c), Bohemian MassifAustria,and Schluchsef), Black
Forest, Germany;

(e) in-situ measurement of Suprasil 2. For discussion see text.

reaction chamber and thawver side of the Suprasilthick section inducing a thermal reaction
betweenstainlesssteel, silicaand fluorine. Such a processay become proportionately more

pronounced if less oxygen due étectronic excitation is released and may explainytal
dependent fractionations shownHig. 1.7e. Asknown from CQ-laserfluorination, lowered

5180-values are characteristic of a thermally induced release of oxygen.

In contrast, yield dependent fractionations are not obsdorethick section analysis of
Dorentrup quartz glass (Fig. 1.7a): This is becdlisdransparency aflassy Ddrentrup is not
as high as for Suprasil glass. @&ddition, therods obtained frommelted Dérentrup quartz
powder are generally 4 mm thick amldus of double thicknessompared to the analyzed
Suprasil sectiondMoreover, thick sectioanalysis of Dorentrup glass agdanite quartz from
the Weinsberg indicate that no significant oxygen isofcgionationoccurs during ArF-laser
ablation ofless transparerdilica. The generally lowetransparency of most natural quartzes
should be sufficientor accurateand reproducible thick section analy@se also chaptdr.7).
For in-situ analysis of highly transparesiica an improvement in accurasiould beexpected
by analyzing thicker sections.

1.6.2. Single grain versus thick section analysis

Laser-based in-situ oxygen isotope analysis can be performed on thick sections as well as on
single grains or crystal fragmentor single grain analysis, fragments need to be fixed in a
sample holder, otherwise the repulsion of the laser plasmsaevenlarge fragments out of the
focus (Wiechert & Hoefs, 1995). Thischnique is favoredbove thicksection analysis if a
large number of samples have to be analyzed. Additionally it is preferred if therensagamial
within the thick section that reacts with fluorine at room temperature contritaxyggen tothat
derivedfrom the ablated samplé&uch a fluorinereactivemineral isfeldsparwhich has been
found to affect oxygen isotope measurements of neighboring quartz during IR-laser fluorination
(Elsenheimer &Valley, 1993). In thiscase much better accuraspould beobtained by
analyzing single quartz grains instead.

Two granite quartzes (Weinsberg, Bohemian Massif, Germany, and Schluéiaee,
Forest, Germanyhavebeen measured both as single grains (see Appdmdiand asthick
sections (see Appendid) to investigate the effect ofeldspar on accuracy of quartz
measurements during UV-laser fluorinatigkdditionally, for a general comparison of both
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techniques, Dorentrup glass has been analyzed thevsayné\veraged raw data aa¢so listed
in Table 1.3.

a) Granite quartzes

Thick sectionraw averages ofWeinsberg (11.09 + 0.18 %.) and Schluchspeartz
(10.39 £ 0.11 %o0) are within one standard deviation of single grain raw averages (10.83
+ 0.26 %0 and 10.26 + 0.20 %gspectively). In addition, as mentionedrlier, the raw mean
value (11.09 * 0.18 %o) for Weinsberg quartz is in good agreement with conveniitendl1.3
+ 0.3 %0; Table 1.2). Thus it appedhat feldspar does ndtaveany effect onoxygen isotope
measurements of quartz (see also discussion in chapter 1.6.3).

Instead, the slight lowering of single gralata is once agaimostlikely caused by gield
dependent fractionation, as indicatedFig. 1.7c for Weinsberguartz and inFig. 1.7d for
Schluchsee quartEor single grain analysis, quartz crystals of about 1 mmtsxebeen put
into drilled holes of anickel holder. Crystal size and hal@ameter generallgiffer in size, so
that manygrainsare not fixed in the hole and rotataring ablation due to plasmiepulsion.
Explosive ablation rapidly minimizes crystal size.dddition, a significanproportion of the
laser light goes through the quartz fragments. Thus it canreidiged that théaser beanhits
the bottom of the nickel holder inducing a slight reachetweenmetal,quartz and fluorine, as
described before. Asxpected, yieldlependent fractionations do not ocdar thick section
analyses of Weinsberg and Schluchsee quartz (open symbols in Fig. 1.7c and Fig. 1.7d).

b) Dorentrup

An increase IO with increasing oxygetyield (Fig. 1.7b)indicates a yield dependent
fractionationfor single grain measurements of Ddrentrufhe mean rawalue of ArF-laser
single grain analyses (11.81 + 0.29 %) is slightly below thick section raw average (11.99
+ 0.20 %o) and this shift becomes more pronounced when only those single grain angiyses
amounts of 2-4 umol £are considered (11.68 + 0.32 %o and 11.99 + 0.20d6pectively). In
contrast, thick sectionanalyses of Ddrentrupare not susceptible to yield dependent
fractionations(Fig. 1.7a): DOrentrupods are generally 4 mrthick, whereas singlgrains are
only of 1 mm size. Considering the decrease in sample size during UV-ablationekpdosive
ablation, many more photons may hit thetalsurface during single grain analysis than during
thick section analysis.

From these results it is concluded that thick section analksisld be preferredver single
grain analysisHowever,the effect of plasma heating &0 is very small £ 0.2 %0) and

single grain analysis might be considered if a large number of sahagvedo beanalyzed or
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Sample

thick section

5°%0 aw (%) 8°°0 corr. (%0)

n

single grain

5'°0 raw (%) 0O corr. (%o)

Dorentrup (2-5 pmol Op)*

Dérentrup (2-4 umol Oy)*
Weinsber g*
Weinsber g#

Schluchsee 5#

33
29

11.99 + 0.20

11.99 + 0.20

11.09 + 0.18

11.09 + 0.18

10.39 + 0.11

10.44 + 0.18
11.03 £ 0.17

10.61 + 0.11

10

5

12

11.81 + 0.29

11.68 + 0.32

10.83 + 0.26

10.99 + 0.21

10.26 + 0.20

11.80 + 0.18

11.69 + 0.11

10.50 + 0.22

1093+ 0.21

10.47 + 0.19

Table 1.3. Comparison of single grain and thick section analyses using ArFAlhseralyses

are also listed in Appendix Il and IlI

* corrected by an intralaboratory olivine standard (UGG%RO = 5.20 %o)

# corrected by homogeneous Doérentrup qu@rJISﬂ =12.10)

standard deviation refers taol
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rock sectionsare highly reactive tofluorine. For thick section analysis yield dependent
fractionations occur for highly transparent quartz samples, but this problem may be overcome by
analyzing thicker sections.

1.6.3. Data correction

Laser fluorination techniques can be subjedimo groups ofanalyticalproblems: Thdirst
group includes contaminants like oxygen blankéch derivefrom leaks, sampledluorine and
fluorine getter (Valley eal., 1995). The second group comprises oxygen isotfaetionations
occurring duringthe analytical procedursuch asedge effects, whiclmavebeen observed by
many authors during in-situ IR-laser fluorination (ElsenheimeValley, 1992; Sharp, 1992;
Chamberlain & Conrad, 1991, 1993; Conrad & Chamberlain, 1992; YouRgm8ble,1993) as
well as fractionations due to the conversion op @ CO, (Mattey & Macpherson, 1993,
Wiechert & Hoefs, 1995). Generally, a standard isalamgwith the sample in order toletect
and subsequently correftr these effectsValley et al. (1995) reported ammprovement in
accuracy and precision using a garnet standard for sample correction.

In Gottingen,for UV-laser analysis ofjuartz, thesecond group ohterferences is of only
minor importance: Sample ablatibmsbeen shown to be (nearly) free from fractionation (see
chapter 1.6.1), while fractionations during the conversion,dbGCO, are not significantvhen
analyzing pmol amounts afxygen (Wiechert & Hoefs, 1995Neverthelessfor monitoring
and correction of contaminants, two standards have been used:

Raw values have either been corredtadan olivine standard (UGO-16180 = 5.20 %o) or
for Dérentrup gIassB&BO = 12.10 %0). The latter has been found to be very homogeneous in its
isotopic composition (see chapte6.1). In Table 1.3 averaged raw data atsted next to
averaged corrected data.

In the case of thick sectioanalysis of Weinsberguartz all three analysesave been
corrected botffor the olivineand quartz standard (see also Appendikoil daily analyses).
Olivine corrected data gave an average of 10.8118 %o,which is significantly lower than the
raw mean value (11.09 + 0.18 %o) and the average obtained from Dérentrup corELiish+
0.17 %o). This must be caused bgntaminationmostlikely by a reaction offeldspar with
fluorine at room temperature releasing small amounts of oxygen blanks (ElsenheVatiey&
1993). If such an oxygeblank has a5180 which is only slightly higher tharthe Dérentrup
correction valug12.10 %o) itwould show a larger influence on standaligine measurements
than onDoérentrupquartz analysisThe 3180 of Dorentrup glass (12.28 %0 and 12.10 %o,
AppendixIl) would stayvery close to its 'realvalue (12.10 %o), whereasd'®0 of the olivine
standard (5.85 %0, Appendix Il) sgnificantly shifted towards the isotopic composition of the
blank oxygen. As aesult, the average of raw values\Wkinsbergquartz(11.09 + 0.18 %)

29



would only be slightly higher thatte Dérentrupcorrected mearmalue (11.03 = 0.17%o), but
significantly higher than the olivine corrected average of 10.44 + 0.18 %e.

Although a reaction of feldspawith fluorine seems to béhe likely mechanisnfor the
production of blank oxygen in this studycampletely different contaminatiqgerocess such as
degassing othe diamonds or remnants of adsorbedter in theextraction line camot be
excluded.However, this example clearlydemonstrateshat raw data camnly be corrected
accurately bychoosing a standardhich has nearly the same isotopic composition as the
mineral of interest. The accuracy sdich acorrection is demonstrated by the coincidence of
Dorentrupcorrected thick sectior(11.03 £ 0.17 %o0) and singlgrain average§l0.93 + 0.21
%0) for Weinsbergquartz and Schluchsee quafti0.61 + 0.11 % and 10.47 £ 0.19 %o,
respectively, Table 1.3).

Hence, it isdemonstrated thastandardswhich significantly differ from the isotopic
composition of thesample,should be used only to guaegjainst unsuspecteztrors such as
leaks, outgassing, contamination, etc. rather than for data correction. The accuracy of in situ ArF-
laser data ofinknown samples can lmproved bychoosing a standandith similar isotopic
composition. However, in-situ raw dé@ar purequartz are withirD.2 %o of corrected reference
values. Data correction for quartz is only necessary if there isargmination in thexygen
extraction line.

1.7. Application: oxygen isotope analysis of a hydrothermal cap quartz

Cap quartz formation of the quanein in Usingen, Rhenish Massif, is assumed to be
caused by a mixing of surfageters withbasinal brines (Behr &erler,1987). Thus,oxygen
isotope variations in single cap quartz sectsimsuld result from (1yariations of the amounts
of fluids that havebeenmixed, (2) original variations ind180 of each fluid,(3) variations in
temperatureduring quartzprecipitation,(4) fractionations of oxygen isotopes duricgystal
growth and (5) a combination of those four (Onasch & Vennemann, 1995). Data from Horita &
Wesolowski (1994) suggestat beside temperature or compositional parameterspaéssure
induced fluid boiling might lead to variations 8180 of the precipitating quartz. Therefore
severalhydrothermal quartz samples from Usingen, Rhenish MaS&fmany, have been
screened to find indication®r such a processThe purpose of thissection is only to
demonstrate thhigh spatial resolution and in-sitapabilities of the ArF-laser technique. One
analyzed thick section arit®o-data of a hydrothermal quartz frddsingen is shown in Fig.
1.8.

Three laser runs have been carried out on this sample during a period of two weeks: Run 1 in
the upperyun 2 inthe middle andun 3 inthe lowerregion of the thick section. Tquard
against contamination effec@prentrupquartzhasbeenused as a standaréll data are listed
in Appendix 1V.During all thick section analyse§,180 variation ofDOrentrupwas within the
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Fig. 1.8. Thick section (25 x 15 x 4 mm) of a hydrothermpthcipitated quartz from
Usingen, Rhenish Massifsermany, and ityariation in 5'°0. Lateral resolution varied
between 500 600 um, verticalresolutionbetween 1 -2 mnisee text). In some casesxed
analyses ofwo different growth zonesavebeen obtained, since each growth zone is not
perpendicular to thesurface.Neverthelesspoints of the same growthevel show nearly
identical isotopic composition. Analyses have been carried out dwingeeks and are also
listed in Appendix IV. For further discussion see text.
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same range shown kig. 1.6, suggestinghat raw dataneed not be&orrected, asliscussed in
chapter1.6. Lateral resolutionvaried between500 - 600 pm. Measurements of Usingen
hydrothermal quartz were carried out at an early stage aftestigationbefore the installation

of cylindrical lenses t@chievehigher fluence (see chapter?). Thus only anaximum energy
density of 15 Jicthand avertical resolution of 1 - 2 mm was obtainéfith beam intensifier

optics in place, however, a nearly twofold increase in fluence is realized. Since the yield increases
two- to threefold whemoublingthe energy densit{Fig. 1.4), pit depth decreases by the same
factor. Thus, a much bettgertical resolution would now be obtainesith the rebuilt beam
delivery system.However, everwithout beam intensificationigh precisiondata have been
produced. Absolute values vary between 15.7 %0 and 18.8 %o. It is apparent that cloudy zones of
guartz are systematically higher 8o than clearones. Additionally, laser pits inthe same

growth level havenearly identicaisotopic composition. Especiallyhenconsideringthat these
analysedhavebeen performed duringvo weeks, theconstancy o®'80-values demonstrates

again the great precision of in-situ analyses using the ArF-laser.

Additional experimentsnust be carried out tmvestigate whethepressureinduced fluid
boiling caused the observed variatiod!io of 3.1 %.. Thiscan be easily done: In contrast to
in-situ studies of single crystalsith CO,-laserthe sample is ndbst after oxygen isotope
analysis and additional investigatiomsn be performed on the same sectiDetailed
microthermometric measurements of fluigclusions would identify temperature changes,
whereas trace element profiles using the laser ICP-MS technique and hydrogen isotope analyses
would give clues as to the extent of mixing surface sulfate-bicarbonate waters with basinal brines
as proposed by Behr & Gerler (198The Usingenquartz clearlyshowsthatuse of an ArF-
laser extends the possibilities of existing laser techniques and increases the number of
geochemical problems which can be investigatedXygen isotopanalysis, especially when a
combination of oxygen isotopes with other data is needed.
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Appendix |

ArF-laser fluorination: long term run for
Doérentrup thick sections

yield
date run no. (umolO») 580 raw (%o0)
09.06.1997 1 3.63 12.25
09.06.1997 2 3.13 12.14
11.06.1997 3 3.38 11.98
12.06.1997 4 3.67 12.17
12.06.1997 5 3.00 12.16
16.06.1997 6 2.96 11.72
16.06.1997 7 3.67 11.68
16.06.1997 8 3.21 11.67
23.06.1997 9 2.75 11.86
23.06.1997 10 3.25 11.94
23.06.1997 11 2.42 11.62
26.06.1997 12 3.13 11.97
26.06.1997 13 3.17 11.97
26.06.1997 14 2.83 11.89
28.06.1997 15 3.71 12.13
28.06.1997 16 2.50 12.09
28.06.1997 17 2.63 12.22
28.06.1997 18 2.50 12.21
02.07.1997 19 3.29 12.33
02.07.1997 20 4.00 12.27
03.07.1997 21 3.08 11.99
03.07.1997 22 3.33 12.04
08.09.1997 23 3.92 11.87
09.09.1997 24 3.38 11.90
09.09.1997 25 3.13 11.77
09.09.1997 26 2.75 12.00
09.09.1997 27 4.17 12.08
15.09.1997 28 4.58 11.75
15.09.1997 29 3.83 11.72
15.11.1997 30 4.13 11.87
17.11.1997 31 3.92 11.84
17.11.1997 32 3.83 12.32
15.01.1998 33 3.54 12.12

11.99+0.20
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date

21.04.1997

28.04.1997

28.04.1997

11.09.1997

Appendix Il

ArF-laser fluorination: thick section analyses

daily yield
sample analysis no.  (umolO»)
UGO-1 1 4.17
Suprasil 4 2.25
Suprasil 5 2.67
Suprasil 6 2.46
Suprasil 7 4.17
Suprasil 8 3.50
Suprasil 9 3.08
Suprasil 10 2.71
Suprasil 11 4.17
Suprasil 12 4.17
Suprasil 13 2.79
UGO-1 15 3.08
Suprasil*
UGO-1 2 2.96
Weinsberg 6 2.38
Weinsberg 7 2.96
Weinsberg 8 2.96
UGO-1 9 4.17
Weinsberg*
Dorentrup 1 4.17
Weinsberg 6 2.38
Weinsberg 7 2.96
Weinsberg 8 2.96
Daorentrup 10 3.88
Weinsberg#
Daorentrup 1 3.38
Schluchsee 2 2.54
Dorentrup 10 3.21

34

5°°0 raw (%o)

5°0 corr. (%)

5.44
23.21 22.99
23.24 23.02
23.12 22.91
23.77 23.56
23.43 23.23
23.51 23.32
23.61 23.42
23.96 23.78
23.66 23.48
23.46 23.29
5.36
23.50+0.25 23.30+0.26
5.85
11.34 10.69
10.93 10.28
11.01 10.36
5.85
11.09+0.18 10.44+0.18
12.28
11.34 11.26
10.93 10.87
11.01 10.97
12.10
11.09+0.18 11.03+0.17
11.88
10.28 10.50
12.00



Daorentrup 1 4.17
12.09.1997 Schluchsee 3 242
Dorentrup 9 4.17

Schluchseett

* corrected for oI-Std.&lSO =5.20)
# corrected for qz-StdB%SO =12.10)
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11.87
10.49 10.71

11.90
10.39+0.11 10.61+0.11



date

17.03.1997

21.04.1997

25.04.1997

25.04.1997

Appendix Il

ArF-laser fluorination: single grain analyses

sample

UGO-1
Weinsberg

Weinsberg
Weinsberg
Weinsberg

UGO-1

UGO-1

Weinsberg
Weinsberg

UGO-1

UGO-1
Weinsberg
Weinsberg

Weinsberg
Weinsberg
Weinsberg
Weinsberg

UGO-1

Weinsberg*

Weinsberg
Weinsberg
Weinsberg
Weinsberg
Weinsberg
Weinsberg
Daorentrup

Weinsberg#

daily
analysis no.

1
4
5

Covwo »rwd © o

W

BHo~o

yield
(MmolO )

3.71
2.13
4.17
2.79
3.46
3.13

4.17
2.46
4.00
3.08

4.17
7.08
3.88

4.58
3.21
3.58
4.17

5.00

7.08
3.88
4.58
3.21
3.58
4.17
5.00
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6180 raw (%0)

6180 corr. (%0)

5.59
10.28 10.02
10.76 10.53
10.58 10.38
10.87 10.71
5.30
5.44
10.72 10.46
10.80 10.51
5.36
5.64
11.13 10.69
11.06 10.63
10.71 10.28
10.89 10.46
10.83 10.40
11.33 10.91
5.62
10.83+0.26 10.50+0.22
11.13 11.07
11.06 11.00
10.71 10.65
10.89 10.83
10.83 10.77
11.33 11.27
12.16
10.99+0.21 10.93+0.21



08.09.1997

25.04.1997

04.06.1997

Daorentrup 1 3.92
Schluchsee 3 4.17
Schluchsee 4 413
Schluchsee 5 3.50
Schluchsee 6 2.54
Schluchsee 7 2.96
Schluchsee 8 3.38
Schluchsee 9 3.38
Schluchsee 10 6.25
Daorentrup 12 3.38
Schluchsee#
UGO-1 9 5.00
Dorentrup 10 5.00
Daorentrup 11 3.04
UGO-1 2 4.17
Daorentrup 3 3.04
Ddrentrup 4 3.88
Daorentrup 5 4.17
Daorentrup 6 3.83
Ddrentrup 7 5.00
Daorentrup 8 3.42
Daorentrup 9 4.17
Dorentrup 10 5.42
UGO-1 11 4.17
Dorentrup*

* corrected for oI-Std.&mO =5.20)
# corrected for qz-StdES%SO =12.10)
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11.87
10.47 10.70
10.37 10.59
10.08 10.30
9.86 10.08
10.23 10.45
10.30 10.51
10.25 10.46
10.50 10.64
11.90
10.26+0.20 10.47+0.19
5.62
12.16 11.74
12.31 11.89
11.74
5.05 11.89
11.47 11.61
11.59 11.72
11.62 11.74
11.46 11.57
11.92 12.01
11.58 11.66
11.95 12.02
12.02 12.08
5.15
11.81+0.29 11.80 + 0.18



Appendix IV

ArF-laser fluorination: thick section analyses of
hydrothermally precipitated quartz from Usingen,
Rhenish Massif, Germany

sample / pit daily yield
date no. analysis no.  (umolO,)  8°°0 ,aw (%0)

Ddrentrup 2 2.75 11.86

1 3 2.71 16.02

2 4 2.71 16.12

3 5 2.71 16.31

23.06.1997 4 6 2.83 17.30
5 7 2.71 17.82

6 8 2.67 17.32

7 9 2.58 17.60

8 10 2.29 17.65

Ddrentrup 11 3.25 11.94

Dorentrup 1 2.71 12.06
24.06.1997 9 2 2.08 17.70
10 3 2.08 17.70

Dorentrup 4 2.46 12.02

Dorentrup 3 3.13 11.97

11 4 3.00 18.20

12 5 3.29 16.28

13 6 3.21 15.83

14 7 3.21 17.02

15 8 3.58 15.83

16 9 3.29 17.56
26.06.1997 17 10 3.00 17.56
18 11 2.79 17.76

19 12 2.79 17.69

20 13 2.63 18.06

21 14 2.79 16.80

22 15 2.33 15.90

23 16 2.79 16.01

24 17 3.42 18.84

25 18 2.08 17.69

Ddrentrup 19 3.17 11.97
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28.06.1997

28.06.1997

02.07.1997

03.07.1997

Daorentrup
26
27
28
29
30
Ddrentrup
31
32
33
Ddrentrup

Ddrentrup
34
35
36
37
38
Ddrentrup

Ddorentrup

39

40

41

42

43

44

45

46
Dadrentrup

> w

Bo®~No

11
13
14

~No o~ wp,

[ I NI

=
I—\OLOOO\I

[N

39

2.50
2.50
2.50
2.96
2.92
2.75
2.63
1.92
2.38
2.21
2.50

3.29
3.04
3.33

2.83
2.79
2.96

4.00

3.08
2.63
2.92
3.08

3.21
3.33
3.33
3.42
3.25

3.33

12.09
17.31
17.68
16.54
17.11
17.85
12.22
17.40
17.17
17.50
12.21

12.33
18.25
16.92

16.59
15.71
16.18

12.27

11.99
17.56
17.62
17.63

18.20
17.65
17.67
17.64
17.74

12.04



2. Set up of a rapid technique enabling precise determinations of 18/16-
ratios within silicate extracted oxygen

2.1. Introduction

The spatial resolution of the UV-lasbased oxygen isotope microprobes described in
chapterl1.2 is restricted to500 um. This is not caused Wgcal properties of UV-light.
Generally, UV-light can be focused down to spot sizes of less than 1 um. Instead, it is limited by
the amount obxygen necessary fahe maintenance of a viscous flow of analyésinto the
ion source: For conventional mass spectrometers with dual inlet a change towards a fractionating
molecular flowoccurswhensub-pmol amounts adnalytegasare introducedBridger etal.,

1974). Additionally, thesemass spectrometease not suitable to measuogygendirectly, so
that oxygen must be firstonverted to C@before entering the iosource.The conversion is
tied to fractionations ilessthan pmol amounts of oxygesre reacted to CO(Mattey &
MacPherson, 1993).

A new generation of continuous flow mass spectromeisgs He as earriergas for the
transportation of analytgasinto the ionsource. By adding Hthe mean free path of analyte
molecules decreasesichthat nmol quantities can be introduced withamly fractionation.
Widely varying ion currentsare accepted, which allows @ntinuous observation of gas
chromatographic effluents. This set up is knowriresGC-MS (isotopeatio monitoring gas
chromatography masspectrometry; e.g. Matthews & Hayes, 19Hayes etal., 1990).
Additionally, thesenewly developeanass spectrometease equippedvith acup configuration
for adetection ofmasses32, 33and34, so thatoxygencan be measured directly as @nd
conversion to CQis not necessary anymore (Newman, 1996).

In the following a UV-laserhased microprobdor monitoring 180/160-ratios within
silicates is describedrkor oxygen isotopeletection aDeltaPlus masspectrometer (Finnigan,
Inc.) with continuousflow inlet is used.Spatial resolution is abo@50 um, but can easily be
improved to smaller spot sizes. Due to the fact that only an aliquot of rel@aggeh isfinally
analysed, the duration of a single analysis is reduced to less than 15 minutes.

2.2. Silicate oxygen and irm-GC-MS

Prior to irm-GC-MS analyteoxygen isliberatedfrom silicates by UV-laser fluorination.
Principles of this methothiave been already described tsgeveralauthors (e.g. Wiechert &
Hoefs, 1995; Farquhar &umble,1998; Young et al.1998b; Fiebig eal., 1999) aswell as in
chapter 1.4.
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Using continuouglow massspectrometers, analynd standard oxygeare only once
introduced into the ion source. This is in contrast to conventional mass spectrometers, where it is
continuously switchetetween analytand standard gas. In order dbtain reproducible and
accurate signals, the oxygen signal must be distinguishablethmbackground signaHence,
nmol quantities of analytexygen are packagegrior to introduction intothe ion source.
Generally, this is done by cryofocusingpiter molsieve 5A at196 °C. When cryofocusing is
guantitative, the molsieve is heated ud@® °C andanalyte oxygen, immediatelyesorbing, is
purged with He towards the mass spectrometer.

Before masspectrometric analysis takptace,analyteoxygen is usually sespart from
interferences (e.g. NfF Rumble etal., 1997; N, Young et al.,1998a). After cryofocussing
oxygen thereforgpasses a G@quippedwith a molsieve 5Acolumn. Finally, analyteoxygen
enters the iorsourcevia anopensplit, thefunction of which isdescribed by Merrit & Hayes
(1994). The open split additionally allows an introduction of standard oxygen.

2.3. Equipment

For oxygen isotopeletection aDeltaPlus masspectrometer (Finnigan, Inc.) equipped
with continuous flow- and dual inlet system is used. It is characteriseddmcealerating/oltage
of 3 kV and a Faraday cup collec&ystem for masses 32 (R3*10% Q), 33 (R = 3*161
Q)and 34 (R =1*10%! Q). The DeltaPlusmassspectrometethas so farbeen applied to
quantify isotope ratios off0/1%0, 13N/AN, 13c/A%C and®*sP?S measured as GPCO, N,
and SQ. For adetection of N, CO, and CO, theesistor of cup 33 (R 3*10' Q) must be
replaced by one with R = 3*18Q.

The detectosystemaccepts varyingon currentssuchthat chromatographisignals can
be integrated. Pealletection parametefsavebeen set td.1 mV/s both for the starting and
ending slope otachsignal and to aninimum amplitude of 50 mMintegrationtime has been
fixed to 0.125 seconds. Background correction is done individually for each peak. Therefore, the
intensity of the background signal five integration units prior to peak detection is taken.

All parameters of oxygen isotodetection can be easily controlleging the computer
programm ISODAT(Finnigan, Inc.). This program also guarantees a conversion of measured
signal areas into correspondi&]ggo-data.

The continuous flow inlet of the ion source can either be connected to a Qowfldo a
GP-Interface (Finnigan, Inc.The Conflo ll-interfaceconsists of a single opeaplit, by which
both sample and standard oxygee introduced into thenassspectrometer. It is suitable to
reduce from pmol to nmol amounts of oxygen. In contrast, the GP-interfatedapensplits,
one for the standard artlde otherfor the analytegas. Compared tthe Conflo ll-interface, the
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"loss" of analyte gas at the open split is much smallence, theGP-interface is usualliaken,
when only nmol amounts of analyte gas reach the open split.

In contrast to the Conflo ll-interface double amount of He enters thgoucewhen the
GP-interface is used. This leads to a workpngssure oB8.6*10 6 mbar within theion source
(1.8*10 6 mbar in the case of using the Conflo-interface). Both interfeaealso be controlled
by the software programm ISODAT (Finnigan, Inc.).

The GC used is Hewlett Packard 5890 Series Il equippetth a PoraPLOT Qcolumn
(25m length, 0.53 mm inner diameter). This column is suitalbleeparating hydrocarbons and
fluorocarbons, but not oxygen from nitrogen.

The characteristics of thesed ArF-laser anthe oxygenextractionsystemare described
in chapter 1.2.

2.4. Set up of the continuous flow technique

The putting into operation occurred in three steps:

(1) The DeltaPlus mass spectrometer is used for the first time worldwide to determine oxygen as
O,. Therefore an optimal adjustment of theassspectrometer concerning oxygen isotope
measurements in a continuous flow mode was necessary.

(2) Cryofocus and GC have been connected to the DeltaPlus including its GP-interface to set up
an irm-GC-MS-system. This was done separately ffb)jrto recognizepossible fractionations
due to cryofocussing.

(3) UV-fluorination and oxygen extraction system were coupled to the system given by (2).

2.4.1. Characteristics of theDeltaPlus concerning oxygen isotope measurements in a
contiunuous flow mode

2.4.1.1. Peak shape

First runs regarding oxygen isotopéetection as © in a continuousflow mode
demonstrated that a differential pumping system is necessary in o@esidotailingeffects. In
the absence of a differential pumpass 32 ipartly scattered on highenass cups 33 and 34.
Impactsbetween Heand G within the ion sourcecan not accourtor this feature, as these
would lead to lower kinetienergies of @ prior to acceleratiorand thus to dailing of high
masses oftower mass cupsMoreover, G mustinteract with He within thdly tube,suchthat
the impact-induced loss in kinetic energy is overcompensated by a directional effect.
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However,using adifferential pumpthe vacuum within thdly tube is improvedTailing
nearly vanishes and reproduciBF@O-analyses can be carried out.

2.4.1.2. Optimization of ion source parameters

Optimal ionsource parametekgereadjusted by looking for bedihearity. The software
programm ISODATallows linearity to be automatically checkédhroughout thischeck one
bellow of the dual inlet system issed forthe introduction obxygen intothe ionsource. As a
reference, the oxygen 32 signal was set to 2 V and was afterwards increasedtep$ Mp to
8V. In order to simulate continuousflow conditions He was additionally addeda the
continuous flow inlet.

Non-linearity wasobserved, the extent of whictould be decreased by optimising the
extractionvoltage of thefirst aperture behindhe slit of the ionsource. Fig. 2.1 shows non-
linearities obtainedior an optimised extractiowoltage of 40 %. It is evident that the extent of
non-linearity is a function of He-pressusgthin theion source Obviously, non-linearityarises
from a reaction oimolecular and/or ionisedxygenwithin the ion source (e.gwith the W-
filament) and can be buffered by the amount of He (dilution effect). The moreWithiis the
ion source, the smaller the non-linearity turns out to be.

Intensity 32 (V)

0 2 4 6 8 10
u’n i T T T 4 I T T I T T T I T T T I T T T
] \\
o5 T
®) > "%.H
= 1,0 T h
w 3 oW
1 ° LIE-6 mbar| ™a
-1,3 T ~a
I| ¢ 3.6E-6 mbhar -5
2,0

Fig. 2.1. Linearity check using the dual inlet. Optimal ion source paramesrgiven by
an extractionvoltage of 40 %. Thdirst signal of 2V was taken as reference. By further
compression of the bellow oxygen signadsreincreased in 1\&teps.Parametersverechosen
as follows: IDLE-time: 30 s, Integratiaime: 8 s,Delaytime: 2 s. He wasontinuously added
via Conflo (1.9E-6 mbar) or GP-interface (3.6E-6 mbar). For further discussion see text.
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A reaction ofoxygen within the ion source is supported ke observation that the
extractionvoltagehad to be optimised daily tachievesmallest non-linearities. Within one
month it increased from 40 % to 70 %, and fritvat time on it wa®bserved that a variation in
extraction voltage only led to an increase in the extent of non-linddatyce, inspite of anon-
linearity of about 0.15 %0/V, the optimal adjustment of ion source condifynsxygen isotope
measurements with the DeltaPlus has been found.

The linearity check describeabove does notreally represenirm-GC-MS-conditions:
Oxygenwas continuously enteringhe ionsource fromthe bellowand He and © described
different flow paths. Incontrastunder irm-GC-MSconditions,oxygen is introduced into the
ion source in intervals and the flow path of He eqtras of G,. Therefore ithas to beverified
if an extraction voltage of 70% represents optimgource conditions for irm-GC-MS, too (see
chapter 2.4.2.1).

2.4.2. Set up of irm-GC-MS

Fig. 2.2 shows the instrumentatiamich wasset up to simulatem-GC-MS conditions:
In position | ofValko 1 oxygen (purity 4.5) and He (purity 4.6ye mixed in a sampli®op,
which is afterwards purged with He (purity 6.0) switching Valko 1 to position Il. Wialko 2
is in position Il oxygen is cryofocusexver molsieve 5A at193 °C. When cryofocussing is
guantitative, valko 2 is switched pmsition | andthe molsieve is noywurgedwith He 5.6. Due
to heatingwith boiling wateroxygen desorband is carried by Heia GC (which is at room
temperature) and sample open split itite ionsource. Fig. 2.3 exhibits &pical modus of
measurement: First, oxygen (which is the same oxygen faké¢he sampldoop) is introduced
for 20 s via the standard open split into the ion source. This is to precondition gwurce for
oxygen measurements. A second introduction of oxyger20 sthen serves as a reference.
Afterwards oxygen from the sample loop enters the ion source via the sample opé&inatit.
oxygen is onceagain introducedsia the standard open split in order to lable to quantify
probable drifts during a single analysis.

In contrast to "flat top” peaks obtained byialet of oxygenvia the standard opespilit,
the signal shape of analyte oxygen resembles a "Gaugseak" This shape reflectariations
of oxygen partial pressure within the ion source and is mainly caused pyotess of oxygen
desorption durindneating of thecryofocus.Additionally, the molsievecryofocus retard§’402
relative t03202. Hence, the latteenters the iorsource slightly befor¢he heavielisotopomer.
This is different from “flat top" signalsyhich arise from a simultaneous introduction of both
isotopomers intdhe ion source.Therefore, the 34/32-ratio of the introduced anatytggen
varies by time, while it is constant during the detection of standard oxygeﬁi@s@B).élSO-
values arenot influencedthat waysince only integrated peak arease consideredor their
calculation.
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Fig. 2.2. Configuration tsimulate irm-GC-MS-conditions. Forexplanation sedext in
chapter 2.4.2.
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Fig. 2.3.Typical measuring modus using irm-GC-MS. Standard oxygen occutBatas
top" signal and enterthe ionsourcevia the standard opesplit, suchthatmass 32 and 34 are
not separated prior to their introduction. The first standard signal derives from a preconditioning
of the ionsourcewith oxygen.The second signalvas taken as reference. In contrast, analyte
oxygen ("Gaussean" signal) passes a cryofacusa PoraPLOT @olumn. Due to oxygen
desorption from the cryofocusjass 32 is slightlgeparated frormass 34 beforentering the
ion source. The extent of separation is about 40 %.. The last standard introduction is done to be
able to quantify possible drifts occurringvithin a single measuring cycleFor further
explanation see chapter 2.4.2.
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2.4.2.1. Linearity

To check linearityunder irm-GC-MSconditions, the reference signal was set to an
intensity of 5 V for mass 32. The intensity of the sample peakvaréesd betweel®.1 and 10 V
by mixing He and oxygen to different amoumitghin the sampldoop (see Fig. 2.2). Fig. 2.4
shows the results of the linearity test:

3.0
4,0
O 3.0
® 2,0
o 1,0
0,0
-1,0 ————t————1—t

Intensity 32 (Volt)

Fig. 2.4.Linearity check carried out in anmm-GC-MS mode (sed-ig. 2.3 andchapter
2.4.2). Reference arghalyteoxygenderivefrom the samdlask. Linearity occursbetween 3.0
and 9.5 V. For further discussion see text.

In contrast to non-linearity obtainddr aninlet of oxygenvia bellow, now, linearity within a
range of3.0 and 9.5 V occurs. Oxygen isotofpactionation due taryofocussingwas not
observed. Non-linearitpelow 3.0 V is presumably due to amcreasing contribution of blank
oxygen, non-separated interferendesy. N; Young et al.,1998a) and shot noisaith
decreasing amounts of sample oxy@¥aoung etal., 1998a). Atleast 30 nmol obxygen must
be cryofocused to obtain an intensity of 3o mass 32. Assuming an opsplit ratio of1/3,
the minimum amount of £&necessary for a reproducible analysis is thus about 10 nmol.

2.4.2.2. Factors influencing linearity

Non-linearity is observeavhen oxygen enterghe ionsourcevia the bellows, whereas
linearity occurs for irm-GC-MS conditions. To explain this feature two tests were performed:
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1) Oxygen was exclusively introduced into the ion sourcehisystandard opesplit, such
that only "flat top" signals were obtained. As for the experiment before, the third peak was taken
as analyte signal, while tteecond oneerved as reference. Intervalsoxfygeninjection (80 s)
remained the same as for the previous experiment. The reference signal was fixed to 5 V and the
analyte signal, novalso occurring as "flat toppeak, was varied inbetweendghd 10 V by
changing the flow rate of oxygen into the standard open split: Whixteactionvoltage of 70
% still represents best source conditions, again, a non-linearity of ca. 0.1 %0/V is obatnved
a range of 3 and 9 \Fig. 2.5).Obviously, the filament preferentially reastith 30, when
partial pressure of oxygen within the ion source decreases.

ii) To investigate the effect of variations axygenpartial pressure duringnalyte inlet on
the extent of non-linearity, a "Gaussean" profile for the sample peak was simulated by reducing
the duration ofoxygeninlet from 20 to 6 s duringhe third introduction.This signal was
referenced towards a "flat top" signal, which had been obtained by an injection of &xygeén
s. Fig. 2.6 gives evidence that the shape of the stped nothaveany significant influence on
the extent of non-linearity. Thiatter ratherseems to be a function oélative differences of
maximum peak intensities betwestandard and sample oxygefhus, the extent ohon-
linearity mostly depends on the difference of maximum oxygen ppreéaksurebetween analyte
and reference oxygen.

2.0
1,3
1.0
o 0,5
L2
m L]
-1,0
-1.3
-2,0
2,8+ttt

Intensity 32 (V)

Fig. 2.5. Linearity check carried out by introducing both standardamalyteoxygen via
the standard open split. Thisay, standard ancnalyteoxygen describequal flowpaths and
mass 32 and 34 dhe analyteoxygen are not separatedrior to introduction. Asfor the
reference oxygen, corresponding mass signahafyteoxygennow occurs asflat top" peak.
The reference signal was fixed to 5 V. Reference and analyte oxygen derive from the same flask.
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The extent of non-linearity is smallest whesing anextractionvoltage of 70 %(see also
chapter 2.4.2.2).

2,0 7
Lo 1 + flat top (205)
1 | © Gaussean (6s)
=2 00
2] 10 I
Ty F
2,0 ——+—+—t—+—+—+—t—+—++t++++F+—++
0 2 4 6 3 10
Intensity 32 (V)

Fig. 2.6. Dependence of the extent of non-linearity on signal stapassean” shape of
analyte peak was obtained by introducoxygenvia the standard open splior only 6s.This
was referenced against a "flat top" signal obtained biplahof the sam@xygen for 20 s. For
discussion see text.

Using irm-GC-MS conditions the maximum intensity of the sample peak coirnwitea
minimum in thecorresponding 34/32-ratio (Fig. 2.3)he extent of separatidnetween3202
and3402 Is about 40 %o. This slight separation seems to be sufficianal@ non-linearities of
about0.1 %0/V disappearsuchthat linearity betweer3.0 and 9.5 V isobtained (Fig. 2.4).
Before the ion source can significantly react v%ﬂ@z, it is probably already preconditioned by
500-fold more abundaﬁ?oz. In contrast, non-linearity was always obtained within experiments
where3402 and3202 had been introduced simultaneously into the ion source.

2.4.3. Calibration to V-SMOW-scale

For the above experiments sample and reference oxygen derivethé@amdlask. The
5180-value relative t&/-SMOW was unknownsuchthat it was arbitrarily fixed t®.0 %. and
relative deviations from this value were measured.

In order to beable to measurd'®0-valuesrelative toSMOW the systemwas calibrated
against oxygen, which had been conventionally determinedtcavalue 0f15.2 + 0.2 %o V-
SMOW. Against this, oxygen, which had been taken for linearity checksaict isused as a
referenceor the following silicate measurements, was determineddf@ of 8.5 + 0.2 %o.
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Fig. 2.7.Schematic drawing of the whole preparation li@xygen isliberated from
silicates by ArF-laser ablation within a sample chamber filfeéd 10 mbars of fluorine After
the release oB00 nmol of oxygen, theoxygen/fluorine/Sig-mixture is expanded into a
volume indicated by the grey colour. Fluorine is converted to clorine on hot NaCl and chlorine
and Sifz are frozen out in corresponding liquid nitrogen cold tréfier 3 minutesyalve 16
is closed andalves 17and 18 arepenedsuchthat an aliquot obxygen is purgeavith 20
ml/min He towards thecryofocuswhere it is packagedror the introduction ofcryofocused
analyte oxygen andreference into thenassspectrometer see chapt2id.2. The oxygen
extraction part is still connected to an-OO, converterand MAT 251, such that silicate
released oxygen can be detected ag &@rnatively (see Wiechert & Hoefs, 1995)
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2.4.4. Combination of UV-laser oxygen extraction system and irm-GC-MS

Theirm-GC-MS part shown inFig. 2.2was coupled to a UV-lasaxygen extraction
system, whichhasalready been described in chapie?. Fig. 2.7gives anoverview of the
instrumentation.

Oxygen from silicates is released by UV-laser fluorination and is subsequently expanded
into an evacuated volumeefined by closedialves 8, 3, 9, 11, 15, 16, 1ahd 18.Surplus
fluorine is therebyconverted orhot NaCl (150°C) to chlorine, which idrozen out by liquid
nitrogen in the GHtrap. After 3 minute§402 and3202 havehomogeneously distributeaithin
the defined volume and valve 16 is closed. The volume between valves ditd 18 serves as a
sample loop and oxygen within that volume is purged by He towvilaedsyofocus by opening
valves 17and 18.Flow rates are about 2l/min and cryofocussing iguantitative after
additional 3 minutes. Sample and reference oxygen are finally introduced into $wuroe as
described in chapter 2.4.2.

Two silicatestandards of known isotopic compositiaiere analysed repeatedly to look
for accuracy and precision of this instrumentaiibig. 2.8). Within errorgshe averages agree
with recommended values: Finero 9506-1 olivine and Dérentrup quarédetermined tdb.08
+ 0.14 %o (n = 10) and 11.99 + 0.20 %0 (N33), respectivelyusingthe technique of Wiechert
& Hoefs (1995) modified after Fiebig et al. (1999). Using the nalglyelopedcontinuousflow
techniguemeans 06.04 + 0.14 %o (n = 19) and 11.87 + 0.17 %o (V) respectivelywere
obtained. The intensity of standard oxygen was set to 5V during all measurements. Fig. 2.8 also
shows the obtaineditf0-values as a function of signal intensitynofiss 32Thereby it is once
again demonstrated that lineartdgcurs for oxygen isotopguantifications carried out under
irm-GC-MS conditions.

It is straightforward that the spatial resolution depends on the ratio of samphelome
and expansion volume. During laser fluorination of siieate standards thisatio was1/10. In
order toget a sample signal of 3 300 nmol of oxygen had to bextracted totally, which
corresponds to a spatial resolution of 250 pm.

Due to a volume ratio of 1/10, 90 % of the total amount of oxygen, that is released by laser
fluorination, is discarded. Thus further improvements of the spatial resolution by optimising the
volume ratio of sample loop and expansionvolume should be possible.
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Fig. 2.8.Accuracyand precision of th@ew technique byrunningtwo standards from
January to Februant,999.All Dérentrup-quartz- and 9506-1-olivide€o-data plotvery well
within recommendedanges (dark greyrecommended)t')rentrupélgo range; light-grey:
recommendealivine 6180-range)previously obtained by oxygen isotope analysitng the
technique of Wiechert 8Hoefs (1995)modified after Fiebig et al(1999). Formeans and
standard deviations @) see text.

The great advantage dfscarding an aliquot of the releasex/gen isthe shortduration
for a singleanalysis, which idessthan 15 minutes. Usually, much mdme is neededwhen
liberated oxygen is quantitatively cryofocused inthe vacuum (Young efal., 1998a,b).
Additionally, it would take much more time if the released oxygen is puygeatitatively all the
way from the sample chamber to thmolsieve, since thevolume whichhas to be purged
increases that way.
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2.4.5. Gaseous interferences during detectidi@f-0-ratios

Clayton & Mayeda1983) andRumble et al(1997) suggested NFo be an interferent
component for mas33, which,amongst othersjecomposes bglectron bombardemenmtithin
the ionsource to NE. Rumble et al(1997)obtained a signdbr mass 52 and ascribed it to
NF,". However,the contribution ofnass 33 tdhe 3180-calculation (Santrock etl, 1985) is
negligible and due to thew abundance of°N a significant interference dPNF* with mass
34 can be ruled out.

Young et al.(1998a) reported significardrrors in oxygen isotopeneasurements if
oxygen isco-eluted simultaneouskyith small amounts of nitrogen. Nitrogen enterithg ion
source moslikely causes drifts ithe background signal inducing a significant signal in the
34/32-ratio and correspondirﬁjso-values as high as 72%ksually, a separatiobetween
oxygen and nitrogen is achieved if the analyte oxygpsses anolsieve 5A columrprior to an
introduction into the ion source.

3180-determinations on Dérentrup and 950®livine using a PoraPLOT (olumn
demonstrate that analytxygen need ngbass anolsieve 5Acolumn. Precision idetter than
0.2 %o even if nitrogen is not separated from oxygen prior analysis. However, one has to keep in
mind thatYoung et al.(1998a,b) liberateamounts as small as 12 nmol oxygerich are
cryofocused quantitatively. Throughout this study, 300 nmol of oxygen are releasedyHidm
only 1/10 is cryofocused. Hence, nitrogen interferences due to small leaktgeshe oxygen
extraction system should more affétfo-measurements in their case.

In order toexclude anypossibleinterference, thd?oraPLOT Qcolumn was finally
exchanged againstraolsieve 5APLOT column (15m length and 0.53mm inner diameter). As
expected, precision was not improved. Fig. 2.9 showsigmals of a measuringycle obtained
by using the molsieve 5A column. A significant nitrogen signal after elutimxydenwas not
obtained (compareith Fig. 4 of Young et al.(1998a)). It is further obviouthat the extent of
separation 0?402 and3202 is still about 40 %o indicating theﬁ”’OZ and 3202 are primarily
separated due to cryofocusing over molsieve 5A.
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Fig. 2.9. Measuring modusbtainedfor oxygen isotope analysis of ativine standard
using a molsieve 5A PLOT column. The second signal was taken as reférEi@e: (8.5 %o).
A significant nitrogen signal after the elution arfalyte oxygen -asobserved byyoung et al.
(1998)-was notdetectedjmplying thatnitrogen interferences are negligible if more than 300
nmol of oxygen are extracted from the silicate. The extent of sepapatorermasses 32 and
34 is still about 40 %0 (compaxeith Fig. 2.3) suggestinghat separatiobetweensotopomers
of oxygen is mainly caused by the process of oxygen desorption from the heated cryofocus. For
the analysed olivine standard (Finero 9506&38@ of 5.2 %o was obtained.
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3. Exchange mechanisms, fluid flow and fluid evolution during
hydrothermal alteration of granites from the southeastern Schwarzwald,
Germany

3.1. Introduction

Oxygen isotope data of igneous and metamorphic rocks can provide important information
on their origin and alteratiomistory. In numerousstudies, Hercynian granites ariRfe-
Hercynian gneisses frothe entire Schwarzwald (Black Fore&ermany)were analysed for
their oxygen isotope compositions (Magaritz Baylor, 1981; Hoefs & Emmermann,1983;

Simon and Hoefs, 1987; Simon, 1988; Simon, 1990; Taylak,6t991; Techmer,1992; Simon

& Hoefs, 1998).These studies demonstratet a complexXossil hydrothermal system was
active in the Schwarzwal®Vhile granites fronthe N-Schwarzwald nearly remained unaffected
(Hoefs & Emmermann,1983; Techmer, 1992), many granites angneisses fromthe S-
Schwarzwald have been intensively modifiethigh temperatures by raeteoric fluid (Magaritz

& Taylor, 1981; Hoefs & Emmermann,1983; Simon & Hoefs, 1987Simon, 1988; Simon,

1990; Taylor etal., 1991, Simon & Hoefs, 1998)Variable degrees of oxygefractionation
between mineral pairs within single granite intrusions were observed implying that hydrothermal
interaction took place after the emplacement and solidification of the granites under open system
conditions. Equilibrium has not beattainedthroughoutthe hydrothermagvent(Simon, 1988;
Simon, 1990).

All these studies oSchwarzwald graniteBave incommon thatoxygen was liberated
either from whole rocks or from mineral separates usiegconventional fluorination technique
of Clayton & Mayeda (1963). This technique is suitable for oxygen isotope analysis of 5-20 mg
of crushed material, but not for in situ analysis on a sub-mm scale. Thus, interfaces of fluid-rock
interaction can not be investigatagingthe conventional techniquelowever, inchapter 2 it is
describedthat aUV-laser system for oxygen isotogxtraction has been combinedvith a
continuous flow mass spectrometer. This technique permits in situ analysis of nmol quantities of
oxygen and oxygen isotope analysis to be applied to fluid-rock interfaces.

Amongstall southeasterischwarzwald plutons, meteoneaterinteractions are especially
pronounced in the St. Blasien pluton, as has been shown by Simon (1988; 1990). In situ oxygen
isotope analysis with a spatial resolution of 250 um and electron microprobe anadypbed
on thick sections ofour different locations of thét. Blasien pluton.All thick sectionswere
prepared from hand samples that have already been conventionally analysed for oxygen isotopes
by Simon (1990). Acombination of in situ- anelectron microprobe data issed to discuss
fluid-rock interaction on a scale ranging from kilometers to sub-millimeters. Among the
guestions addressed are:
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(1) On which scaleloes oxygen isotopdisequilibrium for the system mineral-fluid in a
single intrusion occur?

(2) At which structural interface did a fluid-rock interaction take placevdrad havebeen the
main mechanisms of oxygen isotope exchange?

(3) What new constraintscan be drawn by isitu- andelectron microprobe data on fluid
evolution and alteration history of granites of the southeastern Schwarzwald?

(4) Does in situ data coincide with conventional data?

3.2. Geological setting and sample description

The Schwarzwald is part of tiMoldanubian core zone dtfie VariscanFold Belt which
extends fromthe BohemianMassif (CSFR) tothe Massif Central (France), thé&yrenees
(Spain) and also to parts of the Appalachian (USA). Figg®ds anoverview onthe southern
Schwarzwaldand its granitiantrusions. Notall of these granitetiave beendated,but for the
undated granites an appropriate ageraplacement can be made on Iiasis ofthe geological
map of Metz & Rein(1958) incombinationwith existing Rb/Srdata by Leutwein &Sonet
(1974). A detailed review is given by Taylor et al. (1991).

From structuralcoherence, thé&t. Blasien pluton belongs to group of less-deformed,
late-tectonic granites, whidirther includes thélbtal, Malsburg and Minsterhalden granites.
For the latter granite, Leutwein & Sonet (1974) reported Rb/Sr-ages of 314+15 Mazxth
Ma, respectivelyAccording to the petrogenetic model of Emmermét@77) they represent
melts from plagioclase- and biotite-rich paragneisses, producing large volumes of biotite granite.
Metz (1964) specified theaverage modgbroportions ofmineralsfor the St. Blasien granite to
be 26.8%quartz, 35.7% plagioclase (afy.40, 29.1% alkali feldspar,8.2% biotite (partly
chloritised) and 0.2% accessory minerals (e.g. apatite, zircon).

For oxygen isotopanalysis four samples othe St. Blasien plutonweretaken within 10
kilometers distance (Fig. 3.1): GSB 10 derives close to the Badenweiler-Lertekiaticline,
while GSB 7 derives close to the triple junction of Schluchsee-, Barhadde- St.Blasien
granites.GSB 6andGSB 14weretaken in one km distance ebch other, located inbetween
GSB 10 and GSB 7. From averaged in situ oxygen isotope data it appears thairGsacted
to the smallest anGSB 10 tothe strongest degrewith a fluid low in 3180 (Tab. 3.2).
Therefore, these two samples are petrographically described indetail:
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Fig. 1. Geological setting of thesouthernSchwarzwaldand its granite occurrences.
Emplacement of syn-tectonic granites (e.g. Rand-Granite; not skathir) the Badenweiler-
Lenzkirch tectonic line marked a change in the tectonic refjione collisional shortening to
crustal extension at aboB#0 Ma agqTaylor etal., 1991; Echtler & Chauvet,1991-1992).
Biotite-rich St. Blasien- andAlbtal-Granite probably intruded next (Metz &Rein, 1958;
Echtler & Chauvet,1991-1992)while two-micagranites Schluchsee and Barhalde are about
300 Ma old and thus gdost-tectonic origin (e.gMuller-Sohnius etl., 1976; Wendt etl.,
1974). Samples were exclusively taken from late-tectonic St. Blasien-Granite.
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GSB 10:

GSB 10 shows aery intense alterationPrimary magmatic minerals are almost totally
replaced by secondary minerals. Multiple setsnmrocrackspass througlall minerals.Biotite
has been completely altered to chlorite, while plagioclase has been converted endltaieite.
K-feldspar is partly replaced by albite.

GSB 6:

GSB 6 exhibits graphic intergrowth of quartz amdfeldspar. Alteration of biotite to
chlorite occurred to a mudksserextent than irGSB 10and is preferentially observed along
microcracks. Plagioclase is often albitised towardsritihhe but still shows primary magmatic
zonation within the core. In contrast to GS& no calcitehasbeenfound and K-feldspar does
not include any secondary minerafglditionally, GSB 6exhibits muchessmicrocracks than
GSB 10.

3.3. Analytical procedure

All granite samplebavebeen analysed as thick sections (ca. 10 x 10 x 4 mnYr to
analysis, thick sectionisavebeen ultrasonically cleaneudth distilled water and vacuumdried
over night at 300 °C.

In situ oxygen isotope analysis has been carried out using the instrumentation described in
chapter 2For oxygen isotop@xtraction fromGSB 6, 7and 14 a Lextr&00 excimer laser
(LambdaPhysik Inc.) hadeenused A = 248nm), while GSB 10 haseen analyseaith a
Compex 205 (LambdBhysik Inc.)radiating att93 nm. At high energgenities € 40 J/cn?),
evenquartz can be analysed 28 nm, although oxygen vyieldare still not asgood aswhen
operating with an ArF-laser at 193 nm (see chapter 1.5).

During analyses o6SB 6, 7and 14, twostandards (San Carladivine, 380 = 5.2 %o;
Dbrentrupquartz:élSO = 12.1 %o)have beenrun along with the samples. Foall runs, the
standardvaried betwee®.0 %o and 6.2 %o fothe olivine, and between10.5 and 11.1 %o for
Dorentrupquartz, respectively. The observed contaminationsrergt likely attributable to a
reaction of sample feldspar and fluorine,pasposed byElsenheimer &Valley (1993). Within
each runthis contamination seemed to be constarggestinghat both the amount and the
3180-value of blank oxygen stayed constant throughout a daily analysis (Tab. 3.1).

For raw data correctionhoth the amount and th&%0-value of the blankhave been
calculated using equation (1):

(1) X*algostd (corr.)t (1'X)*5180blank: 6180std (raw)With X= Ngi/ (Nstq + Mplank)
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Standard analyses were performed at the beginning and at the end of each daily run. The amount
of released oxygen {) hasbeen held constant durirall analyses, whereas the amount of
blank oxygen (gianK is assumed to be constant (sbservation above). and 6180b|ank can

then be calculated by solving equat{@n for eachstandard. For thisalculationonly averaged
standardaw valueshavebeen consideredcach sampleaw valuehasthen been corrected for

the calculated blank oxygen contribution.

Table 3.1 lists the dailgalculatedblanks togethewith the 3180-values of corresponding
feldspars. It is obviouthat blankd*80-value is always within 2 %o of the me&H0O-value of
sample feldspar suggesting that the reaction between fluorine and non-irradiated feldspar occurs
without much fractionation. Nevertheless, the variation of z2iémonstrates theroblems of
blank correction by runningtandards alongith the sample. It can not be excludédht both
the amount and th&-20-value of blank oxygen is slightlyarying from analysis to analysis.
For an estimate of the effect of blank variation on data correction two thick sections of one hand
sample (GSB 6) have been analydddwever, averagedorrected data of each mineral fraction
overlaps within analytical errors for both sections (Tab. 3.2) and demonstates the accuracy of the
above correction.

During in situ analysis o6SB 10only Dorentrupquartzhasbeen measured alongth
the sample. In order to calculate the amount of blank oxydeastherefore been assumdéuht
blank €0 is eqgual to the average of in situ feldspar analyses.

Electron microprobe investigationisave been performed on the same thick sections
analysed for oxygersotopesusing a JEOLIXA 8900 RL, which is equippedwith CL- and
BSE-detection system.
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Date |Sample 0% Disr (5) O1%0) Disr (f) 0% Dir (avg) 0% ol(s) 30 o1 1) 0% ol.avg) 3o blank 3o fsp (raw, avg)
13.07.1999| GSB 6a 105 109 10,7 57 50 54 6,1 77+03;n=14
1407.1999| GSB 6b 106 109 108 56 53 55 6,5 79+04;n=4
1607.1999| GSB7 110 11,1 11,1 58 6.2 60 83 68+02;n=6
1207.1999| GSB 14 106 10,7 10,7 53 51 52 52 57+06,n="7

Tab. 3.1. Oxygen isotope composition dhily blank oxygen calculated byusing
equation(1). Foreach daily load of the sample chamierg standard$ave been measured
along with the samples (Doérentrup-gtz: 12.1 % and San Cadigne: 5.2 %0). For a
calculation of blank oxygennitial (s) and final (f) standard6180 -raw-valueshave been
averagedfor each standard.Raw 6180-values ofdaily loaded feldspar is listetor a
comparison. AIBlSO -values are given in %o-deviation relative to V-SMOW.
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3.4. Principles of fluid-rock interaction

A knowledge of the mechanisms of oxygen isotope exchbhetyesenfluid and rock is a
prerequisite to understand disequilibrium and equilibraystems imature. Generallyoxygen
isotope exchange between fluid and mineral can occur by (Lasaga, 1981a,b; Giletti, 1985):

(1) diffusion
(2) dissolution-recrystallisation
(3) chemical reaction.

Given that meteorifluid-rock systemsare initially far away from chemical equilibrium,
processes (2) and (3) shouldthermodynamically favoredver process (1)The driving force
for each type of exchange mechanism is the attempt dbithies free enthalpy(G) to attain a
minimum. For agiven temperature, thehange inGibbsfree enthalpy during one dfie above
mechanisms iAG =AG°+ RTInK;

AG®: standard free molar reaction enthalpy at temperatusT £ (i Vil products™
(21 Vi) educts Wherev is the stoichiometric coefficient and p the Gibbs free molar
enthalpy of any involved species i)

K: equilibrium constant at temperature T

An exchange between fluid and mineral occurs, if the standard Gibbs free reaction ex@ralpy

is negative. The exchange proceeds until for each species equilibrium concentratadtasnace

andAG thereby approaches zero. Process (1) occurs under preservation of pre-existing minerals
and, thusAGP is already close to zerBor processes (nd (3)AGP is expected to be fairly
negative since eithemew minerals are formedprocess 3) or parts ahinerals are dissolved
(process 2). Thus, diffusiotan be the primary mechanism when equilibrium is nedtdmed

and processes (2) and (3) are ceasing (Cole et al., 1983; Matthews et al., 1983).

An exchange by dissolution-recrystallisation argémical reaction islso kinetically
favored over diffusional exchange: Activation energies for oxygen isotope exchangenbigal
reaction andlissolution processeme usuallylower thanthose for diffusionaéxchange (Cole
& Ohmoto, 1986). Criss etl. (1987) pointed outthat no largedifferences inrelative rate
constants are required to model fluid-rock exchange trajectorigsineralpairs ind—d-space.
At a given temperaturaliffusion coefficients of natural materialgary by severabrders of
magnitude, whereas rather similaates of oxygen isotope exchangee observed in
hydrothermal experiments involving dissolution (Wood & Walther, 1983).

These theoretical assumptions are confirmedthdii experimental and fieldtudies:Cole
et al.(1992) demonstrated by hydrothermal experiments on grabéggeenl70 and 300 °C
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that an initial exchange afxygen isotopedetween granitend fluid occursexclusively by
chemical reaction and dissolution-recrystallisation. Rumble et al. (1986) observed that the degree
of alteration of quartz anfiéldspar of granites from South-CentMhine, USA, corresponds

with the amounts of secondary minerals. Valley & Graham (1996) determined by a combination
of SIMS for oxygenisotope analysis and CL dissolution-recrystallisation tahlkeeexclusive
exchange mechanism betweblgdrothermal fluids and quartz frorSkye granites.Their
observations are confirmed I§ing etal. (1997), who analysed hydrothermally altered quartz
phenocrysts from the Kidd Creek mine, Ontario, by CL ang-aéer fluorination.

For abetterunderstanding ofhe kinetics of isotopic exchange ratly the mechanisms,
but alsothe interfaces of fluid-rock interactidmave to benvestigated. Generallysubsolidus
isotope exchangbetweenfluid and rock is assumed to occur alomgcrocracks, micropores
and grain boundaries (e.g. Krantz, 1988prden efal., 1990; Arita & Wada, 1990; Fein &t.,
1994; Holness & Graham, 1995). In order to deduce the style of fluid flow during hydrothermal
alteration, Elsenheimer & Vallef 993)investigated small wafers of quadnd feldspar grains
from a Granite,Isle of Skye,Scotland, bylR-laser fluorination. They obtained intragranular
oxygen isotope zonatiopattern which ardoest explained by a fluid-rock interaction along a
multiple set of microcracks. Within single quargzains, secondary quartz tw 580 has
crystallised along these microcradk&lley & Graham,1996). Acrack controlled fluidflow
also occurred during hydrothermalteration of quartZrom Kidd Creek rhyolites, Ontario
(King et al., 1997).

3.5. Scale of disequilibrium

In order to estimate whether equilibriunhas been attainedhroughout a fluid-rock
interaction one first has to the define the system which is investigated:

First, exchange rates differ from mineral to mineral, such that some minerals of a rock may

equilibratewith the fluid during a hydrothermaévent, whereasothers do not. Fogranites
worldwide ithasbeen observed that quartz is isotopicdtly more resistent to hydrothermal
alteration than iseldspar orbiotite in the sameock (e.g.Taylor, 1977; Taylor, 1978; Ferry,
1985; Magaritz &Taylor, 1986; Gregory etl., 1989, Simon,1990; Elsenheimer &Valley,
1993). Thus, throughoutthe extent of a hydrothermavent, granitic subsystemsexcluding
quartz are more likely to equilibratgith a fluid than the superior, entire granitgystem
including quartz.

Secondly, since diffusion is likely to be too slow to show any contribution to hydrothermal
granitic alteration (Cole et al., 1992), all minerals that have interaadtiech fluid are assumed to
be of secondary nature. For evaluation whether equilibrium betwesecondary minerals has
been attained it is thereforeecessary to analyse primary and secondary minerals separately
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from eachother. This is a seriougroblem, because it is often difficuiind much effort to
discriminate betweeprimary and secondanyinerals, especiallwhen,such as irthe case of
conventional analysis, largamounts of samplenaterial areneeded. As a consequence,
disequilibrium may be the result of mixed analysis of primary and secondiagyals, although
both primary and secondargnineral pairs between themselves may exhibit equilibrium
fractionations.

Throughout this study, oxygen isotodatawill be discussed on acale ranging from
kilometers to the minimumesolution of the applietechnique250 um.First, averaged irsitu
datawill be used to describe km process@&berefore ithas notbeen differentiatedetween
primary and secondamninerals, as it isdone for conventionalanalysis (e.g.Simon, 1990,
Taylor et al., 1991). Secondly, single in situ data of coexisting minena¢® toinvestigate the
cm to sub-mm scale. Here, BSE- and CL-visualisations by electron micrdmedleeen used
to differentiate between primary and secondary minerals.

3.5.1. Km-scale: averaged in situ data

All samples were taken within a distance of 10 kilometdesnce, averaged situ oxygen
isotopedata plotted i—d&-diagramsexhibit information about the extent of grandkeration,
that occurred on a km-scald-or a calculation of averageenly those analysebave been
considered for which mixed analyses of primary minerals doadebeen excluded by electron
microprobe analysis. An exception has been made for feldspar, which has not been differentiated
betweenits singlesubphasegplagioclase and-feldspar. Corresponding—d-plots are shown
in Figs. 3.2a,b,c. All data is additionally listed in Table 3.2.

All analysed sampldsavelost their primarymagmatic character which is indicated by a
shift of oxygen isotope composition aofither (both) feldspar (Figs. 3.2a) or (and)
biotite/chlorite (Fig. 3.2b)below the primarymagmatic fractionation line. Positivdopes of
quartz-feldspar and quartz-biotite/chlorite exchange trajectarideate that the granite
interacted with arexternally derivedfluid enriched in 160, Additionally, these slopes are
different from wunity. Thus -on a km scale- equilibrium within the system
guartz/feldspar/biotite(chlorite)/fluid has not been attained. GSB 10 has interacted to the greatest
extent with the fuid, so tha&avenquartz is slightly depleted itfO, whereasGSB 6 shows the
least extent of fluid-rock interaction.
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E’lsoqtz 618Ofsp 5'%0p 8'%0hole rock (calc) 8'%0hole rock
93+01(n=2) 77+03(n=14) 39+£06(n=9)
90+02(n=5) 79+04 (n=4) 45+£12(n=12)
93(n=1) 68+02(n=06) 45+05(mn="7)
6.1+05(n=4) 01+x06(n=14) -40+05(n=4)
80 (n=1) 57+06(Mm=7) 15408 (n=8)
103+03 83+x04 33+08 79
97+03 83+05 39+16 79
9,7 63+03 32+07 6,7
7110 01x07 —45+05 20
88 59+08 05«10 62
125 108 19 9,7 83
116 8,6 45 88 8,6
9,7 34 19 53 37
124 59 2.1 T4 7.1

Tab. 3.2. AveragedlSO-vaIues as derived from in situ- andnventionaknalysis for
granites fromthe St. Blasien pluton (n: number of analysis). Modal compositifarseach
location, whichhavebeenused tocalculate wholeock 6180 -values, are given bgimon

(1990). AII6180 -values are given in %o-deviation relative to V-SMOW.
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Fig. 3.2. d—&diagrams of coexistingminerals derivedfrom averagedin-situ data.
Isothermic equilibrium fractionationdave been adopted by Zheng (1993a,b). Diagram
sequence: (a) gqtz-fsp, (b) qtz-bio, (c) fsp-bio. For further discussion see chapter 3.5.1.
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However,the subsystenfeldspar/biotite(chlorite)/fluid seems tmave behavediifferently
from its superior system (Fig. 3.2dyour of five analysed samples plotery well on a
fractionation line for T =300 °C. Provided that the initiasotopic composition of the fluid has
been rather homogeneous (see chapters 3.5.2 and 3.7), the heterogeneity in isotopic composition
of different locations that is reflected by tepread alonghe T =300 °C isothermcan be
explained in two ways:

(1) Fluid-rockexchange occurred under "closed" system conditi@regory & Criss, 1986;

Criss et al., 1987), where relative proportions between each mineral and fluid have been constant.
Equilibrium has been attained on a km-scale within the subsystem feldspar/biotite(chlorite)/fluid.
Heterogeneity results from varying water/rock-ratios.

(2) Fluid-rockinteraction tookplace under open system conditions (Gregory & Criss, 1986;
Criss etal.,, 1987), where an externally derivdtliid has been progressively infiltrated.
Disequilibrium occurs on a km-scal€he spread alonghe 300 °C isotherm is caused by
varying water-rock ratios, fluid fluxes and time-spans of interaction.

Clearance should be given by in situ data of coexisting, neighbouring minerals. If diffusion
can be ruled out (Cole al., 1992), in the case dfL) all coexisting minerals except quartz
should be irequilibrium, whereas in the case (@) coexisting minerals exhibit disequilibrium
fractionations.

Surprisingly,GSB 7reveals aroxygen isotope&omposition, that cannot be explained by
processes (1) or (2): “‘EISOfSp, bio lies very close to the isotherm d800 °C. Such high
temperatures are rathanusual forhydrothermal alterations of granites. It is therefore more
likely, that GSB 7 exhibits a complex alteratiohistory due to its nearbiocation to the
Barhalde- and Schluchsee pluton (see chapter 3.7).

To sumup, quartz/feldspar and quartz/biotite/chlorite exchange trajectdagged from
averaged irsitu datagive evidencehat -on ascale of afew kilometers- equilibriumbetween
granite and fluid has not been reached. However, feldspar/biotite/chlorite dallfits a 300
°C isotherm suggestinipat thesubsystenfeldspar/biotite(chlorite)/fluid mightbhave beenable
to attain equilibrium.

3.5.2. Cm-sub-mm-scale: implications by in situ analysis

From all samples analysed, GSB 6 shows the least extent of fluid-rock interaction. A BSE-
picture and correspondirﬁjso-values of in situ analysis from a larg®tite grainwithin GSB
6b are shown in Figs. 3.4a,b. The biotite grain is partly chloritised (grey parts). It is otnabus
chloritisation occurred preferentially along cleavages and microcracks. Spatial resolution of 250
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pum has not been sufficient to analyse biotite and chlorite separated from each8®werlues

of mixed mineralpairsvary by4.1 %. depending othe degree of chloritisatior:ess altered

biotite zonesexhibit nearly primarymagmatic oxygen isotope composition (e.g. 6.3 %),
whereas strongly chloritised parts are as low as 1.2 %o. Since only chlorite/biotite mixtures could
have been measuredqyure chlorite is expected toave a negativeSlSO-vaIue (seebelow).
However, ifequilibrium between biotitand chlorite at T =300 °Cwould have beenattained,
chlorite should becharacterised by &1%0-value which isabout 1 %o higher than thisiotite
5180-value (Zheng, 1993a). Thus, secondary chlorite is in strong disequilitmithncoexisting,
primary biotite. Chlorite, that waformed by a reaction dbiotite and fluid, must inherit its
oxygen mainly from the fluid, as it has been observed by Cole & Ripley (1999).

GSB 10 showshe strongesinteractionswith a meteoridluid. Electron microprobelata
give evidence that biotite is completely convertedhiorite. Coexisting plagioclasexclusively
occurs aslow-albite (ap.q1g with calcite replacements along microcrack$or detailed
discussion seehapter3.6.2). From in situ oxygen isotope analysis it sed#imas secondarily
formed chlorite andalbite have been in equilibriumwith the interacting fluid: Chlorite-380-
values are as low a4.9 %o (Fig. 3.5). A single secondaabite grain within GSB 10varies
between -0.3 %0 and -0.9%o. (Fig. 3.@8he observed fractionation between chloatel albite is
very close to an equilibrium fractionation 8f8 %0 at T = 300 °GZheng, 1993a,b). Slightly
higher fractionations obtained by in situ analysis might be dtieetsimultaneousvaporation
of small amounts of fluid equilibratechlcite,which would beabout 2 %o enriched 880
compared to secondarily formed albite (Clayton & Kieffer, 1991).

The measured'80-values for chloritavithin GSB 10are in agreement witd'%0-values
expectedor purechlorite from mixedbiotite/chlorite analysiswithin GSB 6b. It istherefore
suggested that GSB 10 and GSB 6b interacted with a fluergfsimilar isotopic composition
and that chlorite which had been formed within GSBHgts, alsdbeen in local equilibriunwith
the fluid.

In contrast,K-feldspar has noequilibratedwith the fluid on a scale of d&w hundred
microns: K-feldspamext to chlorite withinGSB 10 exhibits 5180-values around 1 %o (Fig.
3.5). At 300°C, equilibrium fractionation between chloritnd K-feldspar is 3.6 %tZheng,
1993a,b), muchessthan observed. In chapt86.3 it is showrthat alteration ofK-feldspar
occurred both along grain boundaries amdrocracks, buthat formation ofsecondary phases
is notcomplete as in the case of plagioclase. Obviolstigldsparinteracted at a sloweate
with the fluid than plagioclase and smaller amounts of fluid-equilibrated secqruitesgave
been formed. A resolution d50 pm is notsufficient to separatdetweenprimary and
secondary phases (see Fig. 9a,b,c) and disequilibriuthegystem K-feldspar/chlorite/fluid is
obtained.
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_ Fig* 4b

| 00002855 | 300 pm Gaeddngen

Fig. 3.4. BSE-picture of an in situ analyd&dtite grainfrom GSB 6b. Darkgrey colour is
indicative for chlorite, which has been secondarily formed along microcracks and cleavages.
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Fig. 3.5. BSE-imaging of chlorite neighbouring K-feldspar within GSB 10.
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MOCAD ' = iOm

Figs. 3.6 — 3.8. BSEand CL- visualisations of granite samplesestigated for
oxygen isotopes. (6): BSE-imaging afbite with calcitereplacements along microcracks
within GSB 10; (7a): BSE-imaging of partly albitisé¢-feldspar and neighbouringuartz
within GSB 10; (7b): corresponding CL-imaging Kffeldspar andquartz shown in 8SE-
mode in (7a); (8): BSE-imaging &f-feldspar fromGSB 6b exhibiting a slightly albitised
plagioclase inclusion within K-feldspar. For detailed discussion see chapters 3.5.2 and 3.6.
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Figs. 3.9a,b.BSE (9a)- and corresponding CL (9b)-imagingtwb neighbouring,

albitised K-feldspar grainaithin GSB 10.Albitisation occurred along the graboundary
between both grains. Lots of microcracks run through both grains.

72



E Leesl Breal Ha Levml Hrpal
[ [ ]

]

nE .M
shll

1L.F (L]
F+1]

1.4 nr
EL b1

] = i.i

.3 .0
EH |

a6 [
Ei]

1.4 1.3
e

F.E [ ]
11

T | [N
P

.4 mE
1F]

T8 0.k
+H

.1 L]

148

1.4 i, ¥
i3

1.x .
] H

K] nE
G

o.E (LR}
14

. . a T

freas s Levwl WEreal

N1 [
ra

0, (L]
119

n,s 11
[+

L -]
ha

0.l [ ]
LT

0.3 .4
Eo

11 11
ik

1.3 LN
L

Lr =5
L]

i.a Fai
hL]

1,8 1.1
M

5.5 1.5
k4]

1.8 (L9
21

[N ] 17,
W

2.3 iy 1o

[ 1.8
i fi

1.8 0.5
5

ol L BN

Fig. 3.9c. Element mapping (Na, K, Ca, Ba) of two neighbouring, albitisietdspar
grains within GSB 10. Along microcracks BA and CA" has been leached. See also
corresponding BSE- and CL-pictures in Figs. 3.9a,b. For further discussion see chapter 3.6.
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00003229 — 100 um -

Fig. 3.10a,b. BSE (a)- and CL (b)-picture of a single K-feldspar-grain
within GSB 6b. In contrast to K-feldspamwithin GSB 10, much less
microcracks are observed, alonyich fluid-rock interaction tookplace. Most

"channels" represent primargagmatic perthitic lamella&ee also discussion
in chaote 3.6.
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Fig. 3.10c. Element mapping (Na, K, Ca, Ba) of a single K-feldspar-grain vBBB 6b. As
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Fig. 3.11. Chemical composition of the feldspars of the St. Blasien pluton as discussed

in chapter 3.6. Feldspars of different locations are marked as in Fig. 3.2.
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To summarizefor the twoend-members of fluid-rockteraction,GSB 6 and GSB 10,
coexisting minerals partly exhibgtrongdisequilibrium fractionations. As a consequence, the
hydrothermal interaction mugtave taken placeunder open system conditions (se®apter
3.5.1). Fluid flux and duration dhteractionhavebeen highestor GSB 10 suchthat large
amounts of secondary miner&lavebeen formed, whicleould have been analysed separately
from coexisting primary minerals. These have locally equilibratéfa the mother fluid -at least
at a scale ofessthan 1 cm- at temperatures of ab&0 °C. Disequilibrium is observed for
systemswhere ithas notbeenpossible to analyse primary and secondargerals separated
from each other.

3.6. Mechanisms and interfaces of hydrothermal interaction

A brief summary of general mechanisms and interfacesxgfjen isotopeexchange
betweenfluid and granitehas already beergiven in chapter3.4. For a discussionyhich
mechanisms and interfaces are relevant for the investi§at@siengranite, each mineravill
be treated separately:

3.6.1. Biotite

An exchange of oxygemsotopesbetween biotiteand chlorite exclusively occurs by
chemical reactionFigs. 3.4a,b clearly demonstrate thatygen isotope compositiowithin a
single biotite grain correlatesvith the degree of chloritisation. Th&0-value of primary
magmaticfeldspar isgiven by theintersect of thegtz-fsp isotherm of 600 °C arntie qtz-fsp
exchange trajectory in Fig. 3.2a to be about 9.0 %.. Assuming a fractionat®oh %b between
biotite and plagioclase (g§ (Zheng, 1993a,b), primary biotite can be calculatelobie o
of about6.9 %.. This isvery close to5180-values obtainetbr lesschloritised parts obiotite
(e.g. 6.2 %o), suggesting thhiotite, which is in direct contact tfo depleted chloritehasstill
preserved its primary isotopic composition. Obviously, an exchangedibgolution-
recrystallisation did not take place. Additionally, a significant diffusional anmxgen isotope
exchange between biotigand chlorite (re-equilibration) and/between biotiteand fluid can be
ruled out. According to Fortier &iletti (1991) diffusionalexchange between biotitend water
still occurs at temperatures as low as 300 °C. However, the preservation of the pragarstic
character of biotitaloes notcontradict their observations: Fortier &iletti (1991) assumed
water to be the oxygen bearing diffusive species. It can be seen by FigsttiataHioritisation
of biotite not only tookplacealong microcracks, bulso alongcleavages. It is therefore likely
that the fluid -once it was infiltrated into the biotfi®m microcracks- also migrated along
cleavages by a diffusional mechanism. But wherever the fluid has been in eatitdubtite an
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immediateformation of chloritehasbeen triggereddence, the existence @kimary biotite in
direct contact t&BO-depIeted chlorite only rules out a significant diffusion of anionic oxygen.

The degree of chlorite formation has been observed to increasé&fs@r6over GSB 14
to GSB 10 in such a wathat biotite withinGSB 10 haseen completely converted to chlorite.
Thus total water-rock ratios must have increased in the same sequence.

3.6.2. Plagioclase

The composition of théeldspars is shown in Fig. 3.11. Thisagram was constructed
from single spot analyses using the electron microprobe.

The anorthite content of plagioclasentinuously decreases fro®@SB 6 (ag.4g over
GSB 14 (ap.pg towardsGSB 10 (ap.1g. In the same direction, water-rocktios and the
degree of chloritisation of biotiteavebeenfound toincrease (see chaptgr6.1). Within GSB
10, calciteprecipitates occuover single plagioclase grains, especially along microcréEkgs.

3.6, 3.7a). These also exhibit minor amount$efoxides.The fluid must therefordavebeen
enriched in Na, C®and SiGQ, when it interacted with the St. Blasien granite. At high water-rock
ratios plagioclase was completely albitised after

2Na" + CaALSi,Og + 4 SiG, = 2NaAlISEOg + C&™*

as it hasalready been observddr Na-metasomatism of basalt{e.g. Moody etal., 1985;
Rosenbauer et al., 1988), detrital (d3gles,1982) andsynthetic plagioclase (e.g. Eskolaakt
1937; Orville, 1972).

For GSB 6water-rock ratiohavebeen the lowest. Here, the extent of albitisation of
plagioclase is much lower than for GSB 10 (see also petrographic description in 8t@)ptr
at all, plagioclase is slightly albitised at the rim of singkains (Fig. 3.8). As for GSBAO, in
single microcracks minor amounts of Fe-oxids are found.

3.6.3. K-feldspar

K-feldspar in GSB 10 ipartly replaced by albitdzig. 3.9a shows a BSE-picture of K-
feldsparwithin GSB 10, whileFigs. 3.9band 3.9c exhibitorresponding pictures dfie same
area obtained by Chndelementmapping. In Fig. 3.9¢wo Ba-rich zonesan be recognised.
Usually, cores of primary crystals of granitic K-feldspar show the highest Ba-contents (Mehnert
& Bisch, 1981). Thus, these Ba-enrichetbnesare most likely the relics ofcores of two
feldspar grains originally neighbouring each other. Along the grain boubdamgernthose two
grains, K-feldspar is replaced by a thin band of secondary albite. Secondary albite is assumed to
derive from Na-metasomatism of primary K-feldspar, as it has been described by (Q86E.
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Cole et al.(1992) alsoobserved an albitisation df-feldspar by alteration experiments on
granites with Na-containing solutions. The luminescence of secondary albite is similar to that of
K-feldspar (Fig.3.9b), implying that the albitenherits itstrace elementomposition by K-
feldspar. Of coursethe main elementomposition of secondaraibite is different from K-
feldspar, so that it can be differentiataetweenboth phases bila-, K- and Ca-mappingFig.

3.9¢) as well as by the BSE-picture (Fig. 3.9a).

Albitisation of primaryK-feldspar along grain boundaries occurred dtsothe feldspar
grain shown inFig. 3.7a. In contrast talbitisation of plagioclase, albitisation &&feldspar
generally occurred atlawer reaction rate-or GSB 10, plagioclase is completely replaced by
albite, whereas K-feldspar is only partly converted.

However,the exchange betweéfifeldspar and fluidvas notonly restricted tochemical
reaction,but also to dissolution-recrystallisation. From comparisoRigé. 3.9aand 3.9b it is
evident that a multipleset of microcracksuns throughprimary K-feldspar, alongwhich
secondary K-feldspar has been formed. The same can be seen in Figs. 3.7a ancaBdtheior
investigated K-feldspar withi®@SB 10.The luminescence of secondarily formedeldspar is
different from primaryone, since K-feldspar of secondary origin inherits fitace element
composition mainlyfrom the fluid. Obviously, C&" and B&* have been leachediuring
dissolution-recrystallisation of K-feldspar (Fig. 3.9¢). Subsolidus diffusion 6f @ad B&*
seems to be of minamportance since leaching is directly restricted to the "flow-channels”
which are given by the microcracks.

Again, GSB 6 showsnuchless symptoms olvater-rock interactionBSE- (Fig. 3.10a)
and CL-picture(Fig. 3.10b) aswell as elementmapping (Fig. 3.10c) of K-feldspamostly
exhibit primary perthitidamellae. Incontrast toGSB 10, lessmicrocracks are observed along
which secondary K-feldspar has been formed. Additionally, K-feldspar has not been found to be
replaced by albite.

3.6.4. Quartz

Given that volume diffusion is the rate-limiting factdiffusion in quartzhasbeen shown
to be too slow to accourfor an oxygen isotopexchange betweefluid and quartz at
temperatures adsw as300 °C(Eiler etal., 1992,1993; Jenkin edl., 1994).Hence, in the low
temperature region of hydrothermal alteration of granites, quartz is ony able to exchange with the
fluid by dissolution-recrystallisation. The CL-picture in Fig. 3.7b shows quartz neighbouring K-
feldspar within GSB 10. As for K-feldspar, many microcracks run through the quartz grain. It is
most likely that secondary quartz has been precipitated along these frabtusé=sading to the
observed slight depletion o for guartz within GSB 10 (see Tah2). An isotopicexchange
between quartand fluid by dissolution-recrystallisatiomas alsobeenfound by Valley &
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Graham (1996) and King at. (1997) forquartz fromSkye granites anduartz phenocrysts
within the Kidd Creek mine, Ontario, respectively.

Summingup, anexchange of oxygemsotopesbetweenfluid and graniteoccurs by
chemical reactiomnd dissolution-recrystallisation. Diffusional exchangeanibnic (C?') and
cationic (C&*, B&") species has ndteen observed. The fluid lwhich largeparts ofthe St.
Blasien pluton have been altered, must have had locally high Na/K-ratios erzdifnlisgtion of
plagioclase and chloritisation bfotite to be thefastest exchange mechanisrier GSB 10,
water-rock ratioshave been the highessuch that both reactionswent to completion and
equilibrium betweersecondary minerals is observed. iAteraction betweeffluid and rock is
observed to take preferentially plagl®ng microcracksk-or large water-rock ratios, interaction
also occurs along grain boundaries. It is therefore assuhatdmicrocracks do serve as
precursor pathways for the fluid to get into contact with grain boundaries.

3.7. Fluid evolution and alteration history

The extent an@volution ofhydrothermalactivity in the Schwarzwald is still a matter of
debate. According to Taylor et g1991) hydrothermalactivity was restricted to 40-15 km
wide zone north andouth fromthe Badenweiler-Lenzkirch tectonic line. In contr&itnon
(1990) and Simon &Hoefs (1998) founekvidence thahydrothermalactivity occurredover a
much wider area of at least 6000%and affected oxygen isotope compositions of granites and
gneisses both in the Middle and Southern Schwarzwald.

However, there is agreement about the original isotopic composition of the flul/H3y
investigations of biotitdooth Simon (1990) andlaylor et al.(1991) proposed amitial 3180-
value of—10 %o to —12 %o, and thuthe fluid to be of meteoriorigin. Rift-zonemagmatism
along the Badenweiler-Lenzkirch tectonic line aatbsequenémplacement of thehearedsyn-
tectonicRand Granite inthe Lower Carboniferous (ca320-360 Ma)initiated afirst large
hydrothermainteraction, by which largparts ofthe Rand-Granite angurrounding gneisses
became extremely depleted in whole-rédko (< 3%o; Taylor ewl., 1991). Incontrast,post-
tectonicHercynian granites (e.@arhalde), whichntruded ca290-315 Maago,partly exhibit
negative oxygen isotope fractionations between quartz and feldspar (Simon, 1990). It is assumed
that thesdater intruded granitedave been altered by a fluid, whichas been continuously
enriched in"®0 during previous fluid-rock interactionshile D/H-ratios nearly stayed constant
(Simon, 1987; Simon 1990).

In order to prove this hypothesis, averaged in situ data -as expressasisipace in Figs.
3.2a,b,c- has been fitted to fluid-rock exchange curves. These tanveseen calculatedsing
the computer programm XCHANGE (Simon, 1990), which bases on the kinetic exchange theory
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of Criss et al. (1987). All calculatiorfsavebeen carried oubr atemperature 0800 °C, which
hasbeen obtained by chlorite-albite equilibrium fractionationG8B 10 (seechapter3.5.2).
Correspondingnineral-mineral and mineral-fluid fractionations rely theoretical calculations
by Zheng (1993a,b). Modelled exchange curves are presented in Figs. 3.12a,b,c:

All data can be modelledith an initial isotopic composition of the fluid of -5 %.. For
GSB 6a,b and 14, which have been taken within 1 km distance (Fig. 3.1), averaged in situ data of
coexisting minerals can be best explained by water-rock ratilosvess 10atom-% and a fluid
flux u (expressed as ratio of yfk where u is the fluid flux in S and kt is the exchangeate
of quartz in g Gregory & Criss, 1986 an@riss etal.,, 1987) of 1.0.Additionally, these
locations exhibit a constant ratio of exchange raggskispkqt, as 9:3:1. Obviouslyrock- and
fluid-specific parameterssuch asthe reactive surface area, permeability andchemical
composition of the fluid- mahavebeen constanwithin arange of about 1 kntHowever, one
has tokeep in mind that the kinetic exchanpeory ofCriss etal. (1987)relies on integrated
fluid-rock parameters. Though average values seem to be constant, variations doyd space
can not be excluded.

Variation of integratedluid-rock parameters is at least observed on a scale of a few
kilometers. Given that chloritevithin GSB 10 isalready in equilibriumwith the fluid, while
feldspar- because ddwer exchangeates of K-feldsparstill hasbeen on itsvay of attaining
equilibrium, the corresponding bio-fsp exchange curve in Fig. 3.12c is expected to approach the
isotherm of 300 °C parallel to the fsp-axis. Such a run requires water-rock ratios as large as 100
atom-% and a high fluid flux of 10.0, which is in agreemeithh observations made by electron
microprobe investigationwithin chapter3.6. GSB 10exhibits much more microcracks than
GSB 6, which in turn leads to a higher permeability. Simultaneously, an increaseeazctihaty
of feldspar andbiotite relative to quartz (ljokispkgt; = 15:5:1) indicates a change in the
chemical composition of the fluid, most presumably in the Na/K-ratio:

The rate of chloritisation of biotitand albitisation of feldspar directigepends orthe Na-
content of the fluid. The higher the Na-content the faster chloritisation and albitisatiors
(Cole etal., 1992). For afluid, which initially has been homogeneous in its isotopic and
chemical composition, local variations in tN&/K-ratio may arisérom different water-rock
ratios and fluid fluxes, as can Baown by using oxygen isotopes asracer (Figs. 3.13a,b).
Because oflow water-rock ratio andow fluid flux, the isotopic composition of the fluid
interacting with GSB 6 shifted to a finsuC0-value of 1%0(Fig. 3.13a).The change iroxygen
isotope composition of the interacting fluid alongh the observed chloritisation of biotite and
weak albitisation of plagioclase indicates that the Na/K-ratio of the fluid nawstchanged}oo.
Generally, chloritisation of biotite goes alomgh aleaching of K(e.g. Ferry,1979) aswell as
albitisation of feldspar does. Thusy GSB 6,the Na/K-ratio of the fluiinusthavedecreased
with increasing time of interaction. For GSB 10, because of high water-rock ratio and high fluid
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flux, the oxygen isotope composition dhe fluid stayed nearly constattiroughout the
hydrothermalevent (Fig. 3.13b), suggestinghat the Na/K-ratio stayed nearly constant, too.
Given that theNa/K-ratio initially hasbeen high, it isstraightforward that chloritisation and
albitisation occurred faster for GSB 10 than for GSB 6.

For the different locations, variousluesfor t*kq, are obtainedbut are nearly constant
for coexisting feldspar andiotite for a singlelocation (Figs. 3.13a,b).For quartz, slightly
higher t*lt, intercepts are obtained. These are most probably due to small amounts of feldspar
which have been vaporised togethevith quartz during in situ analysis (seshapter 3.8).
Gregory et al. (1989) have proposed values in the range'J(ff 0102° s for exchange rates
k of quartz. Since upper limits on hydrothermal activity are not likely to exceed(lNofton &
Taylor, 1979), |, for GSB 14(which has anintercept of t*k, = 0.4,Fig. 3.13a) mushave
been greater than 1.3*16st As exchange rates depend on reactive surface areas and GSB 10
exhibits more microcracks than GSB g Kor GSB 10(with an intercept of t*k, = 0.6, Fig.
3.13b) should have been even greater than for GSB 6. Assuming values of qz= K
4.010% s1 for GSB 10and2.0*101* s for GSB 6a,band 14, time-spans of water-rock
interaction are estimated to Bel6 Ma for GSB6a,b,0.63 Ma for GSB 14and 0.48 Ma for
GSB 10. For GSB @nd 14, these calculations demonstrate ttiate-spans of fluid-rock
interaction vary on amaller scale than integrated fluid-rock paramedersThisfeature arises
from a channelised fluid flow (see chapter 3.6).

Due to an interaction with large amounts of water, whole 3OR of GSB 10 idessthan
3 %o (Tab. 3.2). Similat®0-depletions as for GSB Itavebeenfound by Taylor et al.(1991)
for large parts ofthe highly deformed syn-tectonic Rand-Granite als® by Simon &Hoefs
(1998) for the Triberg-Granite from the MiddBehwarzwald, whiclexhibits the same age than
the late-tectonigyranites in thesoutheasterrSchwarzwald (Leutwein & Sonef,974). It is
therefore assumed thimitially huge amounts aneteoric watehavenot only been resticted to
the B-L-zone, but have been infiltrated nearly all over the South- and Middle Schwarzwald. For a
single location, thedegree of fluid-rock interactiohas been mostikely determined by the
amount of preexisting cracks and microcracks.

The abovecalculations indicate that the meteoric fllndcamecontinuously enriched in
8o duringwater-rock interaction. Ahift from —10 %o to —5 %0 i®bservedor the time-span
inbetween rainfaland interactiorwith the late-tectoni&t. Blasien pluton and is attributable to
preceding interactions of the meteoric water with basement rocks as well as syn-tectonic granites
and gneisses along the Badenweiler-Lenzkirch tectonicHimehydrothermal interaction of the
laterintruded StBlasien pluton, water-rockatios are observed to decredsem GSB 10 to
GSB 6 and 14. In the same direction, the interacting fluid becomes enriched & alalues
of about 1 %o.
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Fig. 3.12. Oxygen isotopexchange curvatures betwefnd and granite performed ib—&
space of coexisting minerals. Calculations base on the kinetic exchange th€oigs adtal. (1987).
For modelling fluid-granite interactions, mineral-mineral and mineral-water fractionations after Zheng
(1993a,b)havebeenused. Initial 618O-compositions at T = 600°Gavebeen chosen a®llows:
10.5%o (qtz), 9.3%o (fsp), 6.8%o (biowith xpjo = 0.1, %sp = 0.6 and ¥, = 0.3. Mineral-water
fractionations at T = 300 °*@lgz-water= 1.0064,0tsp water= 1.0040,0chiwater= 1.0002.0ch.water
has been used insteadogf,_ater Since biotite-fluid interactiogoesalongwith chlorite formation.

For feldspar, fractionations are referred to albiterelresentshe ratio ofproposedexchange rates
kpio/kisp/Kqtz Diagram sequence: (a) qtz-fgp) qtz-bio, (c) fsp-bio.For each location averaged in

situ data is plotted as in Fig. 3.2. See also discussion in section 3.7.
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Fig. 3.13. Isotopic variation of granitic minerals and interacting fluitirog. (a):W/R =
1.0, ulky, = 10.0; (b): W/R =0.1, ulky, = 1.0. All other parameters lik&ig 3.12. See
discussion in chapter 3.7.
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For the St. Blasien-Granitepxygen isotope composition @SB 7 can not be simply
modelled. Its alteratiohistory is different from those @SB 6, 10and 14, because biotite of
GSB 7 has been enrichedffO relative to feldspar (see Figs. 3.2c and 3.12c). GSB 12 exhibits
a similar enrichment if®0 as GSB 7 (Simon, 1990). Both locations are within 1 km distance of
the Barhalde pluton. It is therefoseiggestedhat theoxygen isotope compositions &SB 7
and GSB 12 have additionally been affected by a hydrothermal interaction accomptnibe
subsequenemplacement of the Barhalgéuton. Granites from locations nearlager intruded
plutons may have interacted with both fluids depleté‘@@and subsequently -to a much lesser
extent-with fluids enriched in*®0, as proposed by Simon (1990) for partstief Barhalde
pluton. The alteration history @SB 7 might beevenmore complexpecause of its additional
proximity to the Schluchsee pluton.

To sum up, kinetic exchange calculatidos granites from StBlasiensupportthe model
by Simon (1990), after which oxygen isotope signatures of subsequently intruded granites in the
Southeasterischwarzwald arelue to interactionsiith a fluid of meteoric origin, thabecame
continuously enriched it®0. Water-rock ratios and fluid fluxes depend iie amount of
preexisting fluid-pathwaydVith decreasingotal water-rock ratios, the chemicahd isotopic
composition of the fluid is changinghich results in differentlteration kineticsior GSB 10
and GSB 6. Time-spans of water-rock interaction have feeerd tovary atleast on a scale of
less than 1 km, which is in agreement with a channelised fluid flow.

3.8. Comparison of conventional and in situ data

Conventionaloxygen isotope analysis anineralseparates foSB 6, 7, 1Gand 14 has
been carried out by Simai1990). For a comparisowith in situ data,conventional data is
plotted ind—&-space in Figs.3.3a,b,c and is also listed in Tab. 3.2.

Both data setsexhibit similar trends: Steepositive qtz-fsp (Fig. 3.3a) anditz-bio/chl-
exchange trajectorig§ig. 3.3b)indicate that equilibriunimas notbeen attained (Simoii,990).
Additionally, it is obvious that fluidand granite interactednder open system conditions.
However, there are still some systematic differences in both data sets:

First, quartz analysed in sitgives systematically lowerd80-values than quartz
conventionally determined: Exchange trajectories in Figs. 3.3a and b intersect pnagangtic
gtz-fsp-isotherm and qtz-bio/chl-isotherbetween12-13 %o.. In contrast, for in situ data
intersections are obtainechich imply a primarymagmaticcomposition of quartz 0£0-11 %o
(Figs. 3.2a,b). This lowering of in situ quartiata compared to conventional data may be
explained by a mixing of different minerals during in stlation of quartz: Generally, quartz
sampling by UV-laser light occurred on a mm-sdske chapteB.3). It can therefore not be
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excluded, that smallmounts of feldspar doiotite/chlorite have been vaporised togethaith
quartz.

Secondly, by a comparison of calculated whole rock- and conventionally detewhioled
rock data (Tab.3.2) it appearsthat results from in situ analysis contradicts those from
conventionalanalysis: For all samples, calculated isitu whole rock data is lower than
conventionally determined whoteck 3'80. For in situanalysis, thick sectionsavebeen cut
from hand samplewhich had been taken in the field. Thiskctionsare cm-extracts ofvhole
rocks, in which the original minerassemblage isvell preserved. Thushxygen isotopedata
obtained by a single thick section analysepresentghe original isotopic composition of
minerals on a cm-scale. The difference between conventionally determinedl@ndted insitu
whole rock 310 is most probably duthe channelised fluid flowsee chapteB.7). If one
assumedhat the conventionally determined whotick data is representativier the average
oxygen isotope composition of a sindpeation,for in situ analysisnore alteredsectionshave
been chosen by accident.

Conversely, calculated wholeck data derivedfrom conventionalanalysis ofmineral
separates is higher thaconventionally determined wholeock data. Consequently, for
conventional analysis of mineral separdéssaltered materiahasbeen selecteddowever,this
does not seem to be just a coincidence: In contrast to thick section analysis, the rongral
assemblage is destroyed priorcanventionakanalysis. A preferential selection t#ss altered
material byhand-picking after samplerushing leads t6180fsp,bio/ch| - values whichare not
representative for the original assemblage.

Selective sampling of mineral separates might explain &i'rﬁ@fsp,bio/cmof GSB 10lies
above the primary magmatic fractionation line600 °C (Fig. 3.3c). Idact, of allreasonghat
could account for this "unusua*0-value, this is the most convincing:

(1) An additional interaction o6SB 10with a fluid enriched inl€o may be ruledbut, since
suchinteractions are likely to be restricted to a zone within 1 km distaoce the Barhalde
pluton (see chapter 3.7).

(2) Pointsabove theprimary magmatic fractionation line caalso beattained, if ksp > Kpjo-

Ferry (1985) reported for granites fraime Isle of Skye,Scotland, thatfeldsparwas more
susceptible towards mineralogical alteration than biotite in a temperature raB§8 ef450 °C.
However,the variation of conventionally determin@}BOfsp,bio/cm over all locations would
require a large change in the exchange kinetics of biatite feldspar. This is in contrast to
findings derived from in situ analysi:®Orsp, pio/chiof GSB 6, 10 and 14 are best explained by
kisp< kpjo @nd a narrow range of variation (see chaptéy. The higher susceptibility dfiotite
towards alteration is in agreemewith observations by Cole et al. (1992), who carried out
hydrothermal experiments on granites between 170 and 300 °C with NaCl containing solutions.
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To concludepxygen isotopelata derivedrom conventional- and igitu-analysis show a
similar trend of fluid-rock interactiofor quartz-feldspar and quartz-biotite-systeidswever,
large differenceshave been obtainedfor biotite-feldspar fractionations, which amaost
presumably due to a selective sampling of mineral separates prior to conventional analysis.
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B. Conclusions

In order toinvestigate thgrocess ofhydrothermal alteration of granites a UV-lagarsed
oxygen isotope microprobgas setup. Spatial resolution is abo@50 pum, but can easily be
improved. Throughoutthe analyticalprocedure only a smalproportion of silicate extracted
oxygen is finally purged into the ion soureeyich results in analysis durations of lakan 15
minutes. The mass spectrometer used is a DeltaPlus (Finniganyithacpntinuousflow inlet
and detectosystem for masse32, 33and 34.For areproducible quantification obxygen
isotopes in a continuouow mode, adifferential pumpingsystem is necessariinearity is
fulfilled when analyte oxygen is cryofocused prior to analysis. As long as mor@&@@amol
of oxygen isextractedirom the silicate, th&sC-technique is not necessarily needed to obtain
accuracy and precision better than 0.2%o.

UV-laser induced fluorination of silicates results in a fractionation-free extraction of oxygen,
even if oxygen yields are not quantitative. Hence, the use of UV-lasers allows real in situ oxygen
isotope analyses of silicates. UV-laseiith a single photon energy 5 eV everenable in situ
analysis of highly transparant mineréke quartz. Thehigher the singlghoton energy of the
laser, the higher the oxygen yields at constant energy defdditionally, for a constansingle
photon energy,oxygen yields increaseith increasing energy density of tHecusedbeam.

From all easy handable UV-lasetee ArF-laser ismost suitable to carry out in situ oxygen
isotope analysis of quartz.

Quartz analysis of thick sectioshould be preferredver single grain analysis, since the
latter gives rise to slight fractionations. However, during in situ analysis of granitic thick sections
the high reactivity offluorine easilyproduces oxygen blanks. In order dorrectfor oxygen
blanks, it is not sufficient to measure only one standard aldthgthe samples. For reasons of
accuracy,0xygen blanks must beorrected bottfor their quantity andd180. Therefore two
standards of distinct isotopic composition have to be measured along with the sample.

The newly developed technique was appliedntsitu oxygen isotope analysis tfick
sections of a hydrothermally altered granitic pluton fistnBlasien,southeasterischwarzwald,
Germany.All thick sectionsinvestigatedfor oxygen isotopesvere additionally analysed by
electron microprobe. The combinationkmith methodsvasused toinvestigate the kinetics of
oxygen isotope exchange between granite and fluid.

Largeparts ofthe St. Blasien plutorwere altered by #uid with an initial 3180-value of
about-5%.. The fluid presumably infiltrated theck along cracks antdhicrocracks, where an
exchange of oxygen isotoppeeferentially tookplace.For highwater-rock ratios an exchange
along grain boundariesas also observedChemical reactiorand dissolution-recrystallisation
were found to bethe primary exchange mechanisnBue to low temperaturessubsolidus
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diffusion of anionic andcationic speciedike 0%, c&* and B&" was too slow tashow any
significant influence. Primary magmatic biotite is in direct contattt secondary,lgo-depleted
chlorite and element mappings kifeldspar demonstratiat c&' and B&* areonly leached
along fluid-pathways.

The fluid initially had high Na/K-ratios, such that chloritisation of biotite and albitisation of
plagioclase occurred most rapidiijhe amount of microcracks drives kinetic paramelikes
water-rock ratio and fluid flux. Akeast on a cm-scaléuid-rock ratio and fluid fluxwerehigh
and both chloritisation of biotite and albitisation of plagioclase went to completion. Fractionation
between secondarily formed chlorite aadbite yields an equilibrium temperature 800 °C. At
other locations water-rock ratios and fluid flwerelow, suchthat the chemicatomposition of
the fluid was shifted tdower Na/K-valuesduring water-rock interaction and absolwalues of
the rates of chloritisation and albitisation decreased.

Since oxygen diffusiortan be disregarded, an interaction between metéaret and
mineral was restricted to those parts of a mingat were in direct contact with tifileid. On a
molecular dimension and temperatures of 300 °C, each secoridanid phase is assumed to
be in local equilibriumwith the interacting fluid. The amount of secondarily formed phases,
which are for a given temperature in equilibrium with the fldelhends omeaction rates, water-
rock ratios and time-spans of interactiontia correspondingtemperature. Because of a
channelised fluidlow, mineral phaseswith primary magmatic charactegxist in directcontact
with thosewnhich locally reached equilibriurwith the fluid. Disequilibrium obtained by bulk
analysismay arisefrom an insufficient spatial resolution tfie applied analytical technique,
suchthat primaryand fluid equilibrated secondary mineralee analysed togetherhis is
confirmed by in-situ analysis on a 250 um scale. Wherever water-rock watielow, amounts
of secondarily formednineralphasesveretoo small to be analysed separately from primary
phases andlisequilibrium fractionationdetweencoexisting mineralpairs were obtained. In
contrast, at locations where water-rock ratios were high, large amounts of seqirataagvere
formed. These could be analysed separately from primppagsesexhibiting equilibrium
fractionation (T = 300°C) on a cm-scale. In ordeevaluatewhether equilibrium was attained
within a fluid-rock system or not, it is therefore imperative to define the size and the components
of the investigated system.

Calculations using the kinetic exchange theory of Criss et al. (X@8fiym the model by
Simon (1990), which suggests that large parts of granites isotitbeasterischwarzwaldvere
hydrothermally altered by a fluid of meteoric origin, which locally became significantly enriched
in 180 during fluid-rockinteraction.During hydrothermal alteration of th®t. Blasien-Granite
water-rock ratios varied at least on a km-scale, so that the final fluid Ibegigme enriched in
180 about 6%o. Hydrothermalctivity with 180-enriched fluidsvas revived bythe intrusion of

89



late-stage Barhalde- and Schluchsee-Granite and additionally affestggen isotope
composition of surrounding parts of the St. Blasien-granite.
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