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Abstract

This PhD thesisis structured with six chapters that describe the experimental study
on re-equilibration of synthetic fluid inclusions. Three chapters represent
autonomous scientific unit s, which have been published in international scientific
journals (one is in review) . Another chapter explains the design of the used
experimental setup of the hydrothermal laboratory. This thesis is complemented by
an overall introduction chapter and by a general conclusion chapter.

In literature, some examples have been published about evidence of post -
entrapment changes of fluid inclusions. Nevertheless fluid inclusion studies in
general are still considered and interpreted with a closed -system behavior. Thus
the present experimental work is designed to test potential post-entrapment
behavior of fluid inclusions in quartz b y systematically performed re -equilibration
experiments. Different fluid species are used to determine the major factors of fluid
inclusion modifications and their magnitude . Knowledge of diffusion rates of
water -related chemical species and isotopes in qu artz is important for interpreting
fluid -rock interactions based on fluid inclusion research  and reconstructing of the
P-Tthi story of earth®&s crust al rocks.

As a first approach pure H 20 and D 20 fluid was used to determine the re-
equilibration potential  of fluid inclusions ; 1) distance to the quartz crystal surface,
2) the size of the inclusions , and 3) the time of re -equilibration experiments on the
magnitude of fluid inclusion post -entrapment changes. This series of experiments
was published in Contribu tions to Mineralogy and Petrology 165:1259 -1274 (2013).

Further investigations were based on the influence of the a&-b quartz phase
transition on the post -entrapment fluid inclusions changes was presented in a
publication in  Lithos 198-199:14-23 (2014).

For getting insight in diffusion behavior of NaCl  -H20 fluid inclusions in quartz,
adequate series of re -equilibration experiments have been performed and
submitted to the scientific journal Chemical Geology (2014) which is now under
review .

The newly acquired experimental data, obtained from this study, support the
interpretation of natural fluid inclusions and the inclusions hosting rocks . It provides
a framework of conditions which may result in post -entrapment modifications of
fluid inclusions at constant P-T. More detailed starting information of each sub -
project of this thesis precedes as sub-abstract of every chapter.



Zusammenfassung

Die vorliegende Doktorarbeit ist in sechs Abschnitte gegliedert , welch e die
durchgefihrten Re-equilibrationsexperimente an synthetischen
Flissigkeitseinschliissen behandeln . In drei Kapiteln sind jeweils eigenstéandige,
wissenschaftliche Forschung steilprojekte prasentiert, welche in internationalen
wissenschaftlichen Journalen veréffentlicht wurde n (eines davon ist momentan in
Begutachtung) . In einem eigenstandigen, einfihrenden Kapitel werden Aufbau
und Funktionsweise des Hydrothermallabors erlautert , welches fur diese Arbeit
verwendet wurde . Diese Doktorarbeit wird mit einer allgemeinen
EinfUhrun g/Einleitung in das Forschungsgebiet  sowie durch eine
zusammenfassende , generelle Schlussfeststellung dieses Projektes abgerundet
(abschlieRendes Kapitel)

In der Literatur findet man publizierte Beispiele , welche Anzeichen von
Anderungen von Flussigkeitseinschlissen nach dem Zeitpunkt des EinschlieBens
beschreiben. Trotzdem werden nach wie vor Flussigkeitseinschlisse im
Allgemeinen  als geschlossenes System betrachtet und interpretiert. Die
gegenstandliche experimentelle Arbeit zielt deshalb darauf ab, das Verhalten von
Flissigkeitseinschliissen nach dem  Zeitpunkt ihres Einschlusses mit Re-
equilibrationsexperimente zu testen. Flissigkeiten unterschiedlicher chemische r
Zusammensetzung  werden benidtzt , um die wesentlichen Faktoren der
Anderungen der Einschliisse zu bestimmen. Erfahrungen und Kenntnisse von
Diffusionsraten von wasserahnlichen chemischen Spezies und Isotopen in Quarz

sind fir die Interpretation von Fluid -Gestein Wechselwirkung und fir die
Rekonstruktion der P-T-t Geschichte von Gestein en der Erdkruste notwendig

Als ersten Ansatz wurde reines H20 und reines D20 fir die Experimente verwendet
um den Einfluss von 1) Distanz zur Quarzkristalloberflache, 2) Gré3e der Einschliisse
und 3) Re-equilibrationszeit auf die Starke der Anderung von
Flissigkeitseinschlissen festzustellen. Diese Experimentserie wurde im Journal
Contributions to Mineralogy and Petrolog y 165:1259-1274 (2013) vertffentlicht .

Weitere Untersuchungen basierten auf der Anderung im Y o u n gMbdus des
Flssigkeitseinschlisse beinh altend en Quarzes. Der Einfluss des a-b6 Quarz
Ubergangs auf Anderungen der Flussigkeitseinschliisse wurde in Form einer
Publikation im Lithos 198-199:14-23 (2014) veroffentlicht.

Um das Diffusionsverhalten von NaCl -H20 beinhaltenden Flissigkeitseinschliissen
im Quarz verstehen zu konnen wurde eine adaquate Serie an Re -
equilibrationsexperimente  durchgefiihrt, welche sich momentan in Begutachtung
des wissenschaftlichen Journal s Chemical Geoloy (in preparation ) befinden.

Die neuesten experimentell erstellte n Daten, welche dieser Doktorarbeit
entstammen, unterstiutzen die Interpretation von nattrlichen
Flissigkeitseinschliissen und deren Tragergesteine enorm. Nahere abstrakte
Informationen fir jedes Teilprojekt dieser Arbeit gehen als Abstract jedem Kapitel
voraus.
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Overall introduction

1. Overall i ntroduction

The principal field of interest of this study is experimental work on fluid inclusions
within nominally anhydrous quartz. A main focus within this largely extended field
of investigation is to determine cause and effect of fluid inclusion re -equilibration.
Investigations were done on  synthetically trapped fluids of known composition
and density in natural quartz crystals. The influence of various properties of fluid
inclusions within the hosting quartz crystal and external conditions  should give
insight in the influence on diffusion of fluid components.

Knowledge of diffusion behavior of chemical components , such as H20, D20, Hz,
02, NaCl, Na *, and CI - in quartz is important for various reasons. Quartz is a
common host mineral of fluid inclusions, which are commonly used for
reconstruction and interpretation of geological processes withinthe ear t hd s
i.e. P-T-t history of rocks. Most of the recons truction assumptions are based on
closed -system behavior of fluid inclusions. However there are indications  for

evidence of post -entrapment changes of fluid inclusions (publications from
several authors) . Thus systematically operated experimental work is needed for
understanding and learning about all the potential factors which affect fluid

inclusion properties.

During the present dissertation  fluid inclusions were synthesized in quartz cracks,
which have been induced by thermal shock. Fluid inclusions wer e entrapped by
fracture healing of the cracked quartz under hydrothermal conditions. The
laboratory setup  described in detail in chapter 2 of this thesis . The initially
synthesized fluid inclusions were q ualitative ly and quantitative |y analyz ed by using
non -destructive methods, such as microscopy, microthermometry and Raman
spectroscopy. Inclusion properties , such as position within the quartz sample, fluid
density, fluid composition and inclusions size are the main properties of interest.
Systematically  designed re -equilibration  experiments are  performed

complementarily after investigating the initial syntheses to obtain information
about post -entrapment behavior of fluid inclusions.
The first approach of this complex study was published as a sc ientific paper in

the journal Contributions to Mineralogy and Petrology , 165:1259-1274 in 2013 and
takes part of the present PhD thesis  with the title 0OFluid inclusion modification by
H.O and D .0 diffusion: the influence of inclusion depth, size, and shape in re-
equilibration experiments 6 ( ¢ h &ppage r24-44).

Based on the first approach, further investigations on diffusion behavior of fluid
species through quartz have been carried out and were published in the scientific
journal Lithos, 198-199:14-23 in 2014 which is presented as chapter 4 in this thesis
(page 4 5-61) wi t h t hEhe infludnde ®f the a-b phase transition of quartz on
fluid inclusions during re -equilibration experiments 6 .

Another approach of this study was to investigate how NaCl -H20 solutions
behave during re -equilibration experiments. It was  tested by performing various
experiments with different brine concentrations. The whole process with the
related results of this major sub-project is presented in this thesis in chapter 5 (page
62-78) t i t 1 e &hanges tirh fluid inclusion salinity during re -equilibration
experiments 6, which is now under review in the journal Chemical Geology

15
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Laboratory, hydrothermal high pressurdéigh temperature apparatus

2. Laboratory, hydrothermal high pressure 09 high
temperature apparatus

2.1 Introduction

Fluid inclusions in the present PhD project are synthesized by fracture healing of

cracked quartz crystals at elevated pressure and temperature conditions. A high
pressure / high temp erature apparatus is used to reach the required crystal
forming conditions, which promote fracture healing to entrap fluids. The same

temperature and pressure conditions were used for complementary re -
equilibration experiments

The hydrothermal laboratory  at the University of Leoben, Chair of Resource
Mineralogy, provides all requirements for both, synthesis and re -equilibration
experiments. This apparatus allows simulating and repr  oducing natu ral processes
at various fluid inclusion formation conditions.

2.2 Hydrothermal laboratory setup

The hydrothermal laboratory in Leoben includes 10 autoclaves which are
specially designed to perform fluid inclusion synthesis and re -equilibration
experiments ( Fig. 1). The actual apparatus is a combination of a pressure unit and
a temperature unit. The maximum pressure and temperature of the hydrothermal
experimentation are 1 GPa and 700 °C

Fig. 1 High pressure / high temperature hydrothermal laboratory device in Leoben

16



Laboratory, hydrothermal high pressurdéigh temperature apparatus

2.2.1 Pressure unit
2.2.1.1 Pumping system

The pressure unit (Fig. 2), which is connected to the autoclaves, is constructed in
the form of a two -loop system. Pressures from 0.1 MPa (room -pressure & starting
conditions ) to 100 MPa are reached by a membrane compressor which is
supported by compressed air to about 1 MPa (Fig. 3). This compressed low -
pressure air (about 1 MPa) is provided by the in -house air supplying device.  Higher
pressures from 100 MPa up to 1 GPa can be reached by an air-driven liquid pump
which supports the hydraulic intensifier (Fig. 2 and 3).

Fig. 2 Used pumping system and the
pressure intensifier (bottom right) .
According to the manufacturer SITECthe
experimental pressure can reach 150,000
PSI (1 GPa). The Pmax of the membrane
compressor is 100 MPa

17



Laboratory, hydrothermal high pressurdéigh temperature apparatus

2.2.1.2 Pressure-pipe system

The pressure medium within the pipes  and the autoclaves is Argon (Fig. 3 and 4 ).
For pressure supply ultra -high pressure tubes (UHP model 150-14XF6 are used (Fig.
5 and 7). The constructed valve -control system allows separate operation of each
autoclave with individual pressures. The UHP valves are designed for pressures up
to 1 GPa (Fig. 6). Both, tubes and valves are supplied by the manufacturer HiP
(http:/lwww.highpressure.com/ ).

pressure
membrane outlet
compressor pressure
me line to
valve @ autoclaves

valve

pressure

digital

pressure
hydr- gauge analogue
aulic pressure
intensifier gauge
compressed
air
R_A
r I e L _ _
pcﬁi?rlff air driven oil reservoir
liquid pump

Fig. 3 The installation construction of the  pressure-pump system

T
control
| | L] | H
valve
pressure .
line from
pump “= autoclaves™ 7 e . Water-
system [ i cooling valve
P~ thermo
i trans- -
L L || || : N i ducer couple

Fig. 4 The installation construction  of the pressure -pipe system (green) and the
temperature support cabling (red) in a floor plan view left, and a
cross-section view of the furnace -autoclave combination
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Laboratory, hydrothermal high pressurdéigh temperature apparatus

Three Way

pressure transducer
One Inlet

= 300

- R

HIiP L

150,000 PSI H ¥
Fig. 5 (top left) UHP tube -system with a valve v
and the interposed pressure transducer

Fig. 6 (right) UHP valve which are used
within the tubing construction. Model HiP
(150-14XF6) 150,000 PSI (1 GPa)

3/4"-16 UNF thread

UHP tubing

JHRAMubing

Fig. 7 (left) Combination of a tubing -

component and the thermocouple.
Hip L Tube-model HiP (150-14XF6) 150,000 PSI
I Lo =

5 CO ctol 1 GPa
= 11150,000 PSI .| conneil (1GPa)

uuuuuuuuuuu

2.2.1.3 Pressure vessel

The cold seal pressure vessels ( autoclaves ; Fig. 8) consist of a Ni-Cr alloy (Nimonic
IOS/René 41; see composition in  Table 1) and are installed in a vertical position
(Fig. 4 and 11a). Tensile tests showed a possible low plastic deformability of 1.5 %
at room temperatures.  For optimum strength the autoclaves were treated at
1080 °C for 30 minutes, and then air-cooled followed by the standard age of
760 °C for 16 hours before air -cooling. Heat treated material was tested again for
tensile strength. The treated material showed increased plastic deformability of
7 %. The cone (Type Stora 67 1.2344; RC 50 -52) is fixed to the autocla ve with a
closure nut (Fig. 9).

19



Laboratory, hydrothermal high pressurdéigh temperature apparatus

Tablel Manuf actureros

(mass-Yanalized )

ma t e %ivea )l versustlarde ysslfipsrforined arsalyses

Element mass-Ygiven | Mass-Y%ana. (1) | Mass-%anal. (2) | mass-Y%anal. (3)
Fe 3,02 3,08 2,77 3,09
Ti 3,10 2,65 2,66 2,94
S 0,0004 0,41 0,52 0,42
Co 11,02 11,32 11,73 11,7
Ni 51,25 52,74 51,57 51,47
Mo 9,92 9,00 8,4 8,51
Cr 19,76 17,77 19,04 19,04
Al 1,64 1,75 1,93 1,78
Si 0,10 0,76 0,93 1,08
Mn 0,05
Zr 0,05
B 0,006
C 0,080
Sum 100,00 99,48 99,55 100,03
320 mm
276 44
16.5 33 4 |35
40| 3 — 1105
L I pressure vessel (autoklave) il
A 4 ~
[
o 295 mm % >

maximal diameter: 46

windings: m 33 x 1.5

Fig. 8 Measures of the pressure vessel. (All measures are in millimeter)

16

©
=

/ cone
L |
20 42 20 17
97 mm

13/8"

| —

closure nut

Fig. 9 Measures of the closing components. (All measures are in millimeter)
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Laboratory, hydrothermal high pressuréigh temperature apparatus

2.2.1.4 Pressure registration

Pressure transducers (type Eurotherm 2132) are kept at constant T (30 °C) to
eliminate fluctuations in pressure -registration due to minor temperature changes,
e.g. day and night temperature (Fig. 5 and 11). The pressure transducers are
calibrated up to 700 MPa with a Heise dial gauge, which has an accuracy of
0.015 % of reading. During experimentation pressure is continuously logged
(Fig. 11b). The pressure conditions are stabilized within 3 MPa during experimental
run-times up to 40 days. Each autoclave ca n be controlled individually.

2.2.2 Temperature unit
2.2.2.1 Temperature supply

Experimental temperatures are supplied by electronic furnaces. The maximum
temperature of furnace sis 700 °C. The furnace temperature is controlled ( 1) by the
computer software LabView (Fig. 11b 0 T s ahdicg and ( 2) by a safety system
which is combined to the electronic control box (Fig. 12). The electronic control
box is connected to the PC with a RS232 cable to the serial port. Each furnace
can be controlled with individual temperatures.

2.2.2.2 Temperature measurement

Temperature is detected at three positions: (1) the furnace temperature is
measured near the hot spot of the oven on the outside and is displayed on the
monitor (Fig. 11c &®RE g e,l (8)) the temperature of the loaded sample is
measured by a n internal thermo -couple (Fig. 10 and 1la; displayed inFig. 11lb o T
Aut o k), and (8) one for the safety system, similar as ( 1). During the experiments
temperature is continuously logged and is controlled by the computerized
operating system with an uncertainty of 0.1 °C. The temperature conditions are
stabilized within 2 °C during experimental run  -times up to 40 days.

3/4"-16 UNF thread

[\
oy thermocouple <m

470

Lemo-connector

AN |

80

S,
rd

N

600

N AN
v Vv

Fig. 10 Measures of a used thermocouple. Model T-Ma 15 G NiCr -Ni Type K
Tmax = 800 °C, Pmax = 700 MPa. (All measures are in millimeter)
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Laboratory, hydrothermal high pressurdéigh temperature apparatus

2.2.2.3 Cooling system

The heated pressure vessel is cooled on the bottom by a vessel-surrounding
water -cooling system (Fig. 4 and 11a).

a vessel

E P Autobtay (ber) a‘ T J
@ E%\”Wl %

temperature control

T T T R L e T
.-Eb fen 10 ECFS,Q_H 150,6 [ NN B <ot s oo r |
Gradeent ["C/5)
Heizzustand Alsmeustand Lt
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Fig. 11 Vessel-furnace installation setting.

a) Technical construction and setup of the
autoclave and its individual components.
b) The computerized operating system
¢) Enlarged view of the screenshotin b

pressure line
pressure transducer

internal thermo-couple

- PO

Fig. 12 Hectronic control box which is interposed between the furnace and the computer
software for digitalizing the electronic signal of the furnace
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2.3 Material fatigue

According to the manufacturer the Ni -Cr alloy pressure vessels should withstand
700 °C and 1 GPa. A ten -year-old pressure vessel was c racked during an
experiment at 4 00 °C and 6 00 MPa after the experimentation time of 5 days
(Fig. 13).

As a possible cause of brittle deformation it is assumed that the advanced age
of the used vessel was the main reason . Additionally it is assumed that the crack
initiated at the cooler part (close to the water -cooled assembly) of the vessel.

pressure vessel (autoclave) Fig. 13 Cracked pressure vessel after
experimentation at ~650 MPa and 600 °C

0 10 20 30 40 50 60 70 8®0 mm
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Abstract The mobility of H 20 and D 20

by diffusion

through quartz is

illustrated with H 20-rich fluid inclusions
synthesized at 600 °C and 337 MPa,
within the a-quartz stability field.
Inclusions are re -equilibrated at the
same experimental conditions within

a pure D20 fluid environment.
Consequently, a gradient in volatile

fugacities is the
diffusion, in the

only driving force for
absence of pressure

gradients and deformation
processes. Up to 100 individual

inclusions are

analyzed in each

experiment before and after re-

equilibration
investigation, mi

by microscopic
crothermometry, and

Raman spectroscopy. Changes in
fluid inclusion  composition are
obtained from the ice -melting
te mperatures, and density changes
are obtained from total

homogenization

temperatures. After

1-day re -equilibration, inclusions

already contain

uptoll mol% D :0.

A maximum concentration of 63 mol

% DO is obta
equilibration.

ined after 40-day re -
D 20 concent ration

profiles in quartz are determined from
the concentration in inclusions as a
function of their distance to the
guartz surface. These profiles illustrate

that deep inclus
than shallow
depths, a
concentration

ions containless D 20
inclusions. At equal
variety of D 20

is observed as a

function of fluid inclusion size: Small

inclusions are
compared with

stronger effected
large inclusions. A

series of 19-day re -equilibration
experiments are performed at 300, 400,
500, and 600 °C (at 337 MPa), at the same
conditions as the original synthesis. The
threshold temperature of diffusion is
estimated around 450 °C at 337 MPa,
because D 20 is not detected in inclusions
from re -equilibra tion experiments at 300
and 400 °C, whereas maximally 26 mol %
D20 is detected at 500 °C. Our study
indicates that the isotopic composition of
natural fluid inclusions may be easily
modified by re-equilibration processes,
according to the experimental cond itions
at 600 °C and 337 MPa.

Keywords Fluid inclusions - Quartz
Diffusion - Re-equilibration - Experimental
study - Hydrogen isotopes - D20 - H20

Introduction

Most of the nominally anhydrous minerals
within the Ear t hds crust a
incorporate considerable and measurable
amounts of hydrogen (e.g. Keppler and
Smyth 2006). The major incorporated
species is assumed to be hydroxyl, that is,
OH- (e.g. Keppler and Smyth 2006).
Molecular H 20 is generally concentrated

in specific nano to mic rometer -sized
isolated cavities within single crystals, but
H20 molecules can also be present at
interstitial lattice  positions. Cavities that
exceed diameters of about 1 im are
usually known as fluid inclusions, which
can be analyzed by optical means (e.g.
Shepherd et al. 1985). Nominally
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anhydrous quartz is a common host
mineral of fluid inclusions, and the
entrapped fluids are used in a
widespread field of geological

investigations (see Roedder 1984 and
references therein). Knowledge of
the properties of this  fluid may
contribute to reconstructions of
pressure dtemperature d&time ( PoTet)
hi stories of rock
crust and may contribute to

und erstanding fluid drock interactions.
The interpretation of paleo -fluids in
inclusions is among other assumptions

based on the hypothesis that the
entrapped inclusions remain their
density and composition after

entrapment. Fluid inclusion research
is generally based on a closed -
system assumption within nominal
anhydrous minerals. However, there is
experimental evidence that
entrapped inclusions do not always
behave as closed systems (e.qg.
Sterner and Bodnar 1989; Bakker and
Jansen 1990, 1994; Diamond e t al.
2010). Detailed studies on the
distribution and properties of fluid
inclusions in natural samples also
suggest post -entrapment
modifications (e.9. Aud état and
Gunther 1999; Ayll 6n et al. 2003). The
experimental studies on modification

of fluid inclus ions in quartz are not
conclusive, because the impact of

individual parameters, such as
temperature, gradients in
concentration, gradients in pressure,

fluid -quartz interactions, host mineral
phase transitions (e.g. adb quartz),
and deformation, on modific ation
processes are not yet fully unraveled
(e.g. Bakker and Diamond 2003).
Most experimental studies do not
separate the influence of these
individual parameters on
modification processes. For example,
fluid inclusions in experiments that
have mimicked ne arly isothermal
decompression are effected by
gradients in  fluid composition,
gradients in fluid pressure ( i.e. in fluid

densities), and inclusion wall deformation

processes at variable hydrothermal
pressures and slightly decreasing
temperatures. Any modification of fluid

properties in these inclusions results from
applying all of these variables at once. In
order to estimate the effect of individual
parameters, it is essential to accumulate

more  experimental data of post -
entrapment modifications of  fluid

inclusions by  performing systematic
experiments in which only one variable is

adjusted, whereas the others remain

constant.

The present study describes major

parameters that play a  significant role in
H20 and D 20 diffusion experiments. The
mobility of hydrogen isotopes in nominally
anhydrous crystals is of major importance
for the interp retation of constrains on the
origin of parental fluids from which ore
forming minerals have grown (e.g. Giuliani
et al. 1997). In this context, the
determination of isotopic composition of
fluid inclusions has recently increased in

importance (e.0. Wilkinson 2001,
Dublyanski and Sp 6tl 2010). Any
modification of the dD composition of
natural fluid inclusions due to re -
equilibration  processes will result in

inaccurate fluid source identification,

especially in magmatic and metamorphic
environments. There are no studies
available that document in detail the

efficiency of D 2006H.0 diffusion through

quartz that may affect  dD values of fluid
inclusions.

In the present study, only hydrothermal
activity of H 2O as the entrapped species
and D 20 as the external fluid phase at
constant PAT conditions of 337 MPa and
300, 400, 500, and 600 ° C leads to the
diffusional driving force regarding to the
gradient of the chemical potential. Each
presented experiment in this study was
exclusively performed under hydrothermal
experi mental conditions  without any
experimental stress component.  In order to
avoid any changes of the initially
entrapped inclusions during the start and
the end of the experiments, loading and
unloading the autoclave (pressure vessel)
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is performed at constant  fluid density
conditions (isochorically) exclusively
in the a-quartz stability field. Previous
re-equilibration  experiments have
been carried out in a widespread
stability field of quartz, but probably
without respect to the different
crystallographic modifications of a-
quartz and b-quartz (e.g. Sterner and
Bodnar 1989; Vityk and Bodnar 1995).
Contr ary to assumptions of previous
work (e.g. Sterner et al. 1995), non -
decrepitative changes of inclusion
properties are directly related to the

combination of (1) depth within the
crystal; (2) inclusions size; (3)
temperature; and (4) time. The

experiments d emonstrate the major

factors that cause the mobility of
water through quartz under
hydrothermal experimental
conditions and, therefore, the

experimental alteration of natural
fluid inclusions as they are currently
performed by the authors
(Baumgartner et a |. 2011; Bakker et
al. 2012). The newly acquired data of
the compositional changes result in
new diffusion models and diffusion
constants of H 20 and D 20 in quartz.

Experimental procedure

The hydrothermal laboratory at the
University of Leoben is specially
designed for the synthesis of fluid
inclusions. There are 10 Nimonic
IOS/René 41 autoclaves (Ni oCr alloy)
in a vertical position that are installed

in a cold -seal system (see Kerrick
1987). The pressure medium is Argon
and may reach values up to 1 GPa
hydrothermal pressure. The external
oven temperatures are maximally
700 °C. Temperatures are directly
measured at the samples within  the
autoclaves with an internal
thermocouple. Temperature is
controlled by a computerized
operating system during
experiment and is measured with an

the

uncertainty of 0.1 °C. The pressure is
monitored with pressure transducers,
which are calibrated up to 700 MPa with a
Heise dial gauge (accuracy is 0.015 % of
reading). Both temperature and pressure
are continuously logged.

The experimental work is designed to
synthesize fluid inclusions in quartz of
known VmOx properties (i.e. molar volume
and composition, respectively),
morphological  properties, and positions
within the crystal. The quartz samples with
initially synthesized pure H 20 fluid inclusions
are exposed to a pure D 20 e nvironment

during the re-equilibration experiment at
the same temperature and pressure
conditions. Consequently, gradients in

temperature and pressure or deformation
conditions are not present during
experimentation. Both, synthesis and re -
equilibration experiments, are carried out
under hydrothermal conditions. Due to a
compositional gradient, that is, fugacity

gradients of H20 and D >0 between
synthetic fluid inclusions and the  external
fluid phase during the re -equilibration
experiments, diffusion of the two species
through the quartz crystal is  provoked.

Fluid inclusion synthesis

Inclusion-free  natural Brazilian quartz

crystals are used as starting material. Rods
are drilled in specific crystallographic
orientations of the quartz crystal, with an
approx imate length of 1 cm and diameter

of 2.75 mm. The direction of drilling is
parallel to the c-axis of the quartz crystal
to minimize the influence of birefringence

of the laser light in subsequent Raman
spectroscopic analyses of  fluid inclusions
(Baumgartne r and Bakker 2009). The
quartz rods are partially cracked by a
thermal shock after heating to 400 °C. A
cracked quartz rod and a certain amount
of ultra -pure water are loaded within an
Au-capsule, that is, arc -welded on both
sides to prevent any interactio n with the
autoclaves and the pressure medium
Argon at experimental conditions. The
synthesis is performed by healing fractures
according to the method of Bodnar and
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Sterner (1987).

The PAT conditions of the synthesis
experiments are given in Table 1. All
experiments are performed at 337
MPa and various temperatures, that
is, 300, 400, 500, and 600 °C, within
the a-quartz stability field (Hosieni et
al. 1985). The selected conditions are
purely arbitrary and represent crustal
conditions at about 10 km depth and
variable temperatures, as it may
occur in different geothermal
gradients. The experimental setup
stabilizes the synthesis co nditions
within 2 °C and 3 MPa (Table 1), and
fluid inclusions are synthesized within
19 days. The experiments are loaded
and unloaded according to specific
isochores of the fluid trapped in the
newly formed inclusions (see
Appendix A in ESM) to prevent  stress
conditions that may cause cracking
of inclusions due to internal fluid  over -
or under -pressures. This can only be
achieved by the use of internal
thermo couples.

After the initial synthesis of aqueous
fluid inclusions, the quartz rods are
cut into di sks with a thickness of
approximately 0.5 mm. Subsequently,
the disks are polished on both sides
for microscopic, microthermometric,
and Raman spectroscopic
investigations. A relatively large
number of fluid inclusions (up to 100,

see Table 1) of each disk are
analyzed to achieve statistical
distributions of a variety in

parameters such as sizes, shapes,
and distances to the crystal surface,
that is, depth within the quartz crystal
(see Appendix B in ESM).

Re-equilibration of fluid inclusions

After various analyses of the initially
synthesized fluid inclusions, the same
quartz disks are subsequently used for
re-equilibration  experiments.  The
relatively fragile sample disks are
placed in between two quartz
spacers to prevent any damage by

capsule deformation during re -
equilibration. Instead of ultra -pure water,
pure D 20 is added to the gold capsule in
re-equilibration experiments. Loading as
well as unloading of the pressure vessels is
carried out again according to specific
isochores such that the pressure in the
initial fluid inclusions does not differ from
the external pr essure medium. The
experimental PAT conditions of re-
equilibration experiments are illustrated in
Table 1 and do not differ from the original
synthesis conditions. The experimental run -
times vary from 1, 5, 19to 40 days, and re -
equilibration conditions ar e stabilized
within 2 °C and 3 MPa (Table 1). After the
re-equilibration experiments, composition

(H2008D20 mixture), density, and
morphology are compared with the
initially synthesized fluid inclusions.

Analytical methods

Morphological properties of each fluid
inclusion are characterized by the total
area and the perimeter by tracing digitally

around the outside edges of the fluid
inclusions at room temperature according
to Bakker and Diamond (2006).
volumetric properties of individual phases
(liquid/ vapor ratio) are difficult to obtain;
therefore, area  fractions of the vapor
bubble ( avap) of each fluid inclusion have
been digitally measured from two -
dimensional images by tracing the outside
edge of the total inclusion and by the
outside rim of the vap or bubble at room

The

temperature. The distance of fluid
inclusions to the crystal surface is
measured with an ordinary microscope
table that is adjustable in the z-direction
(Olympus BX60).

Homogenization and melting

temperatures of the entrapped fluids are
measured by using the LINKAM MDS 600
and LINKAM THMSG 600 heating dfreezing
stages, which are calibrated with synthetic
fluid inclusions at -56.6 °C (melting of CO 2),
0.0 °C (melting of H 20), and 374.0 °C
(critical density of H 20). The precision of
measurem ents is +0.1 °C around 0 °C and
about £0.3 °C in the range of 300 8400 °C.
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The reprodu cibility of all

measurements is within £0.1 °C. ) $ /
The presence of H 20 and D 20 in

fluid inclusions is detected by an ISA

JobinYvon LABRAM confocal Raman where Tm is melting temperature in ~ °C, fi is

(@)

spectrometer, using a frequency - the solutionin a specific fluid inclusion. The
doubled 120 mW Nd -YAG laser with  superscript O indicates the pure phase.
an excitation wavelength of 532.2 The properties of H 20 and D 20 fluids are

nm. Raman spectra of both H 20 and calculated with equations of state, Haar
D20 are broad bands within arange et al. (1984) and Hill et al. (1982),

of wavenumbers that do not interfere respectively, that are available in the
(Fig. 1), 2,90003,800 and 2,100 62,800 software package FLUIDS provided by
cm 1, respectively (see also Rull 2002). Bakker (2003, and
Therefore, the relative amounts of http://fluids.u nileoben.ac.at).
D20 and H 20 in fluid inclusions can
be directly obtained by comparing . a
their relative band areas in a = H,O
spectrograph.  Standard solutions of
known variable H 20/D 20 ratios were é D,0
measured by Baumgartner et al. g . —
(2011) and reveal a simple T 10 mole% D0
relationship between ratio and area 2000 2500 3000 3500 4000
fractions (Eq. 1) . Relative Wavenumber / cm™
® $/ @ — @ 3 50

> H,0

w
where Xl is the relation mole fraction 3 ,
of D20 in binary D.08H.O mixtures = 60 mole% D,0
and a is the band area. 2000 2500 3000 3500 4000
The Raman cross -sections of H 20 Relative Wavenumber / cm”
and D20 do not need to be
considered in this purely empirical Fig. 1 Raman spectra of fluid inclusions
relationship. The D20 content of re - (originally pure H 20) after a re-equilibration
equilibrated synthetic fluid inclusion is experiment. Inclusion with 10 mol % D 20 (a)
directly calculated with this equation. and inclusion with 60 mol % D 20 (b). The peak
The DO composition is compared area is directly related to  the relative amount
with melting temperatures of the of the fluid species

D20O/H20 mixture, and significant

different melting temperatures _

Tn(SVA LV) of pure H20 (0.0 °C) and ~Fugacity, ~molar — volume, ~ and
pure D0 (+3.8 °C) can be used to homogenization temperatures of H 20 and
determine relative amounts of H,0 DO

and D 20 from intermediate melting ) )
temperatures.  Consequently, these Fugacity and molar volume calculations
temperature changes can be of pure H 20 in the initial synthesis are given

directly related to relative band in Table 1 (column f and h).  Experiments
areas in Raman spectra (Eq. 1), GMRO002c and GMRO004a, b, and c have
resulting in a simple equation to begn performed at 600 °C and 337 MPa
calculate H ,0/D-.0O mole fractions Which corresponds to a molar volume of
25 cm3 - mol!l and a fugacity of 175.8
MPa. Additional three syntheses have
been carried out at lower temperatures

from Tm values (Eq. 2)
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and at approximately the same 300 °C which corresponds to a molar
pressure. Synthesis GMR008a has volume of 19.06 cm 2 - mol-! and a fugacity
been carried out at 500 °C which of 28.74 MPa. The fugacity of H20 in the
corresponds to a molar volume of external fluid in re -equilibration
22.63 cm?3 - mol! and a fugacity of experiments is reduced to 0 MPa, due to
120.5 MPa. Experiment GMRO00O7a has the absence of H 20 in the capsule. H 20
been performed at 400 °C with a fugacity within fluid inclusions and the D 20

molar volume of 20.65 cm?3 - mol! fugacity in the capsule fluid during re -
and a fugacity of 68.42 MPa. The equilibration are illustrated in Table 1
lowest temperature synthesis  (column f and i, respectively). Comparison
GMRO0O06a has been performed at of both fugacities indicates the similarities

of both fluids at equal PAT conditions.

Table 1 Experimental conditions

a b c d e f g h i i k I m
Syntheses
GMRO002c 338.5 +$2.8 600.2 +0.2 1769 1.8 24.97 - - - 19 100
GMRO004a 336.0 *1.6 601.4 2.0 176.0 2.0 25.06 - - - 19 96
GMRO0O04b 336.0 1.6 601.4 #2.0 176.0 2.0 25.06 - - - 19 100
GMR004c 336.0 *1.6 601.4 2.0 176.0 2.0 25.06 - - - 19 77
GMROO6a 337.4 +£15 300.3 +0.6 289 0.3 19.06 - - - 19 15
GMRO0O7a 337.6 *1.0 400.7 0.6 69.0 0.5 20.66 - - - 19 47
GMRO0O08a 3349 +2.0 500.1 +0.4 119.7 #1.0 22.67 - - - 19 98
Re-equil.

R002c 3369 +0.6 599.8 *0.3 175.7 0.6 25.00 176.17 *0.55 2491 5 94
R004a  337.3 2.0 5995 *1.6 1758 +21 2498 176.26 +2.14 2489 19 90
R004b 3359 *25 600.1 *x0.9 1753 +1.9 25.03 17575 #1.96 2494 1 100
R004c 336.1 +1.7 600.3 *0.4 1754 1.2 2503 17595 +1.25 2494 40 33
ROO6a  336.7 +1.0 299.7 +0.8 286 +0.4 19.06 27.88 +0.36 19.09 19 12
ROO7a  336.8 1.1 3999 +0.8 683 +0.7 20.65 67.60 =+0.68 20.76 19 30
R0O08a  337.2 0.6 4995 +0.8 120.3 0.7 22.62 120.31 +0.65 22.68 19 91

a)
b)
c)
d)
e)

f)

)

Number and type of experiment (GMR = synthesis; R =re  -equilibration)

Pressure (MPa)

Pressure variation (MPa)

Temperature (°C)

Temperature variation (°C)

H.O fugacity (MPa; Haar et al, 1984; software from Bakker, 2003;
http://fluids.unileoben.ac.at)

H20 fugacity variation (MPa)

H20 molar volume (cm?® - mol-1; Haar et al., 1984; software from Bakker, 2003)

D20 fugacity (MPa; Hill et al., 1982; software from Bakker, http:/fluids.unileoben.ac.at)

D20 fugacity variation (MPa)

D20 molar volume (cm3 - mol-; Hill et al, 1982; software from Bakker,
http://fluids .unileoben.ac.at)

Run-time (days)

m) Number of measured fluid inclusions
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The equations of state for H 20 (Haar et
al. 1984) and D20 (Hill et al. 1982) are
used to calculate isochores and
homogenization temperatures ( Th) of
fluid inclusions, from the experimental
PAT conditions. At 600 °C and 337 MPa
(experiments GMRO002c ; GMR004a, b, c;
R002c; R004a, b, c), pure H20 fluid
inclusions homogenize in the liquid
phase at 295.6 °C, whereas pure D 20
inclusions homogenize at 294.6 °C. The
minor difference  between these T
values indicates that the isochores in
both systems nearly coincide. At 500 °C
and 337 MPa, the Th values are 252.0 °C
and 2534 °C for H20 and D 20,
respectively. The maximum difference
in Tn values is obtained from 400 °C and
337 MPa experimental conditions: 193.4
°C for H20 and 197.3 °C for D20. T

values of 117.5 °C and 119.3 °C are
calculated for H 20 and D 20,
respectively, from experimental

conditions of 300 °C and 337 MPa.

Diffusion of H 20 and D 20

The gradient in chemical potential of
H.O and D 20 between inclusions and
the external capsule fluid is directly
related to the fugacity gradient, an
important parameter  which effects bulk
diffusion (e.g. Crank 1975). Relative  free
communication of fluid species
between in clusions and external fluid
through a quartz crystal would more or
less instantaneously result in
equalization of fugacities, according to
the published theories of diffusion (see
Bakker 2009). Extremely low solubility of
H20 in quartz is a major barrier for
relative fast diffusion. It is expected that
the imposed gradients in H 20 and D 20
fugacity in our experiments result in
measurable changes in fluid inclusion
density and composition. Bulk diffusion
of fluid species in minerals is also
controlled by tem perature and time,
which both may have a major impact

on concentration profiles of fluid
species in the quartz crystal. The
influences of these parameters are

investigated in a series of experiments
in this study. The length of diffusion path
(i.e. distance of fluid inclusions to the
crystal surface) and fluid inclusion  size
are other parameters, which define the
amount of inclusion alteration due to
diffusion processes. In theory, diffusional
changes in fluid inclusion composition
are not related to changes in fluid
inclusion morphology. @ The boundary
conditions of the diffusion experiments

in this study are defined by the
geometry of the quartz sample, thatis,
a short cylinder, where H 20 and D 20
are able to enter the quartz in all
directions: along the top or bottom
plane and along the side (three -
dimensional diffusion). The external fluid
in the capsule is regarded as an infinite
source and is wetting all sides of the
quartz sample during the
experimentation.

Experimental results

Up to 100 fluid inclusions of each

experiment are photographed for
identification purposes and  for

achieving the morphological
properties, mainly the s ize and the

inclusion shape. Each inclusion is
analyzed by microthermometry and
Raman spectroscopic methods. Each

individual fluid inclusion is analyzed
before and after re -equilibration (see
Appendix B).

Initial experiments

The shapes of the originally synthesized
fluid inclusions after 19 days of
experimentation show a large variety
(Fig. 2) according to the definition of
Bakker and Diamond (2006). At 600 °C,
about 90 % of all fluid inclusions are
defined by a regular shape, varying

between elongated an d equant.
However, the variation in inclusion
shape is also large between the

different samples that are used in the
initial synthesis (c.f. Fig. 2a, b, and c).

30



Fluid inclusion modification by,® and DO diffusion: the influence of inclusion depth, size, and

shape in reequilibration experiments

Fluid inclusions are formed in the open
volume limited by the micro  -crack walls
that were genera ted in quartz by
thermal shock before experimentation;
therefore, the size and shape of these
cracks are important factors that
determine this variability. At 500 °C (Fig.
2d), 85 % of all fluid inclusions have
regular shapes. This percentage
decreases fur ther at lower
experimental temperatures: 67 % at 400
°C (Fig. 2e) and only 60 % at 300 °C
(Fig. 2f).

The measured fluid inclusions of all
synthesis experiments (GMR002c ;
GMRO00O4a, b, c; GMR006a; GMRO007a;
and GMRO008a) reveal similar freezing
and melting behavior (see Appendix
B): Ice-melting temperatures vary
between +0.1 and -0.1 °C in all
measurements,  which reflects the
accuracy of microthermometry. The
experiments at 600 °C and 337 MPa
reveal average T of 293.2, 293.1, 292.7,
and 293.8 °C (all within the liquid
phase) for GMR002c, GMR00O4a, b, and
c, respectively (Table 2, Fig. 3a). The
variability in these temperatures is
about 5 °C. The experiments at 300,
400, and 500 °C reveal Th0 s of
200.8, and 254.3 °C for GMRO0O06a,
GMRO007a, and GMRO008a, respectively
(Table 2).

The liquid dvapor ratio, that is, the
volume fraction of the vapor phase in

individual fluid inclusions at room
temperatures and the measured
homogenization temperatures, is

compared in Fig. 3b. Both parameters
are measures of the molar volume (or
density) of fluid inclusions. According to
Bakker and Diamond (2006), the area
fraction (avap) Of the vapor phase in
two -dimensional images of regular -
shaped fluid inclusions can be used as

a measure of volume fraction. The T
histogram (F ig. 3a) illustrates a relative
narrow range with a mode (maximum
frequency) between 293 and 294 °C
and has passed the Shapiro d&Wilk
normality test (Shapiro and Wilk 1965);
wherefore, a normal distribution of the

Th values can be recognized. The  avap
histogram (Fig. 3b) has a relative broad
spread, between 15 and 40 %, with a

mode between 20 and 25 %. The gray -
shaded bar (26 627 %) in Fig. 3b
indicates avap Values that are
calculated directly with

homogenization  temperatures (mode
values) of this synthesis. The variability in
shape of fluid inclusions result s in a
broad spread of avap values, and the
statistical mode appears at slightly
lower values than the calculated
values from Th. This observation is
conform to the study of Bakker and
Diamond (2006), who illustrated that
irregular -shaped fluid inclusions always
have smaller numbers on area fractions

of vapor bubbles in two -dimensional
images than on volume fractions. It also
illustrates that Th» measurements result in
more accurate molar volume
estimations than area fraction
measurements, if a reliable equa  tion of
state is available for the fluid system in
inclusions that is able to transform these
temperatures into molar volumes.

Morphological modifications of fluid
inclusions after re -equilibration

Each sample in this study is re -
equilibrated at the same  pressure and
temperature conditions as the initial
synthesis to  avoid any  stress
component in the crystal lattice
surrounding the fluid inclusions. After re -
equilibration, some  of the inclusions
show notable morphology changes
(Figs. 2, 4). Originally synthesized
irregular and elongated inclusions tend
to become more equant and regular
during re-equilibration process.
Originally equant and regular  inclusions
tend to become negative -crystal -
shaped. The extend of morphological
changes is dependent on the re -
equilibration time. At 600 °C, after 5
days of re -equilibration (R002c, Figs. 2a,
4b), only relatively small changes  in the
shape distribution field can be
detected and most  fluid inclusions are
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regular, either elongated or equant. re-equilibration time of 19 days (R004a,
More no table changes occur after a Figs. 2Db, 4c).
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Fig. 2 Fluid inclusion shape classification diagrams of the experiments. The open circles are

measurements after the original synthesis; the filled circles represent the same inclusions
after re -equilibration. The run-times of the synthesis experiments are 19 days. Inclusion
shapes at experimental conditions at 600 °C and 337 MPa are illustrated after 5 days ( a),
19 days (b) and 40 days ( c) of re -equilibration. Nineteen -day experimental run -times (re -
equilibration experiments) are compared at different temp eratures in b 600 °C, d 500 °C, e
400 °C, and f 300 °C. The open arrows indicate a general shift in fluid inclusion shape
changes of the re -equilibrations. fil in a illustrates the change in shape of an individual
fluid inclusion at 600 °C, 337 MPa after 5 days re -equilibration. A much larger shift of
individual f § idillustrated in b; fil and fi95
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Elongation and irregularity of fluid
inclusions are clearly reduced toward
more regular and equant shapes. The
40-day re -equilibration  experiment
(R0O04c, Figs. 2c, 4d) reveals the most
regular fluid inclusions. After
recrystallization of the inclusion walls in
this re-equilibration experiment, the
entire assemblage is defined as regular
inclusions, with a maximum elongation

of about 6 (major/minor ratio o f best -fit
ellipse, see Bakker and Diamond 2006).

The change in fluid inclusion shape
after 19 days of experimentation is
compared at a variety of
temperatures: 300, 400, 500, and 600 °C
(Figs. 2b, dof, 4c, e dg). The amount of
change of individual inclusio ns
decreases to lower experimental
temperatures. At 600 °C, the shape
distribution field is clearly reduced after
re-equilibration, whereas at 500 °C, the
reduction is relatively less, and at 400
°C, there is no change in the shape
distribution field (c.f. Fig. 2b, d, e). In
contrast, at 300 °C (Fig. 2f), the shape
distribution displays a relatively large
reduction after re-equilibration. The low
number of analyzed fluid inclusions  (15)
does not represent an extensive
statistical examination and may cause
a distortion of the shape distribution
field.

Changes in total volume are not
identified within two -dimension images
of all analyzed fluid inclusions and can
be excluded because of the absence
of any stress or pressure gradients
around inclusions. The dimen sions of all
fluid inclusions do not seem to have
changed after re-equilibration.

Density and compositional changes of
fluid inclusions after re -equilibration

Noticeable changes in H 20-D20
composition of initially synthesized
inclusions are obtained in all re-
equilibration experiments at 600 and
500 °C, whereas changes are not
detected in experiments at 400 and
300 °C (all experimental data are

presented in the Appendix B). Changes
in composition of fluid inclusions are
already detected after a relatively

short re -equilibration time (e.g. 1 day,
R004b). The changes are measured in
terms of ice -melting temperatures and
homogenization temperatures (Figs. 5,
6, 7).

At 600 °C (Fig. 5), four re -equilibration
experiments were performed in 1 day
(RO0O4b), 5 days (R002c), 19 days
(ROO4a), and 40 days ( RO004c). Fluid
inclusions that have completely
exchanged their H 20 content with D 20
at a constant total volume at
experimental conditions must end up in
the point at Tm(ice) = +3.8 °C and DT =
01.3 °C in Fig. 5. At an equal exchange
rate of one molecule H 20 diffusing
outward and one molecule D 20
diffusing inward, all possible pairs of Tm
and Th must be positioned on the
inclined dashed line in Fig. 5. Minor
amounts of D 20 (maximal 11 mol %) are
already detected after 1 day of re -
equilibration (Fig. 5a), as deduced from
an increase of maximally 0.4 °C of
Tm(ice). A decrease in bulk density is
evidenced by an increase in Th, with
maximally +1.3 °C, which illustrates the
loss of H20. These results prove that the
gain of D 20 is a slower process than the
loss of H20 after 1 day. This unexpected
shift becomes even more prominent
after 5 days of experimentation (Fig.
5b): Tm(ice) reaches maximum values of
+1.8 °C (47 mol % D20), illustrating
diffusion of D 20 into fluid inclusion s;and
Th values shift maximally to +4.9 °C,
illustrating a loss in density, or a faster
outward diffusion of H 20 than inward
diffusion of D 20. Inclusions with a low
D20 content, that is, lower Tm(ice),
reveal a higher shift in Th than inclusions
with a high D20 content. After 19 days
of re-equilibration (Fig. 5c), D20
contents have reached a maximum
value of 63 mol %, corresponding to
Tm(ice) of +2.4 °C. In contrast to the 5 -
day re -equilibration experiments, ThO ¢
have a much lower positive shift and
beco me even negative for inclusions
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with  higher D 20 contents. The

temperature changes are approaching

the equal exchange conditions, as
continuous D20 diffusion is slowly
drawing level with the faster H 20
diffusion. After 40 days of re -
equilibration (Fig. 5d), all
microthermometric measurements are

positioned on the mixing line between

whole range of D 20 contents and
density changes are detected for each
experiment.  Likely, the controlling
factors for these changes are diffusion
processes through quartz and depend
on the size and distance to the grain
bou ndary of individual inclusions. These
re-equilibration experiments also
illustrate that data obtained in relative

the two end members: starting short experimental run -times (less than
conditions (0.0 °C) and the end point 19 days) may lead to incorrect
(+3.8, -1.3 °C). These four re- interpretations of processes, because
equilibration experiments at 600 °C changes in homogenization
illustrate that fluid inclusion temperatures occur in the opposite
modifications are not uniform, and a direction.

Table 2 Homogenization temperatures from initial experiments and re -equilibration
experiments, melting temperatures with corresponding D 20 content after re  -equilibration

a b c d e f g h i i

GMRO002c 293.2 +4.6 -1.8 R002c 295.7 +4.9 -1.5 1.8 47
GMRO00O4a 293.1 +2.5 -4.6 RO04a 293.5 +2.4 -4.2 24 63
GMRO004b 292.7 +3.1 -2.2 R004b 293.1 +3.1 -2.2 0.4 11
GMRO004c 293.8 +3.0 -34 R004c 293.2 +1.9 -1.8 24 63
GMROO6a 130.9 +5.9 -4.9 R0O0O6a 130.4 +6.1 -4.7 0.0 0
GMRO0OO7a 200.8 +4.2 2.4 ROO07a 201.3 +2.3 -1.8 0.0 0
GMRO008a 254.3 +5.1 -4.9 R0O08a 254.6 +4.6 -4.2 1.0 26
a) Synthesis experiment

b) Mean Th (homogenization temperature) initial synthesis (°C)

¢) Maximum Thd mean T initial synthesis (°C)

d) Mean Th 8 minimum T initial synthesis (°C)

e) Corresponding re -equilibration experiment

f) Mean T re-equilibration (°C)

g) Maximum Th d mean Tk re-equilibration (°C)

h) Mean Th 6 minimum T re-equilibration (°C)

i) Maximum Tm (melting temperature) re  -equilibrat ion (°C)

j) Maximum mole% D 20

The re-equilibration experiment at 500 line between the starting point (0.0 °C)

°C with a runtime of 19 days at 337 MPa
(Fig. 6) shifts Tm(ice) to a maximum
value of +1.0 °C, which corresponds to
26 mol % D20. The Th increase to
positive values with a maximum of +1.6
°C. The changes in microthermometric
temperatures are much less compared
with the experiments at 600 °C and 19
days run-time (c.f. Fig. 5c). At equal
exchange conditions, all pairs of  Tm and
DT must be positioned on the mixing

and the endpoint at  Tm(ice) = +3.8 °C,
DTh = +1.4 °C, which corresponds to a
complete replacement of H20 by D 20
in fluid inclusions (inclined dashed line

in Fig. 6). Similar to the experiment at
600 °C, DI changes to slightly highe r
values than expected from the mixing
line, which illustrates again that H 20 is
faster diffusing out of fluid inclusions
than D 20 is diffusing in.
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Fig. 3 The histograms (n = 63) are exemplarily illustrated based on the data of the
experiment GMRO004c . a The histogram shows the Thrange from 290.4 to 296.8 °C with a
median of 293.7 °C and a mode of 2936294 °C. b lllustration of the avap with the broad
spread between 15 and 40 % and the mode of 20 025 %. The gray-shaded bar shows the
calculated avap value based on the Th values of this synthesis illustrated in a. Detailed fluid
inclusion properties are  summarized in Table 2

600 °C
19 days syn. 1 day re-equ.

600 °C

19 days @ °1" )
d 2

Fig. 4 Photomicrographs of the same inclusions before (syn. = synthesized) and after (re -
equ. = re -equilibration) the re-equilibration experiment at 600 °C (adéd), 500 °C (e), 400 °C
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(f), and 300 °C (g). Different run -times are illustrated at 600 °C: (a) 1 day; ( b) 5 days; (c) 19
days; and ( d) 40 days. The synthesis and re -equilibration experiments illustrated are a
GMRO004b68R004b, b GMRO002c 6R002c, ¢ GMRO004adR004a, and d GMRO04c dR004c.
Experiments with equal re -equilibration times and different temperatures are shown in e
GMRO008a 6R008a, f GMR007a 6R007a, and g GMR006a 6R006a
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Fig. 5 Ice-melting temperatures and change in homogenization temperatures of re -

equilibrated fluid inclusions at 600 °C and 337 MPa. a After 1 day of re -equilibration; b after
5 days of reequilibration; ¢ 19 days of re -equilibration; and d after 40 days of
exper imentation. DTy of -1.3 °C indicates the maximum negative shift of homogenization
temperature with a fluid inclusion composition of 100 mol % D20, Tm(ice) = +3.8 °C,
respectively. (see text for further detail)
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In  respect to the temperature -
depended diffusion phenomena, four
experiments have been performed with

the same run -times (19 days) at 337 MPa
and at different temperatures: 300, 400,
500, and 600 °C (Fig. 7).

Considerably, changes in composition
(up to 26 mol % D20) of the initially
entrapped fluid are detected after re -
equilibration at 500 °C, whereas at 600
°C, inclusions may contain up to 63 mol

% D20. Compositional changes in  fluid
inclusions are not detected in the
experiments at 300 and 400 °C.

Consequently, it is expected that the
threshold temperature of fluid inclusion
re-equilibration is around 450 °C,
whereas complete adjustment
external condition is obtained
temperatures above 650 °C.

to
at

100

337 MPa
19 days

80

mole% D,0
I @
o o

20 S0

0+—0——20 -"' — g — T
300 400 500 600
Temperature / °C

700

Fig. 7 D20 contents (mole %) of fluid
inclu sions after the re -equilibration processes
at 337 MPa and 19 days of experimentation
time at 300, 400, 500, and 600 °C. The
inclined solid line illustrates the maximum
D20 concentration in fluid inclusions.
Extrapolation to lower  temperatures
(dashed line) indicates a threshold
temperature of  diffusion around 450 °C,
whereas a complete exchange of D 20 is
reached around 650 °C after 19 days of
experimentation at 337 MPa.  The gray area
illustrates the range of D 20 concentration
that is observed in the present experiments

Concentration profiles: depth and size
relation

As the position of each investigated
fluid inclusion within the quartz crystal is

measured (see Appendix B), the
accordant composition can be plotted
in concentration profiles that are

related to the depth, considering the
distance to the crystal surface (i.e. top
or bottom of the short  quartz cylinder).
Data of the experiment at 600 °C (Fig.
8) Iillustrate that at specific depths
variations in D 20 concentration can be
measured in terms of Tm(ice), and that
an envelope can be constructed
which indicates the limit of maximum
concentration. With increasing
distance to the crystal surface, the

maximum concentrations of D 20 in re-
equilibrated fluid  inclusions are
decreasing. After 1 day of re-
equilibration at 600 °C (Fig. 8a), dee p
inclusions reveal the same
concentration of D 20 as shallow
inclusions, and a relatively  flat

maximum concentration profile can be
drawn, with the maximum Tm(ice) at
+0.4 °C (10 mol % D20). Concerning the
longer run -time experiments at 600 °C
(5, 19, and 40 days in Fig. 8b &d), a shift
of the respective envelope is recorded.
After longer run -times, the shallow
inclusions reach maximum
compositional change  (approaching a
pure D20 content) earlier than deep
inclusions. For example, inclusions at
about 2 #@epthiieaoh a maximum
D20 concentration (39 mol % D 20)
corresponding to Tm(ice) = +1.5 °C after
40 days (Fig. 8d), whereas inclusions at
about 110 Tm dept
concentration  already after 19 days
(Fig. 8c). Inclusions at 100 T m
display a conti nuous increase in
maximum Tm(ice) values from +0.4, +1.0,
+1.6 to +2.4 °C after 1, 5, 19, and 40
days, respectively. It should be noted
that at specific depths, the D
concentrations vary between a
maximum value, which defines the
envelope, and a minimum value. This
minimum D 20 concentration is only
slowly shifting to higher values at higher
experimentation  run-times (c.f. Fig. 8b,
c). The range of values indicates that
there is another important parameter

20
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that defines the concentrationof D 20 in In addition, Fig. 9b illustrates the
re-equilibrated  fluid inclusions, in temperature  effect for equal run -time
addition to the path  -length of d iffusion. experiments (19 days). The envelope at
The envelopes of maximum D 20 500 °C reaches much lower Tm(ice)
concentration are summarized in the values at a specific depth than the
concentration profile in Fig. 9a to envelope at 600 °C. Changes in
illustrate the development of the profile composition are not detected at 300
by direct comparison of different and 400 °C at any depth (Fig. 7).
experimental run -times.
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Fig. 8 Concent ration profiles in terms of Tm(ice) values after re -equilibration of fluid
inclusions at 600 °C and 337 MPa after a re-equilibration time of 1 day ( R004b); b re-
equilibration time of 5 days  (R002c); c re-equilibration time of 19 days ( R004a); and d re-
equilibration time of 40 days ( R004c). The dashed and solid curves indicate the boundary

of maximum and minimum melting temperatures. Each experiment shows the effect of
depth, that is, distance of  fluid inclusion to the crystal surface
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Fig. 9 Maximum concentration profiles (solid lines) in terms of Tm(ice) values at 600 °C and
337 MPa; a with variable experimental  run-times (1, 5, 19, and 40 days). The concentration
profiles are shifting to higher Tm(ice) values with progressing experimentatio n time. b a
comparison of maximum concentration profiles at 600 and 500 °C with 19 -day
experimental run -time
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The second parameter that influences
the concentration  profile is the size of
fluid inclusions. The size of inclusions at
approximately equal dept h is plotted
against their Tm(ice) value for the
experiment at 600 °C and 337 MPa in
Fig. 10. Variable concentrations at
equal depth as shown in  Fig. 8c for 19
days run -time are reflecting the size of
fluid inclusions: Small inclusions have a

higher D20 content than large
inclusions (Fig. 10a). This is clearly
illustrated by fluid inclusions at
approxi mately 75 T m
6968 0 1 m) and 25 1T m
1902 9 T m) a f treeeguilibratiore

experiment (Fig. 10a). Inclusions at  +25
im dept h asldso variable D 20
content, that is, smaller inclusions are
only slightly enriched in D 20 compared
with larger inclusions, but have much

higher D20  concentrations than
i nclusions at 7 Smallest
inclusions have the highest D 20

concentrations and are similar in both
depth intervals, which indicate that
these inclusions re -equilibrate in a
similar way independent from the
distance to the surface. After 40 days

of re-equilibration (Fig. 10b), the D 20
content at all depths is similar and
mainly d ependent on the size of the

fluid inclusions. The inclusions at
approxi mately 2 Bntentalm
20029 1T m) have a | ar

D20 content than the inclusions from
the 19 days experiment and reach
much higher values (up to 63 mol %
D20). Inclusions at 100 Tm depth
(interval 96 0105 Tm) in the 40 -day
experiment  (Fig. 10b) have similar
concentrations as inclusion  from the 19 -
day experiment (c.f. 75 1T m depth, Fig.
10a), however, within a much larger
range of inclusion sizes.

Discussion
Diffusion model

The mobility of H 20 and D 20 through

guartz crystals at constan t temperature
and pressure conditions is visualized at
about 337 MPa and 500 9600 °C in this
study. The isotopic composition of fluid
inclusions is relatively easily changed at
these temperatures, without opening
(cracking) or deforming the inclusion
walls. The fugacity gradients of  both
H.O and D 20 are the only active
driving forces in these re -equilibration
experiments of fluid inclusions. Diffusion
of fluid components through a solid
quartz crystal, as interstitial particles or
substitute particles, is the only process
that is triggered by this gradient in our
experi ment s, accordi
Several types of diffusion within quartz
are described in the literature (see
Bakker 2009 and reference therein).
Diffusion of H 20 along dislocation lines
( 6ibpe di ffusi on6d)
defect structures is supposed to play an

important role in re-equilibration
experiment with additional pressure
gradients that result in local
deformation adjacent to fluid inclusions

(e.g. Bakker and Jansen 1990, 1994;
Audétat et al. 1999). This type of
diffusion can be excluded in our
experiments due to the absence of
pressure gradients. Other  types of
diffusion can be summarized as bulk
diffusion, whi ch i ncl-ddéé$§uti
(e.g. Farver and Yund 1991) and
66trdckefusiondd (e.g
al. 1986). It is assumed that bulk
diffusion is the dominant process in  our
experiments. A variety of parameters
that play a significant role in bulk
diffusion processes are as follows: (1)
gradient in chemical potentials o f fluid
components (i.e. concentration
gradients) between inclusions and
external pore fluids; (2) temperature
and pressure; (3) experimental run-
times; (4) distance of inclusions to
crystal surfaces; and (5) inclusion size.
These are exactly the parameter s that
are measured and defined in our
experiments; consequently, our data
can be used to calcul ate diffusion
coefficientsina mathematical model
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as illustrated by Bakker (2009). Diffusion
coefficients can be used to calculated
concentration profiles of fluid
components in quartz and fluid
inclusions at variable temperatures and

selected experimental runtimes.
Moreover, concentration profiles can
be calculated at a geological time
scale, because diffusion constants are
time -independent.
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Fig. 10 Tm(ice) values versus relative size of fluid inclusions of the re -equilibration experiment
R0O0O4a (a) at 600 °C and 19 -day run -time and RO004c (b) at 600 °C and 40 days runtime.

Inclusions are selected at
25 and 100
dependent on inclusion size at

approxi

The bulk diffusion model developed by
Bakker (2009) is used to determine the
diffusion coefficient of H 20 and D:0. It

is assumed that the solubility of H 20 and
DOissi mi |l ar in quartz
and both have similar diffusion

coefficient. Furthermore, it is assumed
that the fluid mixture of H20 and D 20 in
inclusions behaves like an ideal mixture
at experimental condition, in order to

be able to determine the individual
fugacity coefficients of H 20 and D 20.
The geometry of our quartz crystal
(short cylinder) differs from a spherical
crystal in the model of Bakker (2009);
however, the wuse of a three -
dimensional diffusion model is preferred
in our approach, and the deviating
geometries have only a minor effect on

the estimated concentration profiles.
Concentration profiles are calculated
for a 5-1 mdiameter fluid inclusion after

1 and 19-day experimentation run  -time
at 600 °C and 337 MPa (Fig. 11a), by
varying the diffusion coefficient until a

mat el y
T nb. The gashkd linen illustrate general
constant depths

2depthann d, ant &t approximately
trends in concentration

similar profile is obtained a s illustrated in
Fig. 8a, C. The hypothetical
concentration profiles in Fig. 1la are
consistent with our experimental data
by using a diffusion coefficient  of about
104 m? sl. Minor differences after 1
day of experimentation can be
explained by the difference in H20 and
D20 diffusion coefficients. Our
experimental data evidence thatH 20 is
faster diffusing than D 20, which is
mainly noticeable in short run -time
experiments (Fig. 5). After 19 days of
experimentation, the concentration
profile that is ¢ alculated with the same
diffusion coefficient fits even better our
experimental data and is not anymore
affected by small differencein H 20 and
D20 diffusion coefficients. The value of
the H20 diffusion coefficient in our
experiments is a factor 100 lower than
the values estimated for hydrogen
diffusion in the pA-quartz field at higher
temperatures and pressures (see Bakker
2009 and references therein).

40



Fluid inclusion modification by,® and DO diffusion: the influence of inclusion depth, size, and
shape in reequilibration experiments

The experimentally determined variable
D20 concentration in fluid inclusions at
equal depth is mainly defined by fluid
inclusions size: Small inclusions are richer
in D20 than large inclusions (Fig. 10).
The fluid inclusion size parameter is
tested with the bulk diffusion model
that is used in the previous paragraph

to estimate the diffusion  coefficient. A t

600 °C and 19 -day experimentation
runtime, the modeled D 20
concentration at 75

depth has a minor variation as a
function of inclusion size, which
confirms the observation that larger
inclusions are less affected than smaller
inclusions (Fig. 11b).
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Fig. 11 H20 concentration profiles
calculated according to the bulk diffusion
model of Bakker (2009). a for 5-T m

diameter fluid inclusions after 1 and 19 days
of experimentation; b after 19 days of
experimentation and  variable inclusion sizes
at50 Imdepthand 75 T m dept h.
for further details)

However, the amount of change in
D20 content does not correspond to

our observations (c.f. Fig. 11b, 10). The
bulk diffusion model is based on
specific boundary conditions, which

include geometry definition, radial non -
steady state diffusion, infinite external
fluid source, solubility of H 20 in quartz,
and a distribution coefficient ( K) that
defines the partitioning of D 20/H 20 in
quartz and fluid inclusions (see
Appendix A in Bakker 2009). The K
coefficient has a major  impact on the
calculation of D 20 concentrations in
fluid inclusions. The value of K was
theoretically estimated (see Bakker
2009) and related to the partial molar

volume of H20 in quartz. The K
coefficient can a Iso be related to fluid
inclusion size, and preliminary
calculations have indicated that

concentration profiles as illustrated in
Fig. 10 can be reproduced with the
same diffusion coefficient that was
estimated in the previous paragraph
(10 m2 s1). Modeling of the K
coefficient will be presented in
following studies.

Natural fluid inclusions

The results of our study illustrate that
fluid inclusions can be re -equilibrated in
relatively short experimental runtimes  at
elevated temperatures and pressures.
The hydrogen isotope composition of
fluid inclusions can be adjusted
instantaneously to  external  fluid
conditions in a geological time scale. It
is important to emphasize the
differences  between experimental
work and processes that may occur in
natural ro ck. Our experimental studies
are focused on the effect of one
parameter, that is, fugacity gradient,
and the experimental setup is designed

to optimize processes that are induced

by this gradient, whereas other
parameters remain constant. The
experiments h ave illustrated what a
fugacity gradient can provoke in

seemingly isolated fluid cavities within
anhydrous crystals. In natural rock, the
porosity is defining the existence of a
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fluid phase, and natural quartz grains
are not completely  surrounded by pore
space with an infinite  fluid source. The
porosity decreases with increasing
depth, therefore, sedimentary rocks
have a larger fluid source than
metamorphic and magmatic rocks.
Size and shape of the pores, in  addition
to the network of pores, define the
availability of the external fluid source
in natural rock. Pores may cover 50
area % of the quartz surface in
sedimentary rock and down to a few
percentages (or less) in metamorphic
rock. Diffusion of external fluids into
quartz grains can only occur at pore 0
grain interfaces and will mainly effect
those inclusions that are closer to this
interface, whereas inclusions near
grain dgrain interfaces may not be
effected. Otherwise, a threshold
temperature of about 450 °C at 337
MPa is identified for diffusion processes
in this study, which become more
efficient at higher temperatures. In
other words, sedimentary rocks have a
large fluid source available, but
temperatures may not reach values for
efficient fluid inclusion re -equilibration,
whereas metamorphic rocks contain
sufficient heat but have low  porosities.
Nevertheless, interpretation of

hydrogen isotope analyses of fluid
inclusions in metamorphic  and

magmatic rocks must include the
possibility of  fluid inclusion re-
equilibration.

Other re -equilibration experiments

The significance of fluid inclusion re -
equilibration is already considered
since the first knowledge on fluid
inclusion properties (e.g. Brewster 1845).
The first experimental evidence that
fluid inclusions may be affected by
changes in fluid density and the
development of inclusion haloes is
given by Lemmlein (1956), Leroy (1979),
and Pecher (1981). The processes that
have been proposed in  the literature to
change the properties of fluid inclusions

are as follows: (1) diffusion;
recrystallization; (3) stretching;
def ormation; and (5) decrepitation. The
driving forces of these processes are
heat, concentration gradients, and
pressure gradients. Re -equilibration
studies of fluid inclusions are mainly
performed with a pressure gradient,
that is, a pressure difference bet ween
fluid inclusions and an external fluid
pressure medium (e.g. Sterner and
Bodnar 1989; Bakker and Jansen 1990;

()
(4)

Vityk and Bodnar 1995). Occasionally,
these experiments have been
combined  with a concentration

gradient, that is, a gradient in chemical
pot entials between fluid components in
fluid inclusions and the external fluid.
The observed changes in fluid inclusions
(i.e. shape, density, and compaosition)
are defined by the sum of all these
processes that are activated by these
driving forces. However, the effect of
individual  processes cannot  be
gquantified because these experiments
include abundant independent and
unrestrained parameters. For  example,
isothermal decompression of quartz
samples with pure H:0 fluid inclusions
results in internal overpressures, which
may cause stretching, deformation,
and decrepitation (e.g. Sterner and
Bodnar 1989). The decompression is
also accompanied with a change in
fugacities in the experimental capsule
fluids, which may cause diffusion.
Fugacity gradients ar e intensified if the
composition of the  capsule fluid is
modified. Density and compositional
changes of fluid inclusions are caused
by these simultaneously operating
processes, but it is not possible to
identify the importance of individual
processes in th ese experiments, and
there is no unambiguous relationship
between cause and result.

Sterner et al. (1995), Bakker and
Diamond (2003), and  Bakker (2007)
provide the only examples of re -
equilibration  experiments at constant
temperature  and  pressure  with

exclusively gradients in fluid shape by
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component  fugacities. The re -
equilibration experiments in Ste rner et
al. (1995) are all performed within the  &-
quartz stability field at high
temperatures and 300 MPa and short
run-times (4 days). The lack of sufficient
information and data presented, in
addition to a number of
inconsistencies, does not allow re -
evaluation of these results. Bakker and

Diamond (2003) and Bakker (2007)
provided  systematic  studies on
reequilibration  of fluid inclusions as a
result of gradients in chemical

potentials at constant pressure and
temperature. A similar experimental
setup is applied in the present study:
The number of possible processes that
may play a role in re-equilibration
experiments is reduced and changes in
fluid density and composition can be
directly related to changes in
homogenization and melting
temperatures, due to the availability of

accurate equations of the fluid state
(H20 and D 20). Moreover,
experimental conditions are  within the

a-quartz stability field, to exclude any

fluid inclusion changes that are
induced by the adb phase transition of
quartz.

Conclus ions

Synthetic H 20-rich fluid inclusions in
quartz have been re -equilibrated in a
pure D 20 pore fluid environment at 600
°C and 337 MPa. A gradient in fugacity

is superimposed in the experimental
setup in order to provoke  diffusion of
H.O and D 20, whereas other
parameters such as pressure gradient
and deformation are excluded. In
addition, experiments at 500, 400, and
300 °C with a constant pressure of
about 337 MPa are performed to
estimate the efficiency of temperature

on diffusion processes.

The origina | synthesized fluid inclusions
reveal only minor  morphological
changes, which are mainly determined

experimentation time. Re -equilibration
experiments at 40 days reveal more
equant to negative crystal shape
inclusions than 1 or 5 -day experiments.
A total volume increase or decrease
could not be detected in individual
fluid inclusions.

The effect of diffusion through quartz
is illustrated by the change in H 2006D20
composition of fluid inclusions at  nearly
equal densities. The D 20 content in fluid

inclusions is obtained from ice -melting
temperatures, whereas changes in
density are obtained from total
homogenization temperatures.

At 600 °C and 337 MPa, 1 - and 5 -day
re-equilibrations illustrate that H 20 is
faster diffusing out of inclusions than
D20 is diffusing into inclusions. This
process also results in a decrease in

density of these inclusions. After 19 - and
40-days re -equilibration, D 20
concentration reaches values up to 63

mol %, whereas the density is restored

to original values that correspond to
the experimental temperature  dpressure
conditions.

The 19-day re -equi libration

experiments are performed  at 300, 400,
500, and 600 °C, and a constant

pressure of 337 MPa. Maximum D 20
concentration at 600  °C is about 63 mol
%, whereas at 500 °C, values are
obtained of maximally 27 mol %. D 20 is
not detected in fluid inclusio ns at 300

and 400 °C re -equilibration
experiments.

Concentration  profiles of D 20
content within quartz are obtained

from measured distances between
inclusions and crystal surface. Shallow
inclusions reach faster higher D 20
concentrations than deep inclusio ns.
However, a range of D20
concentrations is observed at equal
depths, which is defined by the size of
the inclusions. Small inclusions have
higher D 20 concentrations than large
inclusions at equal depth. The
concentration profiles are used to
estimate a diffusion coefficient for D 20
and H 20 of about 104 m2s!at 600 °C
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and 337 MPa, that is, with the  a-quartz

stability field.
Natural fluid inclusions that are used to
measure hydrogen isotopic

compositions in order to identify fluid
sources can be affected by diffusion
processes, and pore fluid compositions
may totally control inclusion
compositions at high temperatures and
pressure. The absence of pore fluids in
metamorphic rock, and the relative low
temperature and pr essure conditions in
sedimentary rock may prevent any
diffusion processes.
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Abstract The influence of the adb quartz
phase transition on the properties of
fluid inclusions was investigated
experimentally. The experiments were
designed to have no gradients in
pressure and fugacity between fluid
inclusions and pore fluid. Deformation
due to pressure differences were also
excluded in this study. H 20-rich fluid
inclusions with similar densities were
synthesized in quartz at approximately
625 °C and 280 MPa in the a-quartz
stability field, and at approximately 675
°C and 320 MPa in the b-quartz stability
field. The experimental setup  prevented
any pressure differences during loading
and unloading of the experiments.
These inclusions were re -equilibrated at
the same temperature dpressuredfluid
conditions, and changes in total
homogenization temperature and ice
melting temperature were recorded.
Fluid inclusions are sensitive monitors of
fluid conditions  during entrapment,
which  record minor variation in
temperature and pressure and display

a corresponding distribution pattern in
homogenization temperatures. Fluid
inclusions re -equilibrated in the  a-quartz
stability field were not affected by
changes in density. Fluid inclusions re -
equilibrated in the  b-quartz stability field
revealed density loss of 10.6% at 320
MPa to T3.0% at 280 MPa, which was
caused by the a-b quartz phase
transition. Consequently, density loss,
which is probably caused by the
formation of micro -cracks at the
transition from a- to b-quartz, is more
efficient at lower pressures. In addition,
re-equili bration experiments were

Doppl er

A Ronald J.

16 March 2014, Published online: 29 March 2014

performed with a pure D 20 pore fluid,
to investigate diffusion processes at
these experimental conditions. Diffus  ion
of D20 is more efficient in  b-quartz
stability field, and may result in near
total exchange of the original H 20
content  within only 19 days. Fluid
inclusions re -equilibrated in the  g-quartz
stability field contain only half the

amount of D 20 within the same
experimentation run time, up to 53
mol% D20.

Keywords Fluid inclusions- a-b quartz-
diffusion- re-equilibration -
experimental study- H 20/D 20

4.1. Introduction

Phase changes of polymorphic
minerals result in a variety of changes in
physical and chemical properties, such
as molar volume and heat capacities
(e.g. Heuer and Nord, 1976), which
may also affect hosted fluid inclusions.
SiO2 can crystallize in a variety of
polymorphs at varying temperature
and pressure, where a-quartz is stable
at relat ive shallow crustal conditions
and b-quartz at higher temperatures in
deep rock (e.g. Hosieni et al., 1985).
Fluid inclusions in a-quartz are important
research objects (e.g. Samson et al.,
2003), and their formational conditions
can be interpreted from ca reful
analysis of their fluid properties
(composition and density) based on
the closed -system assumption after
trapping (e.g. Roedder, 1984). Some
experimental work that addressed
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this assumption was performed within
the b-quartz stability field (Sterner and
Bodnar, 1989; Vityk and Bodnar, 1995,
1998), whereas changes of synthetic
fluid inclusions within the a-quartz field
were investigated by Bakker and
Diamond (1999), Bakker and Jansen
(1990, 1991, 1994), and Doppler et al.

(2013).
Textural information utilizing the
distribution, morphology and

surroundings of natural fluid inclusion is
a major line of evidence for identifying
the occurrence of post -entrapment
changes in natural rock (e.g. Audétat
and Gunther, 1999; Ayllén et al., 2003).
Diamond et al. (2010) and  Tarantola et
al. (2010) investigated experimentally
changes in natural fluid inclusions that
were imposed to deviatoric stress within
the a-quar tz stability field close to the
phase transition boundary.

The effect of the a-b quartz phase
change on fluid inclusion properties
during these experiments was not
identified or systematically analyzed in
these  experimental studies and
changes were only assigned to
temperature and pressure of
hydrothermal pore fluids.
Consequently, these studies cannot
identify  definitely  the  individual
processes that are independent of the
a-b quartz transition, which may cause
fluid inclusion alteration. Decrepitation

experiments (e.g. Hladky and  Wilkins,
1987) illustrated a relative intense
acoustic emission at about the a-b

quartz phase boundary at atmospheric
pressures, interpreted to correspond  to
changes in the Young's modulus of
quartz. The change in elasticity is most
probably not accompanied with an
acoustic effect during  heating a quartz
grain, because the effect is irreversible
(pers. comm. B. Kingsley) and most
likely to be related to the decrepitation

of all smaller-sized fluid inclusions in a
sample. Hall and Bodnar (1989) carried
out decrepitation experiments on
heated natural fluid inclusion samples
at room pressures in order to determine

decrepitation profiles.  They suggested

that only small inclusions do not
dec repitate until the quartz  a-b
transition temperature of 573 °C.

Schmidt -Mumm (1991) identified the
process of formation and propagation

of micro -cracks as the origin of
acoustic  emission.  Fluid inclusion
decrepitation is only partly responsible
for this emission, whereas the massive
emission around the quartz a-b
transition at 573 °C was suggested to
result mainly from stress induced
twinning according to the Dauphiné
law (Laughner et al., 1979). Branlund
and Hofmeister (2007) discovered a
change of therm al diffusivity near
573 °C that is associated with the  a-b
quartz transition. The authors
recognized exceeding thermal
diffusivity of b-quartz that is most
probably due to the expansion of the
crystal lattice after crossing the phase
boundary.

The present study is focused on the
effect of the a-b quartz phase transition
on the properties of H 20-rich synthetic
fluid inclusions at higher pressures. Three
types of experiments are performed: 1.
Fluid inclusions are synthesized at
specific conditions in the a-qu artz
stability field close to the transition, and
re-equilibrated at the same conditions
(i.e. temperature, pressure and a H 20
fluid). 2. A similar experiment is
conducted within the b-quartz stability
field, where it must be noted that
loading and unloading of expe riments
must occur through the a-quartz
stability field. 3. Similar experiments
within the a-quartz and b6-quartz stability
field, with a D 20 fluid instead of a H 20
pore fluid during the re -equilibration
experiments (see also Doppler et al. ,
2013) are performed to demonstrate
diffusion. All synthesis and
complementary re-equilibration
experiments are carried out at the
same temperature and pressure to
have equal thermal activities and to
exclude possible deformation. Re -
equili bration experim ents at the same
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conditions on either side of the a-b
qguartz phase transition  will illustrate
solely the effect of the phase transition
on properties of fluid inclusions.
Differences in chemical potential such
as fugacity gradients between internal
and external fluid represent an
important parameter that affects bulk
diffusion through a crystal (e.g. Bakker,
2009; Crank, 1975). In the case o f higher
pore fluid -fugacities relative to the fluid -
inclusions in the host crystal, diffusion
into the crystal is expected. Reverse
fluid movement behavior would occur

if internal fluid fugacity is higher
compared to the pore fluid fugacity. As
the ambien t P-T conditions are
controlled by the computerized
laboratory  equipment and the
composition of the loaded fluid species
are well known, fluid fugacities can be
easily calculated using the appropriate
equations of state (e.g. Haar et al.,
1984; Hill et al., 1982). By using pure D 20
during re -equilibration experiments, a
gradient in chemical components is
imposed, whereas the thermochemical
properties are similar to H 20.

4.2. Experimental and

analytical methods

procedure

4.2.1. High PAT apparatus

Each experiment was synthesized and
subsequently re -equilibrated in the
hydrothermal  laboratory at the

University of Leoben. There are 10
Nimonic [10S/René 41 (Ni oCr alloy)
autoclaves installed, in a vertical
position, as a cold -seal system similar to
Kerrick (1987). Argon was used as the
pressure medium ranging up to 1 GPa
hydrothermal pressure. Temperature
ranging up to 700 °C is induced by
external furnaces. The sample
temperature within the autoclaves is

measured with an internal
thermocouple directly monit  oring and
recording temperatures of the Au

capsule, pre -loaded with the

experimental material, consisting of

partly cracked quartz rods and H 20 or
D20. Temperature is controlled by a
computerized operating system during
the experiment and is measured with

an uncertainty of 0.1 °C. Pressure is
measured via pres sure transducers,
calibrated up to 700 MPa with a Heise
dial gauge with an  accuracy of 0.015%.
Both temperature and pressure are
continuously logged. The experimental
setup stabilizes the synthesis conditions
within 2 °C and 3 MPa during the
experimental r un-time of 19 days.

4.2.2. Fluid inclusion synthesis

Inclusion -free Brazilian quartz crystals
were selected as starting  material. Rods
with a length of approximately 1 cm
and a diameter of 2.75 mm are drilled
along the quartz c-axis. The quartz rods
are partially cracked by a thermal
shock after heating to 400 °C. Arc -
welded Au capsules are used as
containers during the experiments to
prevent interaction  with the autoclaves
and the Ar -gas during the experiments.
The capsules are loaded with the
cracked qu artz rod and approximately
0.07 g of ultra -pure H20. The synthesis is
performed by healing fractures
according to the method of Bodnar
and Sterner (1987). The experimental  P-
T conditions of each experiment are
given in Table 1 and Appendix A, and
are illustrated in Figs. 1 and 2. All
experiments are performed  with a run -
time of 19 days. The experiments are
loaded and unloaded along specific
isochores of the entrapped fluid to
prevent stress that may cause
deformation or cracking of inclusions
due to interna | fluid over- or under -
pressure. Internal thermo -couples
monitor the experimental  P-T conditions
and provide the possibility to adjust
conditions to obtain the desired fluid
density. After the initial synthesis
experiments the quartz rods are cut into
disks and subsequently polished on
both sides to a thickness of
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approximately 0.5 mm for subsequent equilibration experiments.
microthermometric analyses andre -

Table 1 Experimental conditions and fluid properties of initial synthesis experiments (synth.)
and corresponding re  -equilibration experiments (re  -equ.).

Experiment pa  +pP T°¢  4Td fe +f V¢ Nof

Blank H,Oi H,O
synth. GMR009b 279.2 09 6248 #0.7 1541 0.8 27.5 47

re-eq.R0O09b 281.3 0.7 6249 *0.3 1555 0.5 27.4 49
synthGMRO010b 3225 0.8 6748 0.6 2044 *0.9 27.5 58
re-eq.R010b 3199 1.0 6752 +0.3 2028 0.8 27.6 45

ai quartz H,Oi D,0O
synthGMR009a 279.2 0.9 624.8 +0.7 154.1 0.8 27.5 68
re-eq.R009%a 278.7 2.3 6249 0.5 154.0* 1.4 27.5* 63
bi quartz H,Oi D,O
synth.GMR010a 3225 0.8 6748 0.6 2044 0.9 27.5 100

re-eq.R010a 321.1 11 6748 +0.9 203.8* 1.2 27.3* 94
synth.GMR013a 280.3 11 6747 05 1756 1.0 29.2 60
re-eq.R013a 2794 09 6747 0.7 175.2* 0.9 29.0* 60

Pressure (MPa)

Pressure variation (MPa)

Temperature (°C)

Temperature variation (°C)

Fluid fugacity (in MPa) of H 20 (Haar et al., 1984) and *D 20 (Hill et al., 1982 ) calculated

with software from Bakker (2003; http://fluids.unileocben.ac.at)

Fluid fugacity variation (MPa)

9 Fluid molar volume (in cm3-mol 1) of H20 (Haar et al., 1984) and *D 20 (Hill et al., 1982)
calculated with software  from Bakker (2003; http://fluids.unileoben.ac.at)

h Number of measured fluid inclusions

(1] o o (o

—

* D20 fluid

4.2.3. Re-equilibration of fluid inclusions  quartz surrounding medium
(experiment RO009a; R010a; R013a; see

After microscopic and Table 1). Also here loading and

microthermometric investigations the unloading of the hydrothermal pressure

same quartz disks were used for re - vessels was performed according to
equilibration experiments. Quartz disks specific  isochore to minimize any

were loaded in gold capsules pressure  gradients between the
supported by two quartz rods of the synthesized fluid inclusions and the
same diameter on both sides to external fluid. The experimental P-T

prevent any da mage of the relative conditions of each re -equilibration
fragile sample. Two re -equilibration experiment are shown in Table 1 and
experiments were performed  with pure illustrated in Figs. 1 and 2. Each re-
H20 (experiments R009b and RO010b; equilibration experiment was carried
Table 1 and Appendix A) and are out with a run-time of 19 days. The
designed to have similar conditions as pressure and temperature conditions
the original synthesis experiment. Three are stabilized within 2 °C and 3 MPa.
re-equilibration experiments were

performed by using pure D 20 as the
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After the re -equilibration experiments
the same fluid inclusions from the initial
synthesis were re -examined to
compare inclusions density,
composition and morphology and to
detect chang es in these parameters.
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Fig. 1. Experimental P-Tconditions based on
the computerized logging -system of the
hydrothermal laboratory. The  curves
illustrate the loading (upward arrows) and
unloading  (downward arrows) of the
sample conditions with a  logging interval of
5 min (filled squares). (a) Conditions of the
initial synthesis experiments with H 20 fluid
and (b) conditions of the complementary
re-equilibration experiments with D 20 fluid.
The gray filled circles illustrate the average
experimental conditions (see Table 1).

4.2.4. Microthermometry and optical
analysis of shape, size and distribution
within the quartz disk

Fluid inclusion properties of each
individual fluid inclusion were
characterized and analyzed as
described in Doppler et al. (20 13). Each
assemblage (pre - and post -
equilibration) was  analyzed by

cataloging various properties of up to
100 fluid inclusions, i.e. 1) each inclusion

was photographed for documenting
the morphological properties such as
shape and size, and for identification
purposes; 2) depth below the crystal
surface; 3) the  fluid inclusion
composition and density is analyzed by
microthermometry and Raman
spectroscopy. A compilation of several
acquired parameters of each
individual inclusion is added in
Append ix B. Changes in morphology
are based on the shape definitions
according to Bakker and Diamond
(2006). The shape changes of individual
fluid inclusions after re -equilibration are
defined according to the relative
change in inclusion perimeter/area
ratio in two dimensional images, and
the relative change in the major/minor
axis ratio of the best -fit ellipse. The
volumes of individual phases
(liquid/vapor ratio) were difficult to
obtain; therefore, area fractions of the
vapor bubble ( awp) of each fluid
inclu sion were digitally measured from
two -dimensional images by tracing the
outside edge of the total inclusion and

by the outside rim of the vapor bubble

at room temperature. The distance of
fluid inclusions to the crystal surface is
measured with an optical microscope
table that is adjustable in the z
direction (Olympus BX60). Both density
and composition were obtained from
homogenization and melting
temperatures of the entrapped fluids,
which were measured using a LINKAM
MDS 600 and LINKAM THMSG 600
heating dfreezing stages. The quality of
the results of the Linkam MDS600 stage
is determined by accuracy and
precision of individual measurements.
The instrument resolution of
temperature measurements is 0.1 °C.
The selection of thermodynamically
determined temper atures of invariant
points of phase changes measured in
synthetic fluid inclusions with pure H 20
and a mixture of H 20 and CO », allows
an excellent method to estimate the
trueness of the stage. The precision of
the stage is obtained from a series of
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repeated measurements of the same
parameter, e.g. the critical
homogenization temperature of H 20 in
synthetic fluid inclusions. Measurements
of this standard within a period of six
months (25 measurements) reveal an
average critical temperature of 378.6
°C (not corrected by calibration), with

a standard deviation of the sample of
+0.4 °C, whereas the sta ndard error in
mean is 0.1 °C. The average melting
temperatures of H 20 and CO : are +0.4
°C and 1756.6 AC (not
calibration), respectively, with standard
deviations of sample of +0.1 and 0.2
°C, respectively, and standard error in
mean of 0.0 and 0.1 °C, respectively.
It must be noted that the precision of
the measurement of one inclusion can
only be obtained by multiple only be
obtained by multiple measurements of
the same object. It is assumed that the
precision obtained from measurements

of the standards is valid for
measurements  of individual fluid
inclusions at similar temperatures.

Knowledge of the exact temperatures

of these invariant points, i.e. critical
temperature of H 20 (374.0 °C), melting
temperature of H 20 (0.0 °C) and CO
(7 5 6C) 6 used for calibration, which
is greatly improving the accuracy of
individual measurements within the
range of T56.6 to
composition was determined from the
melting temperatures of the D 206H20
mixtures (see Doppler et al.,, 2013), as
defined by significant differences in
melting temperatures Tm(SVI LV) of
pure H20 (0.0 °C) and pure D 20 (+3.8

20

°C). Relative amounts of H 20 and D 20
are obtained from Eq. (1)
w $/ 1

where Tm is the melting temperature in
°C, fi is the solution in a specific fluid
inclusion. The superscript 0 indicates the

pure phase. The presence of D 20 was
also confirmed by Raman
spectroscopy.

4.3. H200D20 fugacity, molar volume
and calculated homogenization
conditions

The fugacity and molar volume of pure
H20 and D 20 fluids were calculated
with the equations of state of Haar et

al. (1984) and Hil et al. (1982),
respectively. These equations of  state
are included in the software package
OFLUI DS6 (Bakker,
http://fluids.unileoben.ac. at) in the
progr ams oLoner HGK
HCL G . The e ctata tori D20 is«
limited to maximum values of 100 MPa
and 600 °C, but was extrapolated to
the experimental conditions in this
study. Four experiments have been
performed along the H 20-isochore of
27.5cm3- mol'! (Table 1): two within the
a-quartz stability field close to the
transition  conditions  to b-quartz
(GMRO0O09a and GMRO009b, Figs. 1 and
2), and two within the  b-quartz stability
field, just across the phase transition
(GMR010a and GMRO010b, Figs. 1 and
2). The calculated H20O fugacities of
these experiments are 154.1 MPa in the
a-quartz stability field and 204.4 MPa in
the b-quar tz stability field (Table 1). In
addition, one experiment in the b-
quartz stability field was performed at
similar temperatures as the previously
mentioned experiments, but modified
pressures, resulting in molar volume of
29.2 cm3 - mol't (GMRO013a, Fig. 1) with
a corresponding H 20 fugacity of 175.6
MPa.

Homogenization conditions of the
entrapped fluid in synthetic fluid
inclusions were calculated by
descending along the isochore from
experimental conditions to the liquid o
vapor curve, including isochore
cor rection due to the thermal
expansion and compressibility of the
quartz host (Hosieni et al., 1985; and its
rectification according to Sterner and
Bodnar, 1991). The corrected isochores
were calculated with the software
ol SOCOo (Bakker, 203 .
from the initial synthesis experiments
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GMRO09a and GMRO009b should
theoretically homogenize  at 320.5 + 0.6
°C and have a molar volume of 27.05 +
0.40 cm?3 - mol't at this temperature.
Uncorrected isochores result in
homogenization temperatures of 324.8
+ 0.6 °C. Although the molar volume of

the fluid in the experiments GMRO010a
and GMRO010b is similar to GMRO009a
and GMRO009b , the theoretical

homogenization temperature along the
host mineral corrected isochore is 317.5

+ 0.5 °C, whereas the uncorrected
isochore also results in Th = 324.8 £ 0.5
°C. The corrected molar volume at
homogenization conditions is 26.75 +
040 cm3 mol 71, Theoretical
homogenization conditions of
experiment GMRO013a according to
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Fig. 2. Experimental pressure dtemperature record
20 (numbers in cm 3- molT1). (a) The experimental

of synthesis GMRO09b is 279.2 MPa at the Tmean Of 624.8 °C (gray filled circle) within the
quartz stability field. The exp erimental mean
RO09b are 281.3 MPa and 624.9 °C. (b) The mean pressure of synthesis

dashed lines are isochores of pure H

equilibration

corrected isochore is Th =332.3+ 0.5 °C
(corresponding to  28.40 cm?3 - mol 1),
Uncorrected isochores result in Th of
3379 + 05 °C. Re-equilibration
experiments with H 20 (RO09b and
RO10b) are performed at the nearly the
same conditions (Fig. 2) as the original
synthesis experiments ( GMR009b and
GMRO10b), and result in similar molar
volumes, fugacities and theoretical
homogenization  temperatures. Re-
equilibration experiments with D 20 at
similar temperature and p ressure in the
a-quartz stability field ( R009a) and the
b-quartz  stability field (RO010a and
R013a) do not show significant different
values in molar volume, fugacities and

Th from the original experiment.

b 324 1 1 | | 1 | | 1 1 I 1 | | ¥ |
—J— P-T conditions logged  « @ 2
—O— every 5 minutes :'/\' "@
4 Al T
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GMRO010b o on I ‘
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exp.
of the blank experiments. The inclined
Pmean
a_
-conditions of the complementary re -

experiment GMRO10b is 322.5MPa at Tmean Of 674.8 °C within the b-quartz stability field. The

complementary re -equilibration conditions of

R010b are Pmean 0f 319.9 MPa and 675.2 °C.
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Fig. 3. Photomicrographs of the same inclusion before (

S= synthesized) and after the blank

re-equilibration experiments ( R = re-equilibrated). Fluid inclusions of the experiments

GMRO009b and RO09b are performed within the
GMRO010b and RO010b are carried out within the

examples of
and d).

Blank experiments
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Fig. 4. Fluid inclusion shape diagram
illustrating the magnitudes of shape
changes during re -equilibration of the blank
experiments. Terms are according to Bakker
and Diamond (2006), see text for further
details.

4.4. Experimental results

4.4.1. H20 blank experiments

Most fluid inclusions synthesized in
experiment GMRO009b (a-quartz)
displayed minor changes in

morphology after re -equilibration

a-field (a and b); and fluid inclusion
b-quartz stability field (c

(experiment RO009b; Figs. 3a, b and 4).

The fluid inclusions are both
and regular shaped or elongated and
regular shaped. Initially the elongated
fluid inclusions tend to become more
equant after re -equilibration, and
exhibit the highest magnitude in shape
changes in Fig. 4. The inclusions that
were originally equant and regular did
not show shape change during re -
equilibration. Morphological changes in
the experiments GMRO010b and RO010b
in the b-quartz stability field are  similar
to those changes in the a-quartz field
(Figs. 3c, d and 4). However, the
change in shape parameters in the b-
quartz experiment exhibit slightly higher
values than the a-quartz experiments
(up to 60%).

equant

Homogenization temperatures of
the H20 synthesis within the g-quartz
stability field of experiment GMRO009b
reveal a mean Thof 323.7 °C, a Th mode
between 323.0 and 323.5 °C, and a
variation from 321.9 to 325.5 °C (Table 2
and Fig. 5a). Fig. 5a illustrates an
irregular distribution of homogenization
temperatures, i.e. the
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mode is at lower temperatures than the
temperature obtained from a best -fit
Gaussian distribution function. Change s
in density (and molar volume) were
observed even for the blank
experiments simply by measuring the
homogenization temperature of the

fluid inclusions. During a&-quartz re-
equilibration experiment R0O09b fluid
inclusions altered to higher  densities

with a maximum shiftin Thupto 710.9 °C
(see Fig. 6). Fluid inclusions with
originally relatively low T have similar
change in density  as fluid inclusions with

initially higher Th. Experiment GMRO010b
was carried out within the b-qu artz
stability field and revealed a mean Th of
322.0 °C with a variability of 2.6 °C. The
mode of the Th distribution is between
322.0 and 323.0 °C (Table 2 and Fig.
5b). The T distribution of this experiment
reveals a normal distribution (Gaussian).
The change in Th is opposite to the
quartz experiment, and reaches values
up to +2.5 °C for inclusions with
originally higher densities, whereas
inclusions with initially lower densities
only change about +0.3 °C (Fig. 6).

a-

Table 2 Homogenization temperatures of fluid inclusions from initial experiments and re -

equilibration experiments, melting temperatures with corresponding D

20 content after re -

equilibration.

Synth. T2 Max” Min ¢ ‘Reuequ T, ¢ Max® Min"  MaxT,? %D,0O"
blank

H,Oi H,O

GMRO009b 323.7 +1.8 -1.8 RO09b 323.2 +2.0 -1.7 0.0 -

GMRO010b 322.0 +2.6 -2.6 RO10b 323.2 +1.7 -1.5 0.0 -

ai quartz

H,Oi D,O

GMRO009a 323.7 +2.3 2.4 ‘R009a 322.3 +3.1 -1.9 2.6 68
bi quartz

H,Oi D,O

GMRO010a 322.9 +3.9 -2.0 R010a 321.1 +2.4 -4.4 3.7 97
GMRO013a 337.3 +1.6 -1.5 R013a 335.2 +2.7 -2.3 3.6 95

a Mean Th (homogenization temperature) initial synthesis (°C)

b Maximum Ta d mean T initial synthesis (°C)
¢ Mean Th & minimum Th initial synthesis (°C)
d Mean Th re-equilibration (°C)

e Maximum Th d mean Th re-equilibration (°C)
fMean Th d minimum Th re-equilibration (°C)
9 Maximum Tm (melting temperature) re
h Maximum mole% D 20

4.4.2. D20 re-equilibration experiment in
the a-quartz stability field

The majority of the synthesized fluid
inclusions in the experiment GMRO009a
(a-quartz) display no appreciable
change in the inclusions shape during
re-equilibration (experiment R009a; see
Figs.7a and 8a). The synthesized fluid

-equilibration (°C)

inclusions are both equant and regular

or elongated and irregular. Initially
elongated and irregular inclusions
tended to become more equant and

regular during re -equilibration. These
inclusions show the highest magnitude
(up to 80%) in shape changes for  these
experiments (Figs. 7 and 8).
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Fig. 5. Homogenization temperature histograms.
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(@) The a-quartz experiment (  GMRO009b )

b-quartz

experiment GMRO10b gives the Th range from 319.4 to 324.6 °C with a median of 322.0 °C

(dashed line) and

a mode of 322.0 to 323.0 °C. Both synthesis experiments show a normal

distribution of the Th values. Detailed fluid inclusion properties are summarized in Table 2

and in Appendix B.

Homogenization temperatures of the
synthesized H:20 inclusions o f t ho
quartz experiment GMRO009a reveal a
mean Th of 323.7 °C with a variation of
321.3 to 326.0 °C (see Table 2). Density

changes (and molar volume changes)
were measured using the changes in

the homogenization temperatures of
the re -equilibrated fluid inclusions.
During a-quartz re -equilibration
experiment R009a, fluid inclusions
altered to higher densities with a
maximum shiftin lwup t o T Fig4
9a). Changes in fluid inclusion
composition after re -equilibration with

D20 are calculated from the positive
melting temperatures via  Eq. (1) and
are illustrated in Fig. 9. Experiment
RO09a reveals a maximum  Tn(ice) of
+2.6 °C which corresponds to 68 mol%
D20 (Fig. 9a). The long dashed line in

Fig. 9a represents the expected
changes in T with increasing D 20
content as illustrated by increased

Tm(ice). Re -equilibrated fluid inclusions
in experiment R009a show a distribution
of Tm and Th which correspond to the
expected composition.

3,0 1 1 1 1 1 1 1 1 1 1 1 1
o RO09b
251 a ﬁ—Q’[Z & RO10b
201
A A
: A A
O 1.51 A t‘? aX
° A ﬁ‘ A
T 1.0
2 t ‘ﬁAA ﬂ
05- a, N
0.0 feresssssssnanannrasasasnnnansnsnasnrnnnans R Onennss
° $Bo °° oa:_QtZ
-0.51 Q %;vo
[« o] 08 gDO o OOO o (o]
10 [oNe]
319 320 321 322 323 324 325 326

T, (synth.)/ °C
Fig. 6. Homogenization temperature of the
initial synthesis (experiment GMR009b and
GMRO10b) versus the change in T, of the
complementary re -equilibration
experiments RO009b and RO10b. a illustrates
the experiment in the  a-quartz stability field,
and binthe b-quartz stability field.
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4.4.3.

D20 re-equilibration experiment in

the b-quartz stability field

Fluid i
in the
GMRO

nclusions which were synthesized
b-quartz stability field (experiment
10a and GMRO013a) display similar

changes in  morphology after re

equilib

ration (experiment R0O10b and

RO13b; Figs. 8b and 10).Originally
equant and regular inclusions display

limited shape changes compared to
fluid inclusions which are originally
elongat ed and irregular.

S R
da ul

S R

- ——_\ -
e i? ®

b 2
Fig. 7. Photomicrography of the same
inclusions before (S = synthesized,

GMRO009a) and after re -equilibration
experiments in D 20 (R = re-equilibrated,

RO09a)

which are performed in the  a-quartz

field. Fluid inclusion with minor shape

change

s is |llustrated in (a) and major

shape changes in (b).

The distribution of the magnitude in
shape changes during re -equilibration

illustrates
considering

comparable values
the stability field of quartz

(a versus b-quartz; Fig. 8a and b). The
synthesized H:0

experiment

inclusions of the
GMRO0O10a display a mean

Th of 322.9 °C with a variation of 320.9 to

326.8

°C (Table 2).

Homogenization

temperatures of the fluid inclusions in

experiment

GMRO0O13a display a mean

Th of 337.3 °C with a variation between
335.8 and 338.9 °C (Table 2). After re -
equilibration in the  b-quartz stability field
density (and molar volume) changes

were determined

homogenization
compared to the

Both,

experiment

experiment  R013a
increase (Fig. 9b), corresponding to a
maximum shift in Tho f

19

3.

4 AcC,

equilibration with
maximum ice melting temperat ure of
experiment R010a
corresponds to a
composition of about 97 mol% D 20. The
maximum Tm(ice) value of the b-quartz

experiment

by measuring lower

temperatures

initial experiments.

R0O10a and

illustrate  density

¥

up to T ¢
r e sAdter c trd -\

pure D 20, the

is

+3.7 °C which

fluid inclusion

R013a is comparable to

R010a with Tm values up to +3.6 °C. The
long dashed lines in Fig. 9 illustrate the
expected combination of

100 4 .
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Fig. 8. Fluid inclusion shape diagram illustrating the magnitudes of shape changes of the

re-equilibration experiment in the

a-quartz stability field with D

20 in (a) and in the p-quartz

stability field with D 20 in (b). Terms are according to Bakker and Diamond (2006), see text
for further details.
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homogenization  temperature  and

melting temperature. The calculated Th
for inclusions that completely
exchanged their H 20 contentfor D 20 in
experiment R010a is 319.2 °C which
corresponds Thtob 758 °CG
(calculated with software package
OFLUI DSo6; B a k kfor , the

experiment RO013a a maximum shiftin  Th
after total reequilibration with D20 is
expected wi t hTm@f GT 7.0 A
by a calculated Th of 338.1 °C. The
measurements from RO009a in the a-
quartz stability field are approximately
according to the expected trend in
combinations of Th and Tm, whereas
R010a and RO013a in the b-quartz
stability field illustrate notably higher
values of T, than expe cted at selected

Tm values.

4.5. Discussion

4.5.1. Morphological changes of fluid
inclusions

According to the original assumptions
only minor morphological changes of
fluid inclusions can be observed after
the presented reequilibration
experiments. Morphological changes
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are almost identical in a-quartz and b&-
quartz. The morphological change rate

is  independent of the quartz
modification. Fluid inclusions tend to
reach negative crystal shape during
elevated hydrothermal P-T conditions
without  respect to the quartz
modification and  without  stress
components. Irregular and elongated
fluid inclusions show the highest shape

change during reequilibration.
Morphological changes are
independent of the pore fluid ratios
H.O/D 0. The magnitude of fluid
inclusions shape change is mainly
temperature dependent and

consistent with the results of Doppler et

al. (2013).

4.5.2. Distribution pattern of T n in H20
blank experiments

The measured homogenization
temperatures of the a-quartz
experiment GMRO09b  reveal an

irregular distribution as illustrated in Fig.
5a. The corresponding histogram of the

logged experimental pressure
conditions (Fig. 11a) shows a similar
irregular distribution, which deviates

from a normal (Gaussian) distributio n
pattern. Therefore, the measured T of
1.0 s

{675 °C b
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8
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Fig. 9. Melting temperature of ice versus changes in homogenization temperature after the

re-equilibration experiments

R009a (a), R0O10a (b), and RO013a (b) with D 20.
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Fig. 10. Photomicrographs of the same inclusion before (

equilibration experiments (
GMRO010a, R010a (a and b) and
bfield.

a fluid inclusion assemblage clearly
reflects fluctuations in experimental
conditions, and the fluid inclusion
assemblage sensitively stores the
ambient formation conditions. This can
also be deduced from the second H 20
blank experiment GMRO010b performed
in the b-quartz field (c.f. Figs. 5b and
11b); both, the experimental conditions
record of pressure and the measured Th
are normally distributed (Gaussian
distribution). This phenomenon also
illustrates that fluid inclusions are
continuou sly synthesized during the
entire experimental run-time and not at
a specific moment of experimentation.

In natural rock, the distribution pattern
of Th in a fluid inclusion assemblage

R = re-equilibrated)

P-T

that did not re -equilibrate or change its
properties after trapping must
correspond to a variation in trapping

conditions, probably caused by slightly
varying pore fluid pressure.

4.5.3. Shiftin Tn in H20 blank experiments

According to the  experimental
variation in experiment GMRO009b in the
a-quartz stability field (Fig. 2 a), the
molar volume of the entrapped fluid
may vary between 27.47 and 27.54
cm3.- mol™., The measured T (Fig. 5a),
which directly reflect molar volumes,
are slightly lower than the calculated
of Ouncorrectedo i

Th
SO0

S= synthesized) and after the re -
with D 20. Fluid inclusions of the experiments

GMRO013a and RO013a (c and d) are performed within the

paragraph 3), but significantly higher
than T of ocorrectedo
Consequently, isochore  correction
according to the compressibility and
expansion of quartz result in
overestimated density calculations. The
complementary re -equilibration
experiment RO009b was performed at
approximately 2 MPa higher pressures,
with a variation in molar volume of
27.39 to 27.44 cm 3- mol'L. These slightly
lower molar volumes result in minor
modifications of Tn, i.e. a change of
10.2 to T 1.3 °C. The observed changes
in T (Fig. 6) agree with these
theoretical predictions.

Experiment GMRO10b in the b-quartz
stability field records a variation in
molar volumes between 27.45 and
27.52 cm3 - mol™? (Fig. 2b), similar to the
previously mentioned experiment in the
a-quartz stability field. Although molar
volumes are similar, the expected  Th are
about 3 °C lower than in experiments
GMRO009b, due to a larger correction  of
isochores that originate in the  p-quartz
stability field. The observed Th values
are in fact slightly lower, but still exceed
those values expected from
correction calculations. Again, the
application of compressibility and
expansion of quartz acc ording to the

full

model of Hosieni et al. (1985) result in
overestimated densities. The
complementary re -equilibration
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experiment RO010b was performed at
approximately 2 MPa lower pressures,
corresponding to a variation in molar
volumes of 27.56 to 27.63 cm3 - moli!
(Fig. 2b). Homogenization temperatures
should theoretically increase by +0.9 to
+1.6 °C reflecting these slightly different
experimental conditions. However, the
observed changes in T range up to
+2.5 °C, which must correspond to an
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Fig. 11. Experimental pressure histograms. (a) The

additional process caused by leakage
of the fluid inclusions. This process is
considered to be the  g-b transition of
quartz that induced a  series of micro -
cracks or enhanced local diffusion of
H20, resulting in a lower density. The
relative change in density is only about

T0.6% at a hydrother
MPa.
b -
o
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a-quartz experiment ( GMROO09b) gives

the range of Pexp. from 278.3 to 280.1 MPa with the mean value of 279.2 MPa (dashed line).

(b) The histogram based on the data of the

b-quartz experiment
range from 321.7 to 323.3MPa with a mean value of 322.5MPa (dashed line). The

GMRO10b gives the Pexp.
b-quartz

experiments show a normal distribution of the experimental pressure values. Detailed
experimental condition properties are summarized in Table 1 and in Appendix A.

4.5.4. Compositional and density
changes in re -equilibration experiments
with D 20

Re-equilibration experiments with D 20
(RO09a, RO10a, and RO013a) at the same

temperature and pressure, result in
efficient diffusion processes ofH20 out
of the inclusions and D 20 into the

inclusions. These results are consistent
with the experiments of Doppler et al.
(2013). The mobility ~ of  both
components is clearly illustrated by
changes in ice melting temperature of
individual inclusions (Table 2, Fig. 9).
Mixing of H20 and D 20 at c onstant
experimental conditions also results in
changes in homogenization
temperatures.

The combined changes of  Tm(ice) and
Th with increasing fraction of D 20 is
illustrated in Fig. 9.

The synthetic fluid
assemblage from the re -equilibration
experiment in the a-quartz stability field
(ROQ9a) display changes in  both Tm(ice)
and Th consistent with the theoretical
predictions (Fig. 9a). Therefore, the
exchange of H 20 and D 20 according
to the induced fugacity gradients is the
only process responsible for changes
the flui d inclusions and the variation in
change depends on the size and the
position of inclusions in the host relative
to the re -equilibrating fluid.

The re-equilibration experiment in
the b-quartz stability field (R010a) with
the

inclusion

in
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same molar volume as in the a-quartz
stability field results in larger shifts in
Tm(ice) and Th (Fig. 9b). The maximum
Tm(ice) is +3.7 °C which indicates a
nearly total exchange of H 20 and D20
in the relative short experimental run
time of 19 days. However, the
expected shiftin T due to this process is
much higher than the observed Th in
the sample (Fig. 9b). In other words, the
observed homogenization  temperature
is higher than expected from H 20 and
D.O diffusion alone. The relative
change in density in experiment R010a
according to these considerations is
about T 1. 5%. a-Atopmasition,of
quartz must have induced a total
volume increase postulated again to
be via the formation of micro -cracks
around individual inclusions, resulting in
a lower density.

The theoretically predicted changes
in Tm(ice) and T is larger in re-
equilibration experiment R013a (Fig. 9b)
in the b-quartz stability field at the same
temper ature  compared to the
experiment RO010a at lower pressures
(280 MPa). The observed changes in
temperature are similar to those
measured in R010a. Consequently, the
change in Th is much more dramatic
after the diffusion process that
exchanges H 20 and D 20. Therefore,
the density loss due to the  a-b transition
of quartz is more efficient at lower
pressures, and reaches relative values
upto T3.0% in ROLBp dhei
increase of loss towards lower pressures
is consistent with observations at room
pressures, where decrepitation  of fluid
inclusions at the a-b transition causes a
total loss of the fluid content in
inclusions (e.g. Hall and Bodnar, 1989).

45.5. Comparison with previous re -
equilibration experiments that are
affected by the  a-b6 quartz transition

Four phenomena have been identified
by a number of fluid inclusion
researchers that can affect fluid
inclusions composition and density in

quartz at high temperature. Th ese are:
1) fugacity gradient; 2) pressure
gradient; 3) a-b quartz transition; and 4)
microstructure. All of these factors
promote diffusion of fluid components
(mainly H 20) through the crystal lattice
and promote decrepitation, leakage,

or incomplete decr epitation. Our study
illustrates the effect of only the a-b
quartz transition on the diffusion of H 20
and D 20 as a water tracer. Although
fluid inclusion changes are clearly
enhanced if the a-b quartz transition is
crossed, mainly at relative lower
pressures, while these changes
become less pronounced at increasing
pressures. Most of the re -equilibration
experiments published by Sterner and
Bodnar (1989) were performed  in the b-
quartz stability field. Pure H 20 synthetic
fluid inclusions were subjecte d to high
internal overpressures (up to 400 MPa)
simultaneously with high gradients in
H20 fugacity. Moreover, the  a-b quartz
transition was crossed in  most
experiments. The results were mainly
analyzed in terms of general changes

in homogenization tempera tures of a
fluid inclusion assemblage, without
knowledge of changes in individual
inclusions. Internal overpressure and the

a-bquartz transiton may result in
uncontrolled total volume increase of

fluid inclusions (incomplete
decrepitation), and over -fuga city

results in diffusion of H.O out of the
inclusions. Each of these processes
result in the observed decrease in H 20
density in fluid inclusions, but the
individual contribution  of each process
cannot be quantified. At the selected
temperatures of the ex perimentation
(700 to 900 °C), diffusion is a highly
efficient process for fluid component
transfer through the quartz lattice
(Doppler et al., 2013). Diffusion of H
according to the imposed gradients
resulted in a decrease of internal
pressure in additi on to the loss of H20,
calculated with the
(Bakker, 2009). At equilibrium condition,
i.e. when the internal and external

20
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fugacities of H 20 are equal; the initial
internal overpressure is converted into
an internal under -pressure, unlike the
considerations of Sterner and Bodnar
(1989). In addition the experiments with
internal under -pressures (Sterner and
Bodnar, 1989) are submitted to similar
processes. However, diffusion of H 20
into the inclusions according to
fuga city gradients is not able to
produce an internal overpressure (see
Bakker, 2009).

Re-equilibration  experiments  with
synthetic fluid inclusions (10 mass %
NaCl) from Vityk and Bodnar (1995)

t hat si mul at e isothermak .
decompressiondéd or mab
compr es si ormpdformee atethe
exact temperature dpressure conditions
of the a&-b quartz transition. The set -up
of the Vityk and Bodnar (1995)
experiments did not allow any direct
comparison of specific fluid inclusions

before and after re -equilibrat ion,
because individual inclusions were not
characterized prior to re -equilibration.

The stepwise temperature and pressure
changes result in inclusions entrapment
at multiple conditions, during the
variable re -equilibration conditions. The
results were mainly given in terms of
texture (morphology of fluid inclusion
assemblages) and expected general

changes in homogenization
temperatures of a fluid inclusion
assemblage, according to the
empirical equations of Bodnar and

Vityk (1994). These experiments were
subjected to huge gradients in H 20
fugacity, which must have resulted in

diffusion at these conditions. NaCl is
assumed to remain immobile,
consequently, a change in salinity must

have occurred, but was not reported.
Similar to the experiments of Sterner
and Bodnar (1989), H 20 fugacity
gradients, pressure gradients and the a-
b quartz transition may have affected
the properties of the synthetic
inclusions, but the individual
contribution to the change In
homogenization temperatures (molar

volume) of each of these phenomenon
is unknown.

4.5.6. Implications for the interpretation
of natural fluid inclusions

The a-b quartz transition may occur in
metamorphic rocks that  are formed at
amphibolite and granulite facies, in
addition to contact metamorphism.
Fluid inclusions that are trapped under
these conditions in quartz may be
subjected to density lo ss due to a-b
gquartz transition during exhumation of
the rock. Our experimental work has
illustrated that the density loss is only
about 70.5% at 320 MPa hydrostatic
pressures, and rapidly increases
towards lower pressures. Consequently,
the a-b quartz tra nsition does not affect
fluid densities at higher pressure, at
metamorphic conditions that occur in

subduction zones and continental
orogenic belts. However, the
retrograde segment of a specific P-T-t

path (pressure -temperature -time) for a
rock may folow a decreasing
temperature during uplift and erosion,
which may reach conditions below 300
MPa around 600 °C. Fluid inclusions in
quartz in these rocks are most certainly
affected by density -loss due to the a-b
quartz transition.

4.6. Conclusions
Potentia | effects of the a-b quartz

phase transition on the properties of
fluid inclusions were investigated by re -

equilibration experiments with
synthesized H:20-rich inclusions. Fluid
inclusions were synthesized in the a-

quartz and b-quartz stability fields with
equal molar volumes, close to the
phase transition. Complementary re -
equilibration experiments were
performed at the same experimental
pressure and temperature to avoid
pressure gradients, fugacity gradients
and deformation. Therefore, any
changes in fluid properties of the
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inclusions were ¢ aused only by the a-b6
quartz transition.

Shape changes are independent of
the used fluid composition, either H-O
or D20. The majority of the originally
regular and equant fluid inclusions
reveal only minor changes in shape
after re -equilibration. Only elon gated
and irregular fluid i nclusions are
affected by shape ¢ hanges, and reach
relative values of 55% and 60% in shape

parameters in the a-quartz and &
quartz  re -equilibration  experiments,

respectively. Re-equilibration
experiments with pure H 20
demonstrate  only minor changes in
fluid inclusion properties in the  a-quartz

stability field. These experiments also
reveal the sensitivity of changes in fluid
inclusion density due to minor changes
in  experimental conditions.  Fluid
inclusions properties are signific antly
changed to lower densities after the re-
equilibration experiment in the  b-quartz,
due to the a-b quartz phase transition.
The magnitude of the hydrothermal
pressure affects the amount of density
loss. At 320 MPa, a density loss of
approximately 10.6% is observed,
whereas density loss up to 3.0% is
measured at 280 MPa after 19 days of
experimentation.

Additional fugacity gradients were
induced with pure D 20 re-equilibration
experiments. The mobility of both H 20
and D0 at the same conditions
illustrate s the efficiency of diffusion
processes within 19 days. Fluid inclusions
contain up to 53 mol% D 20 after the re -

equilibration experiment in the a-quartz
stability field, but up to 97 mol% D20
after re -equilibration in the  f-quartz

stability field. The observed changes in
homogenization temperatures illustrate
that density loss due to the a-b quartz
phase transition is an additional process

that affects inclusions from the b-quartz
re-equilibration experiments, and that
the density -loss caused by the a-b

quartz phase transition is more efficient
at lower pressures.
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Abstract The mobility of different fluid
species by diffusion through quartz
crystals was investigated using synthetic
fluid inclusions. Both, the initial synthesis
experiments and the subsequent re -
equilibration experiments were
performed at unique  P&T of 337 MPa
and 600 °C within the a quartz stability
field. Different series of synthesis and re -
equilibration experiments were
performed: 1) pure H:20 inclusions re -
equi | i brbatkéd 2) dure H:20
inclusions re -equilibrated with external
H.O0NaCl  mixture; 3) H:006NaCl
inclusions re -equilibrated with external
water; and 4) H2008NaCl inclusions re -
equi |l i br abtarkd . The salt
experiments were p erformed using
different brine concentrations, e.g. 19.8
mass % NaCl, 16.3 mass % NaCl, 10
mass % NaCl. It could be proved that
post entrapment fluid inclusion shape
changes are more dominant in pure
H20 inclusions, compared to minor
shape changes of brine -inclusions
which increase the solubility of the
surrounding quartz. Pure H 20 inclusions
which were faced to brine during re -
equilibration lost water according to
the induced water fugacity gradient.
Fluid inclusion salinity was increasing
during re -equili bration, whereas density
was decreasing. Re-equilibrated H 20-
NaCl inclusions which were faced to
pure H20 during re -equilibration
revealed a reverse diffusion behavior
after experimentation of 5 days, 19
days, and 40 days. Water moved
against the induced w ater fugacity
gradient after 5 days. Inclusions of

Doppler A Ronald J.
these assemblages lost water, with
increasing Th and decreasing  Tm(ice).

Re-equilibration of synthesized pure H 20
inclusions with external brine could
prove that NaCl is not diffusing through
quartz at the chosen PA&T, Tm(ice) did
not change, even after 40 days of
experimentation.  This  experimental
study shows that morphology, salinity,
and density of entrapped fluid
inclusions can be easily changed after
entrapment in natural rocks at crustal
conditions of 10 km depth and at a
standard geothermal gradient.

Keywords  Fluid inclusions-
diffusion- re-equilibration
experimental study- H 20- NaCl fluid

quartz-

5.1. Introduction

Fluid inclusions are important indicators
of rock forming conditions (Shepherd et
al., 1985), and knowledge about
possible post -entrapment modifications
of fluid properties are of major
importance to fluid inclusion studies.
These were discussed by prior a uthors,
e.g. Barker (1995), Kuster and Stockhert
(1997), Audétat and Gunther (1999),
and Ayllon et al. (2003) for natural fluid
inclusions. Their argumentation is mainly
based on the textural analyses of
individual fluid inclusions and a large
variety  in h omogenization  and
dissolution temperatures in a single fluid
inclusion assemblage. It does not
provide information about processes,
timing, and driving force of
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modifications.

Water and salt are  major
components in natural fluids that are
observed in fluid inclusions in most types
of rocks. These inclusions are often
hosted by quartz, which is a nominally
anhydrou s mineral. However, the
amount of water in quartz crystals is
defined by structural OH groups and
nano -scale water clusters, in addition
to fluid inclusions (Johnson, 2006;
Bakker, 2009; and references therein).
The presence of salt is restricted to fluid
inclusions.

Experimental re -equilibration studies
on synthetic H 20-NacCl fluid inclusions in
natural quartz were presented by
various authors (Sterner and Bodnar,
1989; Sterner et al.,, 199 5; Vityk and
Bodnar, 1995 and 1998). These
experiments do not allow t he
identification of the effect of individual
parameters on modification, such as
fugacity gradients, pressure gradients,
deformation, and a - bguartz phase
transition (see also Doppler and Bakker,
2014). For example, Sterner and Bodnar
(1989) performed exp eriments at 700 °C
and various pressures with gradients in
pressure (internal over - and under -
pressures) and H 20 fugacity gradients.
Both gradients were simultaneously
applied during 7 -day re -equilibration
experiments, which took partly place in
the b quartz stability field. Sterner et al.
(1994) performed re -equilibration
experiments at constant temperature
and pressure with highly saline synthetic
fluid inclusions in argon and pure H 20.
The results of this study are not
sufficiently elucidated, and th e
incompletely presented data does not
allow an unambiguous interpretation.
Moreover, most of the illustrated results
are inconsistent and cannot be
reproduced according to the lack of
an explicit experimental setup
description. The experiments of Vityk
and Bodnar (1995, and 1998) were
performed exactly at the a - Mmuartz
phase transition. Their experimental
setup does not allow a direct

comparison of individual fluid inclusions
before and after re -equilibrations, but is
based on a bulk analysis of Th values in
distribution diagrams. The stepwise
unloading of these experiments causes
the formation of multiple generations of
fluid inclusions with a variety of inclusion
densities, and each generation is
subject to different re -equilib ration
conditions. Histograms do not provide
information about the modification of

Th values of individual fluid inclusions,
and a large part of the data in these
histograms may  correspond to
synthesized inclusions, and not to re -
equilibrated inclusions.

Properties of various synthetic pure
H20 and H 20-NaCl fluid inclusions are
described for the experiments
presented in this study, before and after
re-equilibration. Experiments  were
performed exclusively at constant
temperature and pressure conditions
(337 MPa and 600 °C) exclusively within

the a quartz  stability field, for
evaluating only the effect of H 20-
fugacity gradients on fluid inclusion

modifications. The gradient in fugacity
(or chemical potential) causes bulk
diffusion of a component such as water
through a homogeneous anhydrous
medium such as quartz (Crank 1975,
Bakker 2009, Doppler et al. 2013).
Therefore, water diffusion in the form of
molecular H 20, and OH ions through
quartz is expected in our experiments.
NaCl is assumed not to diffuse through
the quartz crystal at the chosen
conditions. Experimental runtime varies
between 5, 19 and 40 days to
investigate time -dependent
parameters, such as diffusion.

5.2. Experimental procedure

5.2.1. Hydrothermal laboratory

All experiments were carried out in the
hydrothermal laboratory at the

University of Leoben (Austria). The
laboratory provides a high
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temperature -pressure apparatus that
enables conditions of maximum 1 GPa
hydrothermal pressure and 700 °C. The
device is ¢ onstructed with 10 Nimonic
IOS/René 41 autoclaves (Ni oCr alloy) in
a vertical position, with a cold -seal
system (e.g. Kerrick 1987). Argon is used
as pressure medium that is compressed
by a high -pressure pump system.
Pressure transducers monitored a
pressure variation of 2 MPa during the
experiments. The transducers are
calibrated up to 700 MPa with a Heise
dial gauge with an accuracy of 0.015 %

of reading. External furnaces induce
the appropriate temperature
conditions. The  temperature is
measured by an in ternal thermocouple
that allows direct monitoring and
registration of the sample temperature
with an uncertainty of 0.1 °C.
Temperature during the experimental
run was stabilized within 2 °C. The
internal thermocouple allows direct
controlling experimental temperature
conditions  during loading and
unloading according to specific fluid
isochores. Experimental pressure and
temperature were continuously logged

by the computerized system. Each
experiment in the present study, both

synthesis and the complementar vy re-
equilibration were exclusively
performed under hydrothermal

conditions without any temperature
and pressure gradients or deviatoric
stress.

5.2.2. Fluid inclusion synthesis

Fluid inclusions were synthesized
according to the method of Bodnar
and Sterner (1987). Natural inclusion -
free Brazilian quartz crystals were used
as starting material. Cores with a length
of approximately 1 cm and a diameter

of 275 mm were drilled along the
guartz cdaxis. These cores were partially
cracked by thermal shock  after heating
to 400 °C. Arc -welded gold capsules
were used as containers which were
loaded with the quartz core and pure

H-O , 19.8 mass % NaCl, 16.3 mass %
NaCl, or 10.0 mass % NaCl. The induced
cracks of the quartz cores entrapped
the surrounding fluid by fracture -
healing processes during the synthesis
experiment. Experimental PoT
conditions of each experiment are
given in Table 1. Loading and
unloading the experiments were
performed along specific isochores of
the entrapped fluid (Fig. 1) to prevent
any stress that could cause cracking
and deformation of inclusions due to
internal fluid over - or under -pressure.
Each synthesis experiment was carried
out with a run -time of 19 days. The
quartz cores were cut into
approximately 0.5 mm thick dis ks, which
were then polished on both sides to
estimate  morphological, volumetric
and microthermometric properties of
the original fluid inclusions (Appendix
A).

400 1 i ’l i IJ 1 1 1 i l’ 1 1 i 1
5 syntheses 599.7 °C—»i4/6014
3504 10 re-equilibrations 339.0 Mpa+ C
17 335.5 MPak i
300 18
250 20
& 22
= 2001 25
fog @
= &
150
&
o)
100 kY
501
crit pt
U T T T T T T T T T T T T T T
0 100 200 300 400 500 600 700
T/°C

Fig. 1 Experimental POT conditions of the
initial synthesis and complementary re -
equilibrati on experiments based on the
computerized logging -system of the
hydrothermal laboratory. The thick curve
illustrates the loading and unloading of the
experimental conditions with a logging
interval of 5 minutes. Thin solid lines are
isochores of pure H 20. crit pt is the critical
point of pure H 20, and the isochore of the
critical mol ar v ol uheis
also illustrated. The dashed line illustrates
the a - phase transition of quartz.
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5.2.3. Re-equilibration of fluid inclusions

The same quartz disks were used for re -

equilibration
temperature

experiments
and pressure conditions

at

similar

(Table 1). Two quartz rods, one below
and one above the relatively fragile
the gold
d any damages
during the re -equilibration experiment.
Pure H20, and aqueous mixture with
19.8 mass % NaCl, 16.3 mass % NacCl,
and 10.0 mass % NaCl were added to
-equilibration
experiments. Loading and unloading of
the pressure vessels was performed

analyzed quartz
capsule prevente

the gold capsule

disk

in

in

re

again along the
entrapped fluid

prevent any fluid over
within the inclusions and to obtain the
same experimental temperature and
pressure. Re-equilibration experiments
were carried out with variable run
from 5, 17, 19, 34 to 40 days. After th e
re-equilibration experiments dissolution

temperature

of

ice

specific isochore of the
with the intention to
- or underpressure

-times

(salinity),

homogenization temperature (density)

and

inclusions

morphology

(two -

dimensional analysis) were compared

to

these properties of the

synthesized fluid inclusions.

initially

Table 1 Experimental conditions and fluid properties of initial synthesis experiments ( GMR)

and corresponding re  -equilibration experiments ( R).
Experiment | H,0* NaCl® | Days| P" TS fd Vi @ Vi ©
GMRO003c 100 - 19 | 336.7+1.3 600.7+0.8| 176.1 +1.2 | 25.02 + 0.05 -
R0O03c 80 20 40 | 339.0+15 600.4+0.6| 157.4+1.4| 24.16 +0.03| 23.69+0.03
GMR004d,g 100 - 19 | 336.0+1.6 601.4+2.0| 176.0 +2.0| 25.06 + 0.09 -
R004d 80 20 19 | 337.4+1.0 600.2+0.5/ 156.5+0.8| 24.18+0.02| 23.71 +0.02
R004g 100 - 19 | 337.6+1.6 599.7+0.8| 176.1 + 1.4| 24.98 + 0.06 -
GMRO005a,b,c | 80.2 19.8 19 | 336.9+1.6 600.2+0.9| 156.2 +1.3| 24.19+0.04| 23.72 + 0.04
RO05a 100 - 19 | 336.4+1.6 599.9+1.0| 175.4+1.6| 25.01 +£0.06 -
RO05b 100 - 40 | 336.3+1.2 600.2+0.4| 1755+0.9| 25.02+0.04 -
RO05c 100 - 5 332.7+0.6 600.5+0.4| 173.5+0.6| 25.12+0.03 -
GMRO11a 90 10 19 | 337.4+0.6 599.8+0.3| 163.5+0.5| 24.42 +0.02| 24.17 +0.02
ROl1la 100 - 19 | 338.2+1.0 600.4+0.5| 176.8 +0.9| 24.98 + 0.04 -
GMRO14a,b,c | 83.7 16.3 19 | 337.5+0.7 600.1+1.2| 159.3+0.9| 24.26 +0.04| 23.84 + 0.04
RO14a 100 - 40 | 338.5+0.7 599.7+0.8| 176.6 £+ 0.9| 24.96 + 0.04 -
R014b 83.7 16.3 17 | 336.5+1.0 599.9+0.4| 158.7 +0.7| 24.23+0.01| 23.86 + 0.01
RO14c 83.7 16.3 34 | 337.6+1.3 599.8+ 0.5/ 159.2 +1.0| 24.21+0.01| 23.84 +0.01

a) Composition in mass %
b) Experimental pressure in MPa

c) Experimental temperature in °C
d) H20 fugacity (in MPa) and fluid

http://fluids.unileobe

e) Fluid molar volume (in cm3

5.2.4. Optical
microthermometry

analysis

n.ac.at )

molar volume (in cm 3 A mol-?) calculated with Haar et
al. (1984) for pure H 20 fluids and with Anderko and Pitzer (1993) for H
using the software Loner HGK and Loner AP, respectively (from R. J. Bakker,

200NaCl mixtures,

A mol-1) of H208NaCl mi xtures calculated with Driesner
(2007), using the software AqSo DH (from R. J. Bakker, http://fluids.unileoben.ac.at)

and

Each quartz disk was investigated by
and identification purposes (Appendix

microscopic

examinations

with an

optical microscope Olympus BX60. Up

to 100

fluid

inclusions
photographed for analyzing s

were
hape, size

volumes at experimental conditions are
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and identification purposes (Appendix

A). The distance to the crystal surface
of fluid inclusions was measured by
focusing the inclusions with adjusting

volumes at experimental conditions are
illustrated in Table 1.

Theoretical homogenization
temperatures of fluid inclusions can be

the z-direction of the microscope
stage. Morphological aspects of fluid
inclusions, i.e. (1) size and (2) shape
were characterized by tracing digitally
the outside edges of the inclusions at
room temperature according to Bakker
and Diamond (2006). Fluid properties,
i.e. (1) composition and ( 2) de nsity

calculated from the experimental
conditions of fluid entrapment (Table 1)
with the selected equations of state.
Pure H20 fluids trapped in the synthesis
experiment GMRO003c should
homogeni ze at 296. 2
correspond to the calculated molar
volume of 25.02 + 0.05 cm 3 A mol at

were analyzed by microthermometric experimental conditions. This
investigations. Homogenization and homogenization temperature is
dissolution  temperatures  of the corrected to 292.6

entrapped fluids were measured by
using the LINKAM MDS 600 and LINKAM
THMSG 600 heating -freezing stages,
which were calibrated with synthetic
fluid inclusions at -56.6 °C (melting of
CO2), 0.0 °C (melting of H 20), and 374.0

to the volumetric properties of the
quartz host (Hosieni et al. 1985), which
result in a molar volume modification of
the entrapped fluid of 24.77 £ 0.05 cm?3
A mol-t at Th. The synthesis experiments
GMR004d and g should reveal

°C (critical density of H 20). The homogenization temperatures of 293.2
resolution of temperature N 1.5 &cC.
measurements was 0.1 °C (see The theoretical homogenization

Doppler and Bakker, 2014). temperatures of H 20-NaCl inclusions
(19.8 mass % NaCl) from synthesis
experiments GMRO005a, b, and c are
cal cul ated at 329.7
to the purely empirical equations from

Driesner and Heinrich (2007) and

5.2.5. Calculation of fluid properties

The properties of pure H20 fluids were
calculated with the equation of state

from Haar et al. (1984) with the Driesner (2007). The relative quartz host
software Loner HGK contraction along the isochore towards
(http://fluids.unileoben.ac.at ). Fluid homogenization conditions is about 0.6

vol. %, which result in a minor correction
of the molar volume to 23.58 £ 0.04 cm?3
A mol-t at Th. The synthesis experiments
GMRO014a, b and c with 16.3 mass %
NaCl aqueous fluid inclusions should
reveal homogenization temperatures of
324.2 N 1.0 &C. The
10.0 mass % NaCl from synthesis
experiment GMROlla should have
homogenization temperatures of 314.5

inclusions density (and molar volume)
was calculated from homogenization
temperatures Th(LV A L). The salinity of
H20-NaCl inclusions was calculated
from dissolution temperatures of ice,
Tm(ice), with the software  AqSo WHS
(Bakker, 2012; software available from:
http://fluids.unileoben.ac.at ) from the
package  FLUIDS (Bakker 2003). The
software Loner AP and AqSo DH were

used for calculating density, molar N 0.4 &cC.
volume, fugacities and homogenization

temperatures for H 20-NaCl fluid

mixtures, with the equations from 5.3. Experimental results

Anderko and Pitzer (1993) and Driesner

and Heinrich (2007), Driesner (2007), 5.3.1. The HO blank re -equilibration

respectively (software available from: experiment
http://fluids.unileoben.ac.at ). The
calculated H 20 fugacity and molar The so cal | eequilbratiora n k
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experiment with pure H 20 was
performed with the same fluid species
for both the original synthesis
(GMRO004g) and the complementary re -
equilibration ( RO049q) at same
temperature and  pressure, to check if
the experimental setup is able to
influence the properties of fluid
inclusions. Pure H20 fluid inclusions were
synthesized at 601.4 + 2.0 °C and 336.0
+ 1.6 MPa and subsequently re -
equilibrated at 599.7 + 0.8 °C and 337.6
+ 1.6 MPa (Table 1, Fig. 1). Most of the
synthesized inclusions have a regular -
equant shape, whereas some are
regular -elongated (Fig. 2a).

Most fluid inclusions did not change
their shape after 19 days of re -
equilibration.  Significant changes in
fluid inclusions density due to
deformation processes that may be
induced by pressure gradients
between fluid inclusions and pore fluid
during loadin g and unloading the
experiments were not observed.
Homogenization temperatures of the
pure H:20 synthesis GMR004g reveal a
mean Th of 292.8 °C (Table 2, Fig. 3a),
and variation of FWHM (full with at half
maximum) from 291.4 to 294.1 °C,
which illustrates th e homogeneity of this
fluid inclusion assemblage.

a ) R004g ; b R005¢c
y O e 0
GMRO004g Jam B GMRO05¢ At
.
GMR003c R003c GMRO005a R005a
o L CO)
10um 2 10pm b
GMRO004d R004d GMR005b R005b
“» /@ Q
“40pm 3 ’ 10pm
C RO11a d , RO014a
§ «  EE Q
GMRO11a st GMR014a wLLe
e R014b 'RO14c .
1 : Q -
) ™ ¥ ® . . JEE % - -‘
\ // O N b - i
GMRO014b Jopm. GMRO014c sy LD
Fig. 2 Photomicrographs of the same inclusions before ( GMR) and after the re -equilibration

(R) experiments. a) R004g: H20 blank; R003c: 20 mass % NaCl; and R004d: 20 mass % NaCl.
b) R0O05c: 5d H20; R005a: 19d H20; and RO005b: 40d H20. ¢) R011a: 19d H20; d) R014a: 40d
H20; and e) RO014b: 17d 16.3 mass % NacCl blank; and R014c: 34d 16.3 mass % NacCl blank.
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Fig. 3 Homogenization temperature histograms of initial synthesis experiments. The

distribution is modelled according Gaussian distribution function (software

The thick dashed lines are the mean

R version 2.7.0).

Th, the thin dashed lines represent the FWHM. See text

and Appendix B for further information.
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Table 2 Fluid inclusion properties before (initial syntheses GMR) and after the re -
equilibration experiment ( R).

Synth. | n* | T, | Range | T,° | Variation | Reeq.| n* | T, | Range | T,* | Variation
GMRO0O03c 97 293.6 287.6/301.8 0.0 0.1 | R0O03c 84 2947 292.2296.9 0.0 0.1
GMR004d 100 292.5 289.5/295.6 0.0 0.1 R004d 68 294.4  292.3297.6 0.0 0.1
GMR004g 35 292.8 286.5/295.2 0.0 0.0 R004g 34 292.2 286.2295.3 0.0 0.1

GMROO5a 100 329.7 324.4/332.8 ¢16.5 +0.2 ROO5a 87  333.1 328.1336.4 ¢18.9 +1.7
GMRO0O5b 100 326.9 316.0/330.8 ¢16.9 +0.3 ROO5b 64  337.1 327.6342.1 ¢21.1 +1.1
GMRO0O5¢ 70  328.3 321.5/332.1 ¢l16.5 +0.0 R0O05¢c 67  326.5 319.63324 ¢q17.1 +1.0

GMROl1lla 97 3139 311.8/318.8 ¢6.6 +0.1 |R011a 96 3124 310.73145 ¢7.2 0.4

GMRO14a 71 3285 327.8/331.9 cl2.4 +0.0 RO1l4a 67 335.3 331.8338.4 (16.0 +2.0
GMRO14b 65 3319 327.0/337.2 ¢l2.2 +0.1 R014b 60 328.4 324.7+333.5 ¢12.8 +0.5
GMRO1l4c 60 328.4 324.9/335.1 ¢l12.3 +0.0 R0O14c 34 337.0 323.0331.4 ¢l12.8 +0.5

a) Number of measured fluid inclusions

b) Mean Th (homogenization temperature) in °C
¢) Minimum and maximum Ty in °C

d) Mean Tm (ice dissolution temperature) in °C
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This temperature corresponds to the
calculated values according to the
equation of state from Haar et al.
(1984). After re -equilibration ( R004g),
the mean Th is 292.2 °C, varying
between+3.1and -6 . 0 eéC (Ta
experimental setup, i.e. the in tended
experimental temperature and pressure

corresponds to the measured
properties of fluid inclusions. Direct
comparison of individual synthesized
and re -equilibrated fluid inclusions (Fig.
4a) indicates that the multiple isochoric
loading and unloading of the
experiments does not affect these
properties.

298 = -
2907] 334{ B R014b (n=60)
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Fig. 4 Homogenization temperatures before and after re
syntheses re-equilibrated with 20 mass % NaCl for different run
R003c). Experiment R004g i s
20 for 19 days. b) Two 16.3 mass % NaCl syntheses blank re
-times (17 days for experiment

experiment R004d and 40 days for
equilibration with pure H
equilibrated with 16.3 % with two different run
days for RO14c).

synth. T,(LV+L)/°C
-equilibration. a) Two H 20
-times (19 days for
t he

R014b and 34

5.3.2. Pure H20 fluid inclusions re - Fi g. 2a) tended t
equilibrated in 20 mass % NaCl shapebéd d ur i neaguilibtatiore
process, and demonstrate large

Re-equilibration of pure H
brine with 20 mass % NaCl (experiments

R0O03c for 40 days and RO004d for 19 days)

should give insights whether NaCl can

diffuse into fluid inclusions throu gh the

quartz disk and H 20 can diffuse out of fluid
inclusions according to gradients in
fugacity. These processes would modify
the density and composition of the
originally synthesized inclusions, which can
be verified by measuring a modification in
dissolution temperature of ice due to
increased salinity, and a modification in

homogenization temperature due to H 20

loss.
Originally irregular fluid inclusions  (R003c;
Fig. 2a) and elongated inclusions (  R004d;

20 inclusions in a

modifications in shape parameters
(Fig. 5). Considering the different
experimental run -times no subs tantial
differences in magnitude of shape
changes  could be observed
between the long term R003c and
the short term R004d (Fig. 5). The
maximum post entrapment shape
change was noticed after 19 days of

re-equilibration  ( R004d) with a
modification of 90 % in
perimeter/area ratio and in
elongation.

The fluid inclusions measured after
the 40 days re -equilibration
experiment ( RO03c) shows a
maximum shape change of 80 %.

resul t
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Fig. 5 Fluid inclusion shape change diagrams
of pure H 20 fluid inclusions, that were re
equilibrated with 20 mass % NaCl for 19 days
(experiment R004d) and 40 days for ( R003c).

060G best fit ellipsebd
defined as the relative change in the

major/minor of the best fit ellipse and the

relative change in the ratio perimeter/area
(see Bakker and Diamond, 2006).

The homogenization temperatures of the
pure H20 synthesis experiments GMR003c

and GMRO004d reveal a regular

distribution (Gaussian distribution) for both
experiments as illustrated in Figures 3b and

c and Table 2. The mean Th of experiment
GMRO003c was 293.6 °C, with a variation of
FWHM from 2920 to 296.0 °C and
GMRO004d showed a mean Th of 292.5 °C
with a varia tion in FWHM from of 291.7 to
293.2 °C which correspond to the

expected temperatures according to
calculated values from experimental
conditions:
é C, respectivel y.

temperature of all pure H 20 inclusions is
0.0 °C (Table 2). A modification of Tm(ice)
was nhot observed after re -equilibration
with a 20 mass % NaCl fluid in 19 days
(R0O0O4d) nor 40 days ( R003c). Therefore,
pure H20 inclusions were not enriched in

NaCl at 600 °C and 337 MPa. However,

of fluid inclusions were modified to higher
values during re -equilibration in both
experiments (Table 2, Fig. 4a), which
correspond to lower densities and a loss of
H20. The maximum positive shift in Ty for

the 40 days re -equilibration experiment

292.6 N

R0O03c was +2.1 °C. Th of the 19 days
experiment  R004d shifted to a
ma X i mu i ofG4.4 °C. The loss of
H20O is expected according to the
gradients in fugacity between fluid
inclusions and pore fluid (Table 1).

5.3.3. Fluid inclusions with 19.8 mass %
NaCl re -equilibrated in pure H 20

Synthesized 19.8 mass % NacCl
inclusions (GMRO005a, b, and c) were
re-equilibrated in pure H 20 at various
experimental run -times: for 5 days
(ROO5¢), for 19 days ( RO05a), and for
40 days (RO0O05b). It is expected that
H20 will diffuse into fluid inclusions
according to the fugacity gradient at

600 °C and 337 MPa (Table 1).
Consequently, fluid inclusions will be
enriched in H 20 and become less
saline whereas the density will
increase. These modifications can be
deduced from variations in Tm(ice)
and Th. Modifications in fluid inclusion
salinity and density sho uld progress
with increasing re -equilibration time
according to the principles of
diffusion.

Most fluid inclusions that have been
synthesized with 19.8 mass % NacCl in
the experiments GMRO005a, b, and c
showed regular and equant shapes
and did not change the morphology
significantly after re -equilibration (Fig.
2b). Inclusions already developed a
negative crystal shape after 5 days of
synthesis, and the perfection of this
shape does not provide any drivi ng
force for shape -modifications during
re-equilibration.

The original  synthesized fluid
inclusions in the experiments
GMRO0O5a, b, and c¢ reveal ice
dissolution temperatures of 91 6 . 5
which correspond to 19.8 mass%
NaCl (Table 2). After 5 days of re -
equi libration ( RO05c) at constant
temperature and pressure, the mean
Tm(ice) was modified to 617.1 °C,
varying between 319.6 and 332.4 °C,
corresponding to a salinity of 20.3
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