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THE ROLE OF FLUIDS IN GEOLOGICAL PROCESSES
Azbej Tristan
(ABSTRACT)

The role and behavior of fluids in hydrothermal and magmatic environments have
been studied. Experimental studies have been carried out to determine fluid
properties, in natural environments and in both synthetic and natural fluid and melt
inclusions.
One of these studies dealt with the effect of composition on the critical P-T-X
properties of aqueous salt solutions approximated by the H2O-NaCl-KCl-CaCl2
system. The results indicate a systematic variation in critical properties as a function
of composition over the range of P-T-X studied.
A technique for analyzing individual H2O-CO2 inclusions using Raman
spectroscopy has also been developed. The resulting empirical equation relating
Raman intensities and composition is valid for compositions ≤50mol% CO2. The
technique has been applied to H2O-CO2 inclusions from the Butte, MT Porphyry CuMo deposit and the results agree with compositions estimated from
microthermometric and petrographic observations.
The aim of another study was to study water loss from melt inclusions during
laboratory heating. Melt inclusions had lost insignificant amounts of water when held
at experimental conditions (800°C, 1 kbar) for ≤24 hours. However, significant water
loss was observed for longer duration experiments.
Ocelli, which are globular bodies of felsic minerals are interpreted as products
of magmatic melt immiscibility. As such, the carbonate aggregates in Cretaceous
lamprophyres from Hungary with similar petrographic characteristics have also
generally been interpreted to be products of magmatic immiscibility. Petrographic
and geochemic studies have shown three three distinct genetic groups for these
aggregates, none of which were consistent with a magmatic origin.
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CHAPTER I. - Introduction
This dissertation includes, in addition to this introductory chapter, four chapters
each describing a different project. The overriding theme that ties all of these studies
together is the role and behavior of fluids in hydrothermal and magmatic environments.
These projects include experimental studies to determine fluid properties, as well as
studies of fluids in both synthetic and natural fluid and melt inclusions.

I.1. Critical PTX properties of H2O-NaCl-KCl solutions
Hydrothermal fluids in their critical or near-critical states exhibit anomalous
physical and thermodynamic properties that affect mass and energy transport in
hydrothermal systems. This project investigated the effect of composition on the critical
P-T-X properties of aqueous salt solutions. Fluids approximated by the H2O-NaCl-KClCaCl2 system are common in many geologic environments including submarine
hydrothermal environments and other hydrothermal ore-forming systems. In this study,
P-T location of the critical point and the projection of the critical isochore have been
determined for various compositions in the H2O-NaCl-KCl-CaCl2 system, for salinities
≤3 molal. The results indicate a systematic variation in critical properties as a function of
composition over the range of P-T-X studied (Fig 1.1.).
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Figure 1.1. Critical points of 2 molal H2O-NaCl-KCl–CaCl2 solutions. Dashed lines
represent projected mixing curves between the binary end-member solutions. Ratios
represent the molar ratio of solutes in ternary and quaternary solutions.

I.2. In Situ Quantitative Analysis of Individual H2O-CO2 Fluid Inclusions by Laser
Raman Spectroscopy
Fluids approximated by the H2O-CO2±salt system are common in hydrothermal
ore deposits and in medium- to high-grade metamorphic rocks. Interpretation of fluid
inclusions from these environments requires information on the H2O-CO2 ratio of the
fluids because the isochores and metamorphic phase equilibria vary with fluid
composition. In this study a technique for analyzing individual H2O-CO2 inclusions
using Raman spectroscopy is described (Fig. 1.2.). This technique eliminates the need to
know the geometry of the inclusions and the host sample as required for quantitative
FTIR analysis and allows much smaller inclusions to be analyzed. The resulting
empirical equation relating Raman intensities and composition is valid for compositions
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≤50mol% CO2. The technique has been applied to H2O-CO2 inclusions from the Butte,
MT Porphyry Cu-Mo deposit and the results agree with compositions estimated from
microthermometric and petrographic observations.

Figure 1.2. Raman spectrum (at 350°C) showing the peaks for CO2 (1388 cm-1) and H2O
(3600 cm-1) that were used for calibration, as well as the lower member of the CO2 Fermi
diad (labeled CO2) the bending mode of H2O (1594 cm-1) and two quartz peaks (labeled
Qtz). The photomicrograph shows an H2O-CO2 inclusion containing 25 mole % CO2 at
25°C and at the homogenization temperature (295°C).

3

I.3. Experimental determination of H2O loss from melt inclusions during laboratory
heating
The volatile contents of magmas affect crystallization behavior and eruption
dynamics in volcanic systems. A common source of information on the volatile content
of magmas is melt inclusions trapped in igneous phenocrysts. Often melt inclusions are
partially to completely crystallized as found, and must be reheated in the laboratory
before they can be analyzed by Raman spectroscopy or Secondary Ion Mass
Spectrometry to determine the water content. There has been considerable discussion in
the literature concerning the effect of heating on the water content of the melt inclusions,
and some have suggested that water diffuses out of the inclusions during heating. The
goal of this study was to investigate the loss of water from melt inclusions during
laboratory heating. The first step was to develop an empirical relationship between
Raman peak intensities and water content using synthetic glasses with known water
contents. Then, melt inclusions with known water content hosted in quartz crystals from
the Bishop Tuff Rhyolite Formation were heated to 800ºC, 1 kbar for periods of time
ranging between 4 hours and 63 days. The results showed that melt inclusions had lost
insignificant amounts of water when held at experimental conditions ≤24 hours (Fig.
1.3.). However, significant water loss was observed for longer duration experiments.
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Figure 1.3. Relationship between water content of melt inclusions in quartz from the
Bishop Tuff and the amount of time held at 800ºC and 1 kbar. Each point represents the
average of at least 10 measurments in a sample set and the bars sorrounding it reach the
minimum and maximum values measured in that set.

I.4. Genesis of carbonate aggregates in lamprophyres from the northeastern
Transdanubian Central Range, Hungary: Magmatic or hydrothermal origin?
Lamprophyres are alkaline, mafic, igneous rocks that form in extensional tectonic
environments. These rocks sometimes contain up to a few weight percent of carbonate
minerals that appear to be similar to ocelli, which are globular bodies of felsic minerals
that are products of magmatic melt immiscibility. As such, the carbonate aggregates have
also generally been interpreted to be products of magmatic immiscibility. In this study
carbonate aggregates in Cretaceous lamprophyre dike rocks that are intruded into the
ALPACA (ALpine-PAnnonian-CArpathian) tectonic block (Western Hungary) were
examined (Fig 1.4.). Using petrography, microthermometry, major element composition,
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cathodoluminescence microscopy and thermobarometric calculations, we distinguished
three genetic groups for these aggregates, none of which were consistent with a magmatic
origin. Results of fluid inclusion and other geochemical studies are consistent with a
subsolidus hydrothermal origin for the carbonate aggregates in the lamprophyres (Fig
1.4.).

Figure 1.4. Estimates of P-T formation conditions for carbonate aggregates in the TCR
lamprophyres. The shaded field shows the pressure-temperature field for formation of
Type-I carbonate aggregates, defined by the isochores (dashed lines) for lowest and
highest measured homogenization temperatures and lowest and highest calculated
salinity. The vertical solid line shows the estimated maximum temperature of formation
and the horizontal line shows the assumed maximum pressure of formation. Also shown
the water-saturated carbonatite solidus from Boettcher et al. (1980).
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CHAPTER 2. PTX properties of H2O-NaCl-KCl-CaCl2 solutions in the vicinity of
the critical point

II.1. Introduction
The physical, thermodynamic and transport properties of H2O and aqueous
solutions vary systematically with changing temperature and pressure and affect the
ability of aqueous fluids to transfer mass and heat in hydrothermal environments (Bodnar
and Costain, 1991). Over most of crustal P-T space, fluid properties such as density, heat
capacity, viscosity, etc., change relatively little in response to small to moderate
temperature and/or pressure fluctuations. However, in the vicinity of the critical point,
relatively small changes in temperature and/or pressure can significantly affect fluid
properties and the ability of fluids to transfer mass and energy (Johnson and Norton,
1991). For example, studies have shown that temperatures at submarine black smokers
are often within fifty degrees Celsius of the critical temperature for the corresponding
fluid composition (Von Damm et al. 1992; Baker, 1995). Similarly, various models and
observations at seafloor vents suggest that hydrothermal fluids attain fluid flow and
convective thermal energy transfer maxima in these near-critical fluids (e.g., Bischoff
and Rosenbauer, 1985; Baker, 1995; Jupp and Schultz, 2000). The unique properties of
supercritical fluids have also led to their application as high efficiency solvents for
contaminant removal in industrial processes because critical and near-critical aqueous
fluids behave as "nonaqueous solvents" and have the ability to dissolve many nonpolar
organic compounds (e.g., Tester et al., 1993; Savage et al., 1995). Such fluids are also
miscible with O2 and provide an excellent medium for toxic waste oxidation to produce
harmless molecules (such as CO2 and N2) that can be segregated and collected through
fluid-phase separation upon cooling (e.g., Tester et al., 1993; Savage et al., 1995; Brunner
et al., 2001; Savage and Oh, 2001).
In order to better understand the evolution of hydrothermal systems and to further
develop industrial applications of supercritical fluids requires information on the physical
and chemical properties of aqueous fluids in the vicinity of the critical point. More
specifically, many fluid inclusions are trapped in hydrothermal environments at near7

critical conditions and our ability to interpret microthermometric data from these
inclusions is limited by the paucity of data in the vicinity of the critical point. A first step
in this process is to determine the P-T location of the critical point as a function of
composition. The critical point of pure H2O is well-constrained experimentally (IAPWS,
1991), and the critical points of some simple two-component aqueous systems over a
limited range of composition have been determined (Sourirajan and Kennedy, 1962;
Khaibullin and Borisov, 1966; Potter et al., 1976; Bodnar et al., 1985; Knight and
Bodnar, 1989; Oakes et al., 1994). However, studies to determine the critical points of
more complex multi-component compositions similar to those that occur in nature are
rare, thus limiting our ability to interpret fluid inclusions that contain such fluids. In this
paper we describe results of an experimental study to determine the P-T location of the
critical points of low to moderate salinity fluids in the H2O-NaCl-KCl-CaCl2 system as
well as the P-T location of the critical isochore for these compositions.

II.2. Phase Equilibria in Aqueous Salt Solutions
Phase relations of the one component system H2O are shown schematically in
Figure 2.1. The Gibbs’ Phase Rule defines the number of phases that can coexist in
equilibrium for a given number of components in a closed system according to:

F=C–P+2

(2.1)

where C represents the number of components, P is the number of phases and F
represents the number of degrees of freedom. Thus, in the one-component pure H2O
system three phases coexist in equilibrium at a point (zero degrees of freedom), two
phases coexist along a line (one degree of freedom) and one phase exists in an area (two
degrees of freedom).
Of particular interest here is the two-phase (liquid + vapor) coexistence curve that
extends from the triple point (TP; Fig. 2.1.; T= 0.01°C, P=611.657 Pa) to the critical
point (CP; Fig. 2.1.; T=374.1°C, P=22.064 MPa) (IAPWS, 1991). With increasing
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temperature along the liquid + vapor curve, the density of the liquid phase decreases and
the density of the vapor phase increases until they become identical at the critical point.
Thus, the critical point is defined as the temperature and pressure, at which the properties
of the liquid and vapor phases become identical, i.e., there is no distinction between
liquid and vapor. In a one-component system such as H2O, the critical point represents a
critical endpoint – two phases may not coexist in equilibrium at temperatures above the
critical endpoint. In a one-component system, fluids at temperatures above the critical
temperature are referred to as supercritical fluids (Fig. 2.1.).

Figure 2.1. Schematic phase diagram of H2O. Light grey area represent the supercritical
P-T conditions; CW and dark grey area represents the critical wedge. TP is the triple
point and CP is the critical point. Dotted lines are isochores that originate from one
common point on the liquid-vapor boundary (Th) but reflect vapor (V1, V2) and liquid
(L1, L2) densities. H2O inclusions that homogenize at Th by he disappearance of the
vapor phase could have trapped a liquid (L1), a supercritical 'liquid' (L2). Fluid
inclusions that homogenize to the vapor phase could have formed in the vapor field (V1)
or the supercritical 'vapor' field (V2).
The addition of a second component to the pure H2O system affects the topology
and phase relations in a predictable manner. Thus, the addition of CO2 causes the critical
curve to move to lower temperatures and higher pressures, whereas the addition of NaCl
causes the critical curve to migrate to higher temperatures and only slightly higher
9

pressures (Fig. 2.2.). According to the Gibb’s Phase Rule, four phases now coexist in
equilibrium at a point (zero degrees of freedom), three phases coexist along a line (one
degree of freedom), two phases coexist in an area (two degrees of freedom), and one
phase exists in a volume (three degrees of freedom).

Figure 2.2. Schematic phase diagram of H2O and the critical curves of the H2O-NaCl
(dotted line) and of the H2O-CO2 systems (dotted/dashed line). Solid line represents the
liquid-vapor boundary of pure H2O. Dashed arrows are critical isochores and grey areas
are critical wedges. C refers to a specific critical point on the critical curves. Insert shows
that general direction of critical point in P-T space for different solutes constituents in
aqueous solutions.
Abundant experimental data and theoretical models describing the critical PVTX
properties of aqueous salt solutions have been published. The best-characterized twocomponent system is H2O-NaCl (Sourirajan and Kennedy, 1962; Marshall and Jones,
1974; Urusova 1974; Pitzer, 1984; Bischoff et al., 1986; Bodnar et al., 1985; Knight and
Bodnar, 1989; Tanger and Pitzer, 1989 Anderko and Pitzer 1993a; Shmulovich et al,
1995; Povodyrev et al, 1999; Driesner and Heinrich, 2002). Experimental data and
theoretical models are in good agreement on the general topology of the critical curve of
NaCl-H2O solutions; however, significant differences in critical pressures and smaller
differences in critical temperatures have been observed above 2.5 molal (Driesner and
10

Heinrich, 2002). Critical pressures of H2O-NaCl solutions >2.5 molal measured by
Knight and Bodnar (1989) and correlated by Povodyrev et al. (1999) are significantly
lower than other experimental data (Sourirajan and Kennedy, 1962; Shmulovich et al.,
1995) and theoretical calculations (Tanger and Pitzer, 1989). Critical properties of dilute
H2O-KCl solutions (Khaibullin and Borisov, 1966; Potter et al., 1976) and of H2O-CaCl2
solutions up to 3 molal have also been determined (Oakes et al., 1994).
We use the schematic H2O-NaCl phase diagram after Bodnar and co-workers
(1985) to describe the high pressure and temperature phase behavior of a two-component
H2O-salt system (Fig. 2.3.). The H2O-NaCl system also serves as a good model for the
general topology of phase relations of other alkali metal and alkaline earth metal
chlorides (Valyashko, 2004). Figure 3 is a pressure – temperature projection of a threedimensional pressure – temperature – composition (P-T-X) diagram. Addition of NaCl to
H2O results in the migration of the critical point from the critical point of H2O (CH2O; Fig.
2.3.) to higher temperatures and slightly higher pressures (Fig. 2.3.). The critical curve
reaches a maximum pressure at some as yet undetermined temperature and salinity (Fig.
2.3.). The critical pressure then decreases with further increase in salinity until the
critical point of pure NaCl is reached (CNaCl; Fig. 2.3.). Unlike one-component systems in
which the critical point represents the end of a liquid + vapor coexistence curve, the
critical point in a two-component system such as H2O-NaCl represents a point on a
continuous phase boundary defined as the liquid-vapor (or dew-point – bubble-point)
curve. Thus, a moderate salinity solution has a critical point (C1H2O-NaCl; Fig. 2.3.) along
the phase boundary that separates the one-phase region from the two-phase liquid + vapor
region (L+V; Fig. 2.3.). Similarly, a higher salinity composition will have its critical
point further along the locus of critical points (C2 H2O-NaCl; Fig. 2.3.).
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Figure 2.3. Schematic segment of the phase diagram H2O-NaCl phase diagram. T
represents triple points, C the critical points, E the eutectic point and P the peritectic
point. Dotted/dashed lines border the fields of immiscibility for C1 and C2 compositions.
P1 represents the formation conditions of a fluid inclusion formed in the single (liquid)
phase field, and P2 represents the formation conditions of a fluid inclusion formed in the
two-phase field at C1 composition.
As noted above, critical and near-critical fluids exhibit anomalous physical and
chemical properties. Such anomalies reflect the fact that several thermodynamic
functions and their higher order derivatives diverge to reach extrema at criticality (e.g.
Johnson and Norton, 1991; Levelt Sengers, 1994; Levelt Sengers, 1998). One
representative example of anomalous behavior in the vicinity of the critical point is
enthalpy. The temperature derivative of enthalpy is zero along the critical isobar ((∂H /
∂T)P = 0) (Pc on Fig. 2.4.). As a result the isobaric heat capacity approaches infinity at the
critical point. Thermodynamic relationships also require that at critical conditions,
isothermal expansivity, compressibility, and diffusivity are at their maxima while the
viscosity:density ratio and the Born coefficients reach their minimum values (e.g.
12

Gammon, 1987; Johnson and Norton, 1991; Levelt Sengers, 1994; Levelt Sengers, 1998).
Anomalous fluid behavior is most evident along the critical isochore within a few tens of
degrees of the critical temperature. This region is referred to as the critical wedge (Figs.
2.1., 2.2.). Within this region, the mass and energy transport properties of fluids can
change by a large amount with small variations in pressure and temperatures (e.g. Bodnar
and Costain, 1991; Johnson and Norton, 1991).

Figure 2.4. Enthalpy – temperature diagram of a pure fluid. On the diagram a subcritical, a critical- (Pc), and a supercritical isobar is plotted. Black dot represents the critical
point. Insert shows equation for the critical isobaric heat capacity of the fluid.
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II.3. Experimental Methods
Synthetic fluid inclusions were produced following techniques described by
Sterner and Bodnar (1984) and Bodnar and Sterner (1987). A series of experiments were
conducted to identify P-T formation conditions that result in homogenization of fluid
inclusions by critical behavior as described by Knight and Bodnar (1989). Thermallyfractured Brazilian quartz prisms and 60 to 120µl salt solution of known composition
were loaded into platinum capsules. After the capsules were sealed and weighed, the
capsules were heated to 120°C in a vacuum oven and then re-weighed to check for leaks.
The capsules are then placed into cold-seal pressure vessels. Run durations were
typically between four and ten days, depending on the experimental conditions: longer
runs were needed for those experiments at lower pressure and temperature to produce
usable fluid inclusions. Formation pressure is assumed to be accurate to ±25 bars, and
temperatures to ±2 degrees Celsius. These values were confirmed by trapping pure H2O
inclusions at the same P-T conditions that H2O-salt inclusions were trapped at, and
interpreted using the equation of state for H2O of Haar et al. (1984).
During the runs, fractures in the quartz prisms are healed, entrapping droplets of
fluids to form inclusions. Samples were quenched and depressurized at the end of the
experiments and the vessels were removed from the furnaces. Capsules were examined
and weighed after cleaning to check for leakage or rupture during the runs. Quartz
prisms were then sliced to 1mm thick chips and polished for petrographic and
microthermometric analyses. Microthermometric data were obtained using Linkam 600
and 1500°C heating/freezing stages mounted on an Olympus petrographic microscope
and with a Fluid Inc. USGS-type gas flow heating/freezing stage mounted on a Leitz
petrographic microscope. All stages were calibrated using synthetic fluid inclusion
standards.
To determine the critical temperature, fluid inclusions were trapped along an
isobar over a range of temperatures (Fig. 2.5.). The inclusions were heated in a fluid
inclusion stage to determine the mode and temperature of homogenization. During
heating some inclusions homogenize to the liquid phase (Fig. 2.5A), others to the vapor
phase (Fig. 2.5B) and some by critical behavior (Fig. 2.5C). Critical homogenization
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occurs when the meniscus between the liquid and vapor phases gradually fades and
disappears, without expansion or shrinking of the vapor bubble. Homogenization to the
liquid phase indicates that the trapping temperature was in the liquid field, i.e., at a
temperature below the temperature on the critical isochore along the studied isobar.
Similarly, homogenization to the vapor phase indicates that the trapping temperature was
in the vapor field, i.e., at a temperature above the temperature on the critical isochore
along the studied isobar. The maximum formation temperature at which inclusions that
homogenize to the liquid phase were trapped, and the minimum formation temperature at
which inclusions that homogenize to the vapor phase were trapped bracket the
temperature of the critical isochore on the isobar. Generally, a second set of experiments
was required using smaller formation temperature increments to produce inclusions that
homogenized by critical behavior (Fig. 2.5.). The critical temperature is defined as the
homogenization temperature of fluid inclusions that homogenize by critical behavior, and
this temperature must lie on the critical isochore. The pressure and temperature at which
the inclusion was synthesized also defines a point on the critical isochore. To determine
the slope of the isochore, this same procedure was repeated along a second isobar to
determine a second point on the critical isochore. A straight line connecting these two
pressures and temperatures of formation and extrapolated to the measured critical
temperature defines the critical pressure (Fig. 2.5.).
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Figure 2.5. Determination of critical conditions of a solution using the slope-intercept
technique. First set of experiments is shown by empty symbols; circles represent
inclusions homogenized to the liquid phase, triangles represent inclusions homogenized
the vapor phase. Second set of experiments is shown by full symbols; dots represent
inclusions homogenized to the liquid phase, triangles represent inclusions homogenized
the vapor phase, diamonds represent inclusions homogenized by critical behavior. T1
through T3 are the experimental (formation) temperatures of the first set, P1 to P2 are the
experimental pressures. A-C) Drawings of inclusion homogenizing to the liquid, vapor
phase and by criticality (respectively through A to C). Dark parts represent the vapor
field, light parts represent the liquid phase. D) Pressure-temperature plot of a critical
isochore for sample solution. The pentagon represents the critical point; Tcrit is the
critical temperature, Pcrit is the critical pressure.
16

Critical pressures estimated from the slope-intercept technique described above were
confirmed with a different series of experiments. Once the critical temperature was
determined (following the procedure described above) fluid inclusions are synthesized
along the critical isotherm and over a range of pressures (Fig. 2.3.). Phase relations of
salt solutions require that, since the critical point falls on the one-phase field – two-phase
field boundary, fluid inclusions trapped at the critical temperature and pressures greater
than the critical pressure (P1; Fig. 2.3.) are in the one-phase field, while those trapped at
pressures less than the critical pressure (P2; Fig. 2.3.) are in the two-phase (liquid +
vapor) field. Fluid inclusions trapped in the two-phase field (P2; Fig. 2.3.) show a
bimodal distribution of phase relations when observed at room temperature, with liquidrich inclusions and vapor-rich inclusions. These inclusions may also show a wide range
in homogenization temperatures if they trapped mixtures of liquid and vapor (Bodnar et
al., 1985). In contrast, inclusions trapped in the one-phase field (P1; Fig. 2.3.) exhibit
uniform phase relations and homogenization behavior throughout an individual sample.
As with experiments along isobars described earlier, repeating the experiment at smaller
pressure increments along the isotherm leads to the generation of fluid inclusions that
homogenize by critical behavior. The formation pressure of these inclusions should be
identical (within experimental error) to the critical pressures estimated by the
extrapolation of the critical isochore to the critical temperature. Fluid compositions were
determined from freezing point depressions to confirm that the inclusions were trapped in
the one-phase field using the computer program SALTY developed by Bodnar and
coworkers (1989).
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II.4. Results and Discussion
Synthetic inclusions from 120 experiments have been analyzed. One to three
quartz chips were examined from every sample; on average five microthermometric
measurements were carried out on every chip. Results from this study were combined
with data from the literature to estimate the critical curves for H2O-KCl and for H2ONaCl-KCl solutions (1:1 atomic molal ratio) up to 3 molal. Additionally, the critical
temperature and pressure for 3 molal H2O-NaCl-KCl solutions (with 1:3 and 3:1 atomic
molal ratios of solutes) and for 2 molal H2O-NaCl-KCl-CaCl2 solutions (with 1:0:1, 0:1:1
and 1:1:1 atomic molal ratios of solutes) were determined. No experiments were
conducted for concentrations less than 1.5 molal because previous studies showed that
critical temperatures of low salinity H2O-KCl solutions were very similar to H2O-NaCl
solutions of the same salinity (e.g. Khaibullin and Borisov, 1966; Knight and Bodnar,
1989). These differences were too small to be resolved using the synthetic fluid inclusion
technique. Therefore, previously published data have been combined with our results to
describe the low salinity (<1.5 molal) segments of the critical curves.
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Table 2.1. Homogenization temperatures of and behavior of synthetic H2O–KCl
inclusions.
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In dilute (<2 molal) H2O-KCl-NaCl solutions, the mKCl /mNaCl ratio has a
negligible effect on the critical temperature (Fig 2.6.). The mKCl /mNaCl ratio becomes
increasingly important at higher concentrations: the critical temperature of a 3 molal
H2O-KCl solution is 42 degrees Celsius higher (552°C vs. 510°C) than that of an H2ONaCl solution of the same salinity, and the critical temperature increases systematically
with increasing mKCl /mNaCl ratio (Fig. 2.6.; Table 1). According to Knight and Bodnar
(1989) the critical temperature of H2O-NaCl solutions as a function of composition is
described by the empirical polynomial:
Tcrit = 374.1 + 53.671φ - 2.265φ2 - 0.1739φ3

(2.2)

Where Tcrit is the critical temperature in Celsius degrees, and φ is the molal concentration
of the salt. Critical temperatures of H2O-KCl solutions determined in this study are
described by the relationship:
Tcrit = 374.1 + 82.532φ - 33.656φ2 + 8.6608φ3

(2.3)

Data included in the regression analysis for Equation (2.3) include those of Khaibullin
and Borisov (1966) for dilute solutions (φ ≤ 1) and data from the present study for more
saline solutions (1.5 ≤ φ ≤ 3).
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Figure 2.6. Critical temperature curves of H2O-KCl-NaCl solutions.
The only ternary composition that was studied over a significant range of
salinities is H2O-NaCl-KCl with mKCl /mNaCl = 1. The relationship between salinity and
the critical temperature for this composition is described by:
Tcrit = 374.1 + 46.149 φ + 1.4796φ2

(2.4)

Equation (2.4) is valid for salinities up to 3 molal (0 ≤ φ ≤ 3).
The critical temperature of 3 molal solutions in the H2O-NaCl-KCl system
increases systematically with increasing (mKCl/mNaCl) according to:
Tcrit = 1.8065x2 + 41.561x + 510
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(2.5)

where Tcrit is the critical temperature of a 3 molal H2O-NaCl-KCl solution and x is the
molar ratio of KCl to NaCl (Table 2.3).
Critical pressures were determined by graphical projection of the critical isochore
to the critical isotherm as described above. Small deviations in the estimated slope of the
critical isochore on the calculated pressure result in an estimated error of ±2.5 MPa.
Taking this uncertainty into account, our results show that high salinity H2O-KCl fluids
have a higher critical pressure than H2O-NaCl solutions of matching molality, and that
the critical pressure increases systematically with increasing mKCl/mNaCl (Fig 2.7; Tables
2.1, 2.2). This relationship was also confirmed by data from fluid inclusions that were
trapped on critical isotherms as described above.
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Table 2.2. Homogenization temperatures of and behavior of synthetic H2O–NaCl-KCl
inclusions (mNaCl:mKCl = 1:1)
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The compositional dependence of critical pressure in the H2O-NaCl system was
described by Knight and Bodnar (1989) as:
Pcrit = 22.1 + 12.951φ – 0.30476φ2 + 0.04444φ3

(2.6)

where Pcrit is the critical pressure in MPa and φ is the salinity (molal). Figure 2.7. shows
critical pressures as a function of salinity in the H2O-NaCl, H2O-KCl and H2O-NaCl-KCl
systems. The relationship between the salinity (0-3 m) and critical pressure in the H2OKCl system based on results from this study is given by:
Pcrit = 15.732 φ + 22.1

(2.7)

The relationship between critical pressure and composition in the H2O-KCl-NaCl system
(mKCl/mNaCl = 1:1) is given by the empirical equation:
Pcrit = 13.744φ + 22.1

(2.8)

Equations (2.7) and (2.8) are valid from 0 to 3 molal and are based on data from
Khaibullin and Borisov (1966) and data from this study. The relationship between critical
pressure and composition for a 3 molal solution in the H2O-NaCl-KCl is given by:
Pcrit = -2.8387x2 + 13.832x + 59

(2.9)

where Pcrit is the critical pressure and x is the molar ratio of KCl to NaCl (mKCl/mNaCl)
(Table 2.3.).
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Table 2.3. Homogenization temperatures of and behavior of synthetic H2O–NaCl-KCl
inclusions (mNaCl:mKCl = 3:1 and 1:3).

In fluid inclusion studies, knowing the P-T projection of the critical isochore can provide
useful constraints on inclusion formation conditions. Thus, inclusions that were trapped
in the one-phase field and which homogenize to the liquid phase must have been trapped
at P-T conditions above the critical isochore. Slopes of critical isochores were determined
from the formation conditions of fluid inclusions that homogenize by critical behavior, as
described above (Fig. 2.8.). The slope of the critical isochore for H2O-KCl solutions is
less steep than those for H2O-NaCl solutions of the same salinity (Fig.2.8.).
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Figure 2.7. Critical pressure curves of H2O-KCl-NaCl solutions.
This suggests that H2O-KCl critical fluids are less compressible than those of
H2O-NaCl solutions of similar salinity.
Knight and Bodnar (1988) reported the following relationship between critical
temperature and pressure in the H2O-NaCl system:
P= 209.4 – 205.6T + 0.006896T2 - 8.903 * 10-6T3 + 4.214*10-9T4

(2.10)

Where P is the critical pressure and T is the critical temperature. The relationship
between critical temperature and pressure for H2O-KCl, based on results of this study, is:
P= 729.64 – 5.3276T + 0.01276T2 – 1*10-5T3
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(2.11)

As shown on Figure 2.9., the P-T projections of the H2O-NaCl and H2O-KCl curves
appear similar, but note the significant and increasing difference in salinity for the two
systems.
A few preliminary measurements were conducted on 2 m H2O-NaCl-KCl-CaCl2
solutions to investigate the effect of CaCl2 compared to NaCl and KCl. Our results,
combined with data from Oakes and co-workers (1994) demonstrate that H2O-CaCl2
solutions have significantly higher critical pressures and somewhat lower critical
temperatures compared to 2 m KCl and NaCl solutions (Fig. 2.10.).

Figure 2.8. Critical isochore slopes of H2O-KCl-NaCl solutions.
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Figure 2.9. Critical curves of H2O-KCl and H2O-NaCl solutions.
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Figure 2.10. Critical points of 2 molal H2O-NaCl-KCl–CaCl2 solutions. Dashed lines
represent projected mixing curves between the binary end-member solutions. Ratios
represent the molar ratio of solutes in ternary and quaternary solutions.
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II.5. Summary
Experimental results show that the critical temperature and pressure of H2O-NaClKCl solutions varies systematically with composition. Compared to H2O-NaCl, the
critical temperature and pressure of H2O-KCl for a solution of the same salinity is higher,
and this difference increases with increasing salinity. Results of this study suggest that
the PTX properties of H2O-NaCl may be appropriate to model the behavior of low
salinity fluids, but that significant errors may result for salinities greater than 3 molal.
Results of this study may used to predict the mass and energy transport behavior
of convecting hydrothermal systems. Fluids have very different transport properties,
depending on whether they are in a supercritical, critical, subcritical one-phase or
subcritical multi-phase state. This has a great effect on their mass and energy transport
capabilities in hydrothermal environments. Of special interest is the P-T region in the
vicinity of the critical point and along the critical isochore, where most fluid transport
properties show extrema (either maxima or minima). Results from this study provide
information on the P-T conditions at which this region of extrema should occur for
different fluid compositions.
The locus of critical points in a given fluid system defines the boundaries of the
P-T field in which an immiscible liquid and vapor can coexist. Knowing the location of
this boundary between one-phase and two-phase conditions thus provides constraints on
conditions associated with postmagmatic processes such as late stage crystallization and
hydrothermal ore deposition.
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CHAPTER 3. In Situ Quantitative Analysis of Individual H2O-CO2 Fluid Inclusions
by Laser Raman Spectroscopy

Co-authored chapter: Tristan Azbej, Matthew J. Severs

III.1. Introduction
Fluid inclusions with compositions approximated by the H2O + CO2 ± NaCl
system are common in many geologic environments, including hydrothermal ore deposits
and medium- to high-grade metamorphic rocks (e.g. Roedder, 1984). The presence of
even small amounts of CO2 can significantly affect phase equilibrium and PVT properties
of the inclusion fluids, compared to CO2-free fluids (Bodnar et al., 1985; Diamond,
2003). Therefore, accurate interpretation of microthermometric data from CO2-bearing
inclusions requires information on the CO2 concentration of the inclusion fluids. This
study describes a technique to determine the CO2 concentration, based on Raman
spectroscopic analysis of individual inclusions. This method builds upon earlier studies
in which Laser Raman Spectroscopy (LRS) (e.g. Seitz et al. 1992; 1993; 1996; Leng et
al., 1998; Dubessy et al., 1999; 2001; Pironon et al., 2003) and Fourier Transform
Infrared Spectroscopy (FTIR) (e.g., Linnen et al., 2004) were used for quantitative
analysis of volatile-bearing inclusions.
Several previous studies have described the application of Raman spectroscopy
for quantitative analysis of H2O-CH4 fluid inclusions. These workers calibrated the
technique using synthetic inclusions of known composition (Leng et al., 1998; Dubessy et
al, 1999), and the results have been applied to determine compositions of natural H2OCH4 inclusions containing <10.4 mol% CH4 (Dubessy et al, 2001). Pironon et al. (2003)
observed an increase in the CH4/H2O peak intensity ratio at temperatures at >175°C.
They related this increase to decomposition of the water stretching band and discussed
the implications for quantitative applications. Seitz and coworkers (1992; 1993; 1996)
developed a technique to determine the composition and pressure in CO2-CH4 and CH4N2 inclusions based on relative LRS peak height (intensity), peak area (integrated
intensity) and peak width at half maximum intensity.
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Rosso and Bodnar (1995) combined Raman spectrometry with microthermometry
to determine the minimum detection limits for CO2 in H2O-CO2 inclusions, and used
Raman spectra to determine the density of the homogenous CO2 phase in inclusions.
Bodnar et al. (1996) presented a preliminary calibration equation relating CO2
concentrations to the Raman peak intensities. Shuling (1998) observed a linear
relationship between the CO2 peak intensity and CO2 concentration in the gas phase of
H2O-CO2 inclusions at room temperature. However, he did not observe a simple
relationship between CO2 concentration in the liquid phase and CO2 peak intensity.
Nambu et al. (1990) used FTIR to analyze powdered quartz containing synthetic H2OCO2 fluid inclusions. Linnen et al. (2004) analyzed homogenized, H2O-CO2 synthetic
fluid inclusions containing 12.5 to 62.5 mole % CO2 using FTIR. While both LRS and
FTIR have been applied to the quantitative analysis of H2O-CO2 inclusions, LRS is the
preferred technique because inclusions as small as 1 µm can be analyzed (compared to a
minimum of about 25 µm with FTIR) and knowledge of the thickness of the host is not
required for quantitative LRS analysis, unlike FTIR (Wopenka and Pasteris, 1986;
Pasteris et al., 1988).

III.2. Analytical Methods
The synthetic fluid inclusion technique (Sterner and Bodnar, 1984; Bodnar and
Sterner, 1987) was used to produce H2O-CO2 standards for calibration. Oxalic acid and
H2O were loaded into platinum capsules (5 mm OD x 2.5 cm long) to form fluid
inclusions with compositions ≤50 mole % CO2. Oxalic acid decomposes explosively at
157°C to produce equimolal concentrations of CO2 and H2O, as well as H2, according to
the reaction (Sterner and Bodnar, 1991):
(COOH)2 • 2H2O → 2CO2 + 2H2O + H2

(3.1)

As shown by equation (1), one mole of H2 is generated for every two moles of
CO2 and H2O by decomposition of oxalic acid. Owing to the stoichiometry of Equation
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1, inclusions containing >50 mol% CO2 cannot be synthesized using this method.
Representative inclusions were analyzed by Raman to test for the presence of H2 (major
peak at 4156 cm-1), but none was found. The lack of H2 in the inclusions is consistent
with previous studies by Mavrogenes and Bodnar (1994) who documented the rapid loss
of H2 from inclusions at elevated temperature by diffusion through quartz, and is also
consistent with the high permeability of platinum to hydrogen at elevated temperatures
(Chou, 1986). The redox gradient between the initial hydrogen-bearing fluid in the
capsule and the more oxidizing Ni-NiO buffer environment outside of the capsule
(controlled by Ni-bearing stainless steel of the pressure vessel) serves as the driving force
for hydrogen diffusion.
Known amounts of liquid water and oxalic acid were added to the capsule along
with thermally-fractured and (virtually) inclusion-free ‘Brazilian quartz’ cores or prisms
to serve as the host for the inclusions. After sealing, the capsules were weighed,
maintained at 120°C in a vacuum oven for several hours, and weighed again to assure the
quality of the seal. If no leakage occurred, the capsules were loaded into externallyheated, cold-seal pressure vessels, pressurized, and heated to the desired experimental
conditions, typically 3 kbars and 600°C, to assure that the inclusions are trapped in the
single-phase fluid field. During the experiment, fractures in the quartz heal and trap the
homogenous solution to produce synthetic fluid inclusions. After 7 to 10 days, the vessels
were removed from the furnaces and quenched. The capsules were cleaned and weighed
to check for leakage during the runs. Quartz cores were sliced into 1mm thick disks and
polished for petrographic and microthermometric analyses.
In order to determine the bulk composition by LRS, the inclusions must contain a
homogeneous fluid at the time they are analyzed. Additionally, all analyses should be
conducted at the same temperature to minimize variations in the Raman spectra as a
function of temperature, as discussed in more detail below. In the pure H2O-CO2 system,
the maximum temperature at which two phases (H2O-rich and CO2-rich) may coexist is
the critical temperature of H2O, as addition of CO2 results in a shift in the critical
temperature to lower temperatures and higher pressures (Franck and Todheide, 1959;
Takenouchi and Kennedy, 1964; Bodnar and Costain, 1991; Sterner and Bodnar, 1991;
Diamond, 2003). Thus, ideally, the calibration and analysis of H2O-CO2 inclusions
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should be conducted at 374.1°C (or higher) to assure that all inclusions, regardless of
composition or density, are homogeneous. However, H2O-CO2 inclusions generate
significant internal pressures during heating (especially after they homogenize), and may
leak or decrepitate if the internal pressure approaches 1 kbar (Leroy, 1979; Bodnar et al.,
1989; Bodnar, 2003). This often precludes heating of the inclusions significantly beyond
the homogenization temperature. As a compromise, the synthetic inclusion calibration
was conducted at 350°C. This temperature is sufficiently high that, except for inclusions
representing a narrow range in composition and density, all H2O-CO2 inclusions should
be homogeneous at 350°C, yet this temperature is sufficiently low that most inclusions
have not leaked or decrepitated. In this study, the H2O-CO2 synthetic fluid inclusions
homogenized between 292 and 339°C, and decrepitation was only rarely observed during
heating to the analytical temperature (350°C). In fact, one sample containing 12.5 mole %
CO2 inclusions that homogenized at 307°C was heated to 450°C with no evidence of
leakage or decrepitation. However, high density natural inclusions may stretch or
decrepitate before homogenization is achieved. Stretching of inclusions does not change
the composition of the trapped fluid (Bodnar, 2003), and analysis of such inclusions
should provide reliable compositions.
Analyses of homogenized inclusions were carried out using a Jobin Yvon Horiba
HR 800 LabRAM Raman microprobe equipped with an Olympus BX 41 petrographic
microscope and a Linkam THMSG 600 heating stage that was calibrated using synthetic
fluid inclusion standards (Sterner and Bodnar, 1984). The microprobe was equipped with
an Ancor electronically cooled charge-coupled device (CCD) detector and analyses were
carried out using a 514.57 nm Ar-ion laser operated in confocal mode with the slit width
set to 150 µm and confocal aperture set to 400 µm. A 40x microscope objective with a
cover glass correction was used to improve signal throughout following the method of
Adar et al. (2004). Spectra were collected in two windows (1000 - 2500 cm- 1 and 2360 3860 cm- 1) covering the range from 1000 to 3860 cm-1, which includes the Fermi diad
peaks of CO2 and the O-H stretching band of H2O (Fig. 3.1). Spectral resolution (related
to one pixel of the detector) was approximately 1.4 cm-1.
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Figure 3.1. Raman spectrum (at 350°C) showing the peaks for CO2 (1388 cm-1) and H2O
(3600 cm-1) that were used for calibration, as well as the lower member of the CO2 Fermi
diad (labeled CO2) the bending mode of H2O (1594 cm-1) and two quartz peaks (labeled
Qtz). The photomicrograph shows an H2O-CO2 inclusion containing 25 mole % CO2 at
25°C and at the homogenization temperature (295°C).

During the initial stages of this study, data collection and interpretation
parameters were varied to determine the best compromise between acquisition time and
data reproducibility. Spectra were interpreted after manual baseline correction to
eliminate background noise using the Labspec software. These tests showed that H2O
and CO2 peak area ratios show little variation after about 5 60-second accumulations (300
seconds total acquisition time) (Fig. 3.2). Thus, all spectra reported here represent 5
accumulations of 60 seconds each and, on average, ten fluid inclusions were analyzed for
each composition. Several previous workers showed that both peak area and peak
intensity are proportional to the number of target molecules in the analytical volume and
that either could be used to determine compositions of fluid inclusions (e.g. Schrötter and
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Klöckner, 1979; Dubessy et al., 1989; Seitz et al., 1996). In this study we confirm these
earlier findings and also document that while the linear peak intensity ratio varies as a
function of temperature, the peak area ratio remains fairly constant. The implications of
this result for fluid inclusion analysis are considered below.

Figure 3.2. Raman linear peak intensity ratios calculated for different acquisition times
from a 25 mole % H2O-CO2 inclusion. IA represents the CO2 linear peak intensity at
1388 cm-1 and IB represents the H2O linear peak intensity at 3600cm-1.

III.3. Results and Discussion
A typical Raman spectrum of an H2O-CO2 fluid inclusion is shown on Figure 1,
and includes the Fermi diad for CO2 (2ν2 at 1388 cm-1 and ν1 at 1285 cm-1, as reported by
many workers including Dickinson et al. (1929), Herzberg (1945), Davis and Oliver
(1972) and Anderson (1977)), the bending mode band of H2O at 1594 cm-1 and the broad
H2O band between approximately 3200 and 3750 cm-1. For the sake of simplicity we
refer to this last band as the ‘H2O peak at 3600 cm-1’.
Previous workers have described variation in the Fermi diad that reflects changes
in the vibrations of CO2 molecules in an aqueous environment (Davis & Oliver, 1972;
Anderson, 1976). According to these reports the diad peaks included shift from 1388 cm1

and 1285 cm-1 to 1383 cm-1 and 1274 cm-1, respectively, when CO2 is dissolved in H2O.

This shift reflects the formation of bonds between CO2 and H2O molecules (Davis &
Oliver, 1972; Anderson, 1976). The most common CO2 aqueous species under the
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studied conditions is CO2(aq). The fact that the general symmetry of the Fermi diad for
pure gaseous CO2 is similar to that of CO2(aq) suggests that the average symmetry of the
molecule does not change significantly during solution (Davis & Oliver, 1972; Anderson,
1976). Spectra collected from H2O-CO2 solutions in this study also show a Fermi diad
symmetry that is similar to that of pure CO2. However, the peaks do not shift to lower
frequencies as expected. T he reason for this is not fully understood, and the effect of
temperature on the spectrum of CO2 is not well known.
Several combinations of CO2 and H2O peak area and intensity ratios were
analyzed statistically to determine the combination that gave the most consistent results.
The linear peak intensity ratio (IR) of the higher energy-state member of the CO2 Fermi
diad (2ν2) at 1388 cm-1 divided by the sum of the intensities of the 2ν2 component of the
Fermi diad at 1388 cm-1 and the O-H stretching vibration band of H2O at around 3600
cm-1 provided the smallest statistical error throughout the studied compositional range.
Using these parameters, the relationship between linear peak intensity ratio (IR) and fluid
composition at 350°C is given by:
Mole % CO2 = e -3.959 IR

2 + 8.0734 IR

(3.2)

where IR is the intensity ratio defined above (Fig. 3.3, Table 3.1). Equation (3.2)
is valid for compositions between 0 and 50 mole % CO2 in the H2O–CO2 binary system.
The R-squared value of the regression curve is R2 = 0.9894 and standard errors are the
same magnitude as those reported by Linnen et al. (2004) for FTIR analysis of H2O-CO2
fluid inclusions. The standard error is lower for compositions less than 25 mole% CO2
and higher for the 25 and 50 mole % CO2 compositions (Table 3.1.).
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Figure 3.3. Relationship between composition of H2O-CO2 inclusions and Raman
spectral intensity ratios. IA represents the CO2 linear peak intensity at 1388 cm-1, IB
represents the H2O linear peak intensity at 3600cm-1 and ln(mole % CO2) is the natural
logarithm of the CO2 concentration in mole %. The calibration curve is extrapolated to 0
mole % CO2, however the lowest CO2 concentration analyzed was 2.5 mole %
Table 3.1. Raman linear peak intensity ratios of H2O-CO2 synthetic fluid inclusion
standards.
Mole %
CO2
2.5
5
10
12.5
17.5
25
40
50

Th (°C)

IR

Std Dev %

# Spectra

305
302
302
305
309
293
310
316

0.10
0.19
0.35
0.39
0.48
0.58
0.68
0.73

3.31
6.94
3.87
8.06
2.21
8.90
6.22
11.7

12
12
14
6
9
8
10
12

Th is the average homogenization temperature of inclusions within the sample;
IR is the intensity ratio of the 1388 cm-1 CO2 peak divided by its sum with the intensity of
the 3600 cm-1 H2O band;
Std Dev represents the standard deviation in percent;
# Spectra is the number of spectra acquired for each sample.
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Calibration equation (3.2.) describes the relationship between the intensity ratio
and composition at 350°C. However, it may not always be possible to analyze natural
H2O-CO2 fluid inclusions at 350°C as they may decrepitate during heating to that
temperature (Bodnar et al., 1989; Bodnar, 2003), or they may have a homogenization
temperature in excess of 350°C. To examine the effect of temperature on the relationship
between the Raman intensity ratio and composition described by equation (3.2), six
inclusions containing 12.5 mole % CO2 were analyzed at several temperatures ranging
from the homogenization temperature (307°C) to 450°C. Results show that the intensity
ratio (IR = ICO2 / (ICO2 + IH2O)) decreases with increasing temperature (Fig 3.4., Table
3.2.). This relationship between temperature and IR is the opposite of that described by
Pironon et al. (2003) for the CH4-H2O system. The deviation of the IR from that obtained
at 350°C and predicted by equation (3.2) is given by the relationship:
∆IR = IR* – IR

(3.3)

where ∆IR is the intensity ratio difference, and IR and IR* describe the CO2 and
H2O linear peak intensity ratios (= ICO2 / (ICO2 + IH2O)) at 350°C and at the analytical
temperature, respectively. Based on our results, IR* for a 12.5 mole % CO2 inclusion is
described by the relationship:
IR* = -0.0009 T + 0.7131

(3.4)

where T is the analytical temperature in degrees Celsius (Fig. 3.4). Equation (3.4)
is valid from 307°C to 450°C.
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Figure 3.4. Raman linear peak intensity ratios of CO2-H2O inclusions containing 12.5
mole % CO2 acquired at temperatures between 307°C and 450°C. Filled symbol at
350°C represents the intensity ratio used in equation (2). Grey line represents a linear
regression of the data that is constrained to pass through the data point at 350°C. IA
represents the CO2 linear peak intensity at 1388 cm-1, IB represents the H2O linear peak
intensity at 3600cm-1.
Table 3.2. Raman spectral linear peak intensity ratios of H2O-CO2 synthetic fluid
inclusion standards collected at various temperatures.
T(°C)
307
325
350
375
400
425
450

IR
0.45
0.43
0.40
0.39
0.38
0.35
0.34

Std Dev %
3.72
3.64
8.27
8.86
10.6
7.19
18.4

# Spectra
6
6
6
6
5
5
4

IR is the intensity ratio of the 1388 cm-1 CO2 peak divided by its sum with the intensity of
the 3600 cm-1 H2O band;
T(°C) is the analytical temperature;
Std Dev represents the standard deviation in percent
# Spectra is the number of spectra acquired at each analytical temperature.
As noted above, during the initial stages of this study various spectral parameters
were tested to describe the relationship between fluid composition and Raman spectra.
The intensity ratio determined at 350°C and described by equation (3.2) offered the best
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reproducibility (smallest standard deviation) of all the parameters tested. However, as
shown in Figure 3.4., this relationship should only be used if the inclusions are analyzed
at 350°C. Conversely, the peak area ratio (AR), defined as the ratio of the area under the
CO2 Fermi diad (2ν2) peak at 1388 cm-1 divided by the sum of the areas of the the 2ν2
component of the Fermi diad and the O-H stretching vibration band of H2O at around
3600 cm-1 (AR = ACO2 / (ACO2 + AH2O)) is independent of temperature over the range
307°C to 450°C (Fig. 3.5., Table 3.3). The peak area ratio has been calculated for each of
the inclusions used in the calibration, and the results indicate the following linear
relationship between peak area ratio and composition:
Mole % CO2 = 312.5 AR

(3.5)

where AR is the peak area (integrated intensity) ratio defined above (Fig. 3.6,
Table 3.4). Equation (3.5) is independent of temperature over the range from about 300°C
to 450°C. However, the standard deviation is significantly larger (Fig. 3.6, Table 3.4)
than that for equation (3.2), which describes the relationship between linear peak
intensity and composition. We recommend that the linear peak intensity ratio and
equation (3.2) be used to determine the compositions of H2O-CO2 fluid inclusions if they
can be analyzed at 350°C. If the analyses are conducted at some other temperature,
equation (3.5) should be used, recognizing that the error in composition is likely to be
greater than that obtained with equation (3.2). Also note that equation (3.5), relating peak
area ratio and composition, should not be used for compositions greater than about 25
mole % CO2 because the error becomes significant for higher CO2 concentrations.
Finally, we note that Burke (1994) suggests that CO2 concentrations in fluid inclusions
should be calculated based on the sum of the peak areas for both peaks of the CO2 Fermi
diad (2ν2 at 1388 cm-1 and ν1 at 1285 cm-1). However, when both peaks of the Fermi diad
were used here, the standard deviation was somewhat larger than that obtained using only
the higher wave number peak at 1388 cm-1. That can be explained by the lower linear
peak intensity of the ν1 member of the Fermi diad and interference by the quartz peak at
around 1160 cm-1 which partially overlaps the 1265 cm-1 gas phase ‘hot’ band attached to
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the ν1 member of the CO2 Fermi diad. For this reason, the calibration presented here
includes only the area for the 1388 cm-1 peak.

Figure 3.5. Raman peak area ratios of CO2-H2O inclusions containing12.5 mole % CO2
acquired at temperatures between 307°C and 450°C. Filled symbol at 350°C represents
the integrated area ratio used in equation (5). AA represents the CO2 peak area at 1388
cm-1, AB represents the H2O peak area at 3600cm-1.
In this study we have not included the effect of salinity in the calibration scheme.
Our preliminary data obtained from synthetic fluid inclusions containing less than 5 wt%
NaCl indicate that equations (3.2) and (3.5) are valid for low salinity inclusions (less than
about 5 wt.% NaCl equivalent), and this is supported by the good agreement between
CO2 concentrations of natural inclusions obtained with equation (3.2) and those
determined independently based on microthermometric and petrographic observations
(see below) (Table 3.5). A future study will investigate the relationship between salinity
and Raman spectral parameters for H2O-CO2 “salt” fluid inclusions.
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Table 3.3. Raman spectral peak area ratios of H2O-CO2 synthetic fluid inclusion
standards collected at various temperatures.
T(°C)
307
325
350
375
400
425
450

AR
0.0372
0.0423
0.0361
0.0452
0.0419
0.0418
0.0389

Std Dev %
26.2
6.51
24.4
17.6
1.80
12.8
10.7

# Spectra
6
6
6
6
5
5
4

AR is the peak area ratio of the 1388 cm-1 CO2 peak divided by its sum with the intensity
of the 3600 cm-1 H2O band;
T(°C) is the analytical temperature;
Std Dev represents the standard deviation in percent
# Spectra is the number of spectra acquired at each analytical temperature.
Table 3.4. Raman spectral peak area ratios of H2O-CO2 synthetic fluid inclusion
standards.
Mole % CO2
2.5
5
10
12.5
17.5
25

Th(°C)
305
302
302
305
309
293

AR
0.0086
0.0166
0.0357
0.0409
0.0510
0.0842

Std Dev %
10.3
10.6
8.24
21.0
15.6
22.5

# Spectra
12
12
14
6
9
8

Th is the average homogenization temperature of inclusions within a sample;
AR is the area ratio of the 1388 cm-1 CO2 peak divided by its sum with the intensity of the
3600 cm-1 H2O band;
Std Dev represents the standard deviation in percent
# Spectra is the number of spectra acquired from each sample.
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Figure 3.6. Relationship between the mole % CO2 in H2O-CO2 inclusions and Raman
peak area ratios. AA represents the CO2 linear peak intensity at 1388 cm-1 and AB
represents the H2O linear peak intensity at 3600cm-1. The calibration curve is
extrapolated to 0 mole % CO2, however the lowest CO2 concentration analyzed was 2.5
mole %.

III.4. Application to Natural Inclusions
The LRS method for estimating compositions of H2O–CO2 inclusions has been
applied to natural inclusions hosted in vein quartz from the Butte, Montana, porphyry
copper-molybdenum deposit. Microthermometric data show that the inclusions trapped
low salinity, magmatically derived CO2-bearing aqueous fluids (Rusk, 2003; Rusk et al.,
2004). The CO2 concentration of the inclusions (3.6 to 6.8 mole % CO2) was previously
estimated by Rusk (2003) using the computer program ICE (Bakker, 1997) which
calculates CO2 content based on clathrate dissolution temperature and an estimate of
vapor bubble volume. Low salinity (<5 wt.% NaCl equiv.), low homogenization
temperature (<400°C) inclusions were selected for Raman analysis. Homogenization
temperatures were measured before and after LRS analysis to test if leaking occurred
during heating. The analyzed inclusions showed various modes of homogenization, with
some homogenizing to liquid, others to vapor and some by critical behavior, suggesting
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that the inclusions were trapped in the one-phase field at P-T conditions near the critical
isochore (Cline and Bodnar, 1994).
Before heating, the vapor bubble in the inclusions was analyzed at room
temperature to test for the presence of other volatiles. Over the range 1000-3860 cm-1,
the only peaks that were observed (other than those for the host quartz) were those for
CO2 at 1285 cm-1 and 1388 cm-1. Fifteen homogenized fluid inclusions were analyzed at
350°C using the same instrumental settings as were used for calibration. The calculated
CO2 contents of the inclusions range from below the detection limit (~1 mole % CO2) to
4.2 mole % CO2 (Table 3.5). These results are consistent with results presented
previously by Rusk (2003) and suggest that the calibration equation obtained for pure
H2O–CO2 inclusions can be applied to inclusions with salinities less than 5 wt.% NaCl
equivalent.
Table 3.5. Compositions of H2O-CO2 inclusions from Butte, Montana.
Sample
11172-4187

Th(°C)
338
319
342
348
320
347
347
335

IR
0.11
0.16
0.07
0.16
0.14
0.13
0.09
0.06

Mole % CO2
2.50
3.89
1.93
4.23
3.63
3.23
2.30
1.77

Th is the homogenization temperature of individual inclusions;
IR is the intensity ratio of the 1388 cm-1 CO2 peak divided by its sum with the intensity of
the 3600 cm-1 H2O band.
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III.5. Conclusions
A Laser Raman Spectroscopic technique has been developed for quantitative
analysis of H2O-CO2 fluid inclusions. Calibration was based on the relationship between
the known CO2 concentration in the inclusions and the intensity of the 1388 cm-1 CO2
peak divided by its sum with the intensity of the 3600 cm-1 H2O peak. The relationship is
valid for compositions ranging from 2.5 to 50 mole % CO2. The intensity ratio (IR) is a
negative function of temperature – thus the equation is only valid at 350°C.
The relationship between composition of H2O-CO2 inclusions and peak area ratios
has also been tested. Results show a positive linear relationship between the peak area
ratio and composition. The standard deviation of the peak area ratio – composition
relationship is larger than that based on intensity ratios and increases with increasing CO2
content. Thus, it should only be applied to inclusions containing ≤25 mole % CO2.
Based on preliminary results, the peak area relationship is independent of temperature
over the range 307°C to 450°C, and can be used to determine compositions of inclusions
that homogenize (without decrepitating) below 450°C.
The technique has not been tested for inclusions containing >50 mole% CO2 but
there is no reason to expect that the technique could not be applied to extend the
calibration equation to more CO2-rich compositions. One should also note that the
quantitative relations presented in this study are only valid for low salinity (< 5 weight
percent) inclusions. Understanding the effect of salt on the relationship between CO2
content and Raman spectra is the topic of on ongoing study.
The quantitative LRS method has been applied to natural low salinity H2O-CO2
inclusions from the Butte porphyry copper-molybdenum deposit. The estimated
compositions, ranging from 0 to 4.2 mole % CO2, are consistent with CO2 concentrations
based on microthermometric and petrographic analyses.
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CHAPTER IV. Experimental determination of H2O loss from melt inclusions
during laboratory heating

Co-authored chapter: Matthew J. Severs, Tristan Azbej

IV.1. Introduction
Volatile components play an important role in eruptive behavior of volcanic
systems (Sparks et al., 1994) and formation of magmatic-hydrothermal ore deposits
(Burnham, 1979; 1997; Bodnar, 1995). Water is usually the most abundant volatile in
silicic magmas (McMillan, 1994), and influences the location of the liquidus and solidus
as well as the viscosity and density of the melt (Lange, 1994). As such, a complete
understanding of the evolution of a magmatic system requires information on the H2O
content of the melt during crystallization. Melt inclusions provide the best samples for
determining pre-eruptive volatile contents in silicate melts (i.e., Lowenstern, 1995;
Student and Bodnar, 1996; 2004).
The use of melt inclusions to study magmatic processes is based on the
assumption that the inclusions represent the melt present at the time of trapping, and that
nothing has been added to or lost from the inclusion since trapping (Roedder, 1984:
Bodnar, 2003a; Bodnar & Student, 2006). However, several authors have suggested that
H2O may diffuse out of melt inclusions if the sample is maintained at elevated
temperatures for extended periods of time during homogenization experiments in the lab
(Qin et al., 1992; Massare et al., 1998; Massare et al., 2002), similar to observations
associated with aqueous inclusions (Vityk et al., 2000; Bodnar, 2003b). Other workers
have documented the reequilibration of melt inclusions in olivine by loss of iron during
prolonged heating in the laboratory (Danyushevsky et al., 2000). In this study, the loss of
H2O from melt inclusions during laboratory heating was investigated using quartz-hosted
melt inclusions from the early-erupted plinian phase of the Bishop Tuff. Inclusions with
“known” H2O contents were maintained at 800°C and 1 kbar for varying lengths of time,
and the H2O content of the inclusions after heating was determined by Raman
spectroscopy. To minimize analytical problems associated with fluorescence, the

56

inclusions were analyzed using UV excitation (244 nm), and the results were compared to
analyses using visible (514 nm) excitation.

IV.2. Raman Spectra of Hydrous Glass
Raman spectroscopy has recently been applied to determine H2O contents of glasses and
melt inclusions (Thomas, 2000; Thomas et al., 2002; Chabiron et al., 2004; Zajacz et al.,
2005; Thomas et al., 2006; Di Muro et al., 2006). Raman spectroscopy is non-destructive,
requires minimal sample preparation, and can be used to analyze both exposed and
unexposed inclusions as small as 5 µm. The intensity of the Raman peak is directly
proportional to H2O concentration and is independent of the composition of the glass
(Thomas, 2000). The Raman spectrum of silicate glass shows two major bands in the
low-wavenumber region, at approximately 490 cm-1 and 1050 cm-1 when analyzed with
visible (488 nm or 514 nm) excitation (Fig. 4.1A). The broad band at 490 cm-1 is
attributed to symmetric stretching of the oxygen bond in the tetrahedra-oxygentedrahedra (T-O-T) structure (Matson et al., 1983; Sharma et al., 1997). In completely
polymerized alkali-feldspar melts (i.e., containing no non-bridging oxygens) the broad
band at 1050 cm-1 represents an asymmetric stretching vibration in the T-O-T links that
produces a doublet with distinct bands at 1020 cm-1 and 1105 cm-1 (McMillan et al.,
1982; McMillan et al., 1992; Mysen, 1997; Sharma et al., 1997; Mysen, 1999). A
decrease in the degree of polymerization, or the addition of Fe, results in the appearance
of new Raman bands which represent stretching modes between the different structural
species present (McMillan et al., 1982; Wang et al., 1993; Mysen, 1997; 1999; Sharma et
al., 1997). The 586 cm-1 band is attributed to defects (Seifert et al., 1981; McMillan and
Wolf, 1995) while the 776 cm-1 band has been assigned to T-O-T bending vibrations
(Chabiron et al., 2004).
Thomas (2000), Thomas et al. (2002) and Chabiron et al. (2004) derived linear
correlations between the total H2O content of feldspar glasses and the ratio relating the
integrated sum of the H2O-OH band at around 3550 cm-1 and the integral area of the
asymmetric T-O band at about 490 cm-1. Integrated ratios are used rather than peak
intensities because this method eliminates short time fluctuations and the need for
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multiple calibrations due to long-term instability of the laser (Thomas, 2000). Thomas
(2002a) expanded the compositional range to include basaltic, andesitic, and phonolitic
compositions. Zajacz et al. (2005) used a slightly different method and related the H2O
content to the ratio of the 3550 cm-1 peak area and the area under the broad T-O and T-OT vibrational bands between 850 cm-1 and 1250 cm-1.
All of the above mentioned studies used a visible wavelength laser (either 514 nm
or 488 nm) as the excitation source. While these are the most commonly available laser
sources for Raman analysis, visible excitation wavelengths limit the applicability of the
Raman technique to determine H2O contents of glasses and melt inclusions because many
samples fluoresce when excited at these wavelengths (Fig. 4.2). Some samples only
fluoresce after heating in the laboratory (R. Thomas, pers. comm.) while others such as
the Macusani glass fluoresce naturally. Fluorescence following heating is thought to be
the result of changes in the oxidation state of trace elements present in the melt (Thomas,
2000). The fluorescence intensity generally increases with increasing distance from the
Rayleigh line (i.e., at higher wavenumbers) and precludes an accurate determination of
peak areas, especially the H2O peak located near 3550 cm-1. The fluorescence is likely
caused by trace elements in the glass or by defects in the crystal lattice (Chabiron et al.,
2004). To minimize fluorescence interference in the present study, the relationship
between H2O content and Raman signal was determined using a 224 nm (ultraviolet)
laser. This new calibration relationship was then used to monitor H2O loss from melt
inclusions during laboratory heating.
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Figure 4.1.
A) Raman spectrum (after frequency-temperature correction) of alkali
feldspar glass containing 4.93 wt% H2O produced using 514nm (green) excitation.
Labeled bands are the T-O-T bending vibrational mode (490 cm-1), glass defect peak (586
cm-1), T-O-T bending mode (776 cm-1) and a broad peak from 850-1250 cm-1 and
centered at about 1050 cm-1 that represents T-O and T-O-T bending and stretching
modes. The 3550 cm-1 band represents molecular water and hydroxyl groups in the glass.
B) Raman spectrum (after frequency-temperature correction) of alkali feldspar glass
standard containing 4.93 wt% water analyzed with 244nm ultraviolet excitation. Note the
relative intensities of the 490 cm-1, 586 cm-1, and 776 cm-1 bands differ from those
produced using visible excitation. The broad T-O-T band centered at 1050 cm-1 and the
water band at 3550 cm-1 are similar to bands in the visible spectrum (Fig.4.1A).
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Figure 4.2. Comparison of Raman spectra of a melt inclusion (inset) in quartz from the
Bishop Tuff obtained using visible (514nm) and ultraviolet (244nm) excitation. The
fluorescence intensity in the spectrum obtained with visible excitation masks several of
the Raman bands and precludes an accurate determination of the peak areas.
Spectra generated with UV excitation are similar to those obtained with visible
(green) excitation, with a few significant exceptions (Fig. 4.1B). The 490 cm-1 band
becomes broader and less distinct, compared to the sharp, narrow band produced using
visible excitation wavelengths. The broadening suggests that UV excitation results in
stronger T-O-T bending signals at 586 cm-1 and 776 cm-1 that interfere with the 490 cm-1
signal. Similar differences between UV-excitation spectra and those generated by visible
wavelength lasers have been noted for biological samples (Smith and Dent, 2005).
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IV.3. Calibration of the Raman spectra
IV.3.1. Calibration standards and instrumentation
Many unheated melt inclusions in the Bishop Tuff fluoresce under visible
wavelength excitation (Fig. 4.2). As such, the first step in this study to examine H2O loss
from the melt inclusions during laboratory heating was to calibrate the Raman
microprobe using UV (244 nm) excitation to minimize fluorescence interference.
Synthetic glasses containing between 0.95 and 9.5 wt% H2O were used for the
calibration. Twelve of the standards have compositions in the (Na,K)AlSi3O8 system and
were prepared to determine the solubility of H2O in alkali feldspar melts at 900°C and 5
kbars (Voigt et al., 1981). Four additional samples with andesitic composition were also
used (Mandeville et al., 2002). The H2O contents of these latter samples were confirmed
through Karl-Fisher titration and FTIR analysis.
Raman spectra were collected on a JY Horiba Labram HR800UV confocal
Raman microprobe equipped with a 2400 groove/mm grating, and an Olympus optical
microscope and a 40X UV-specific objective. Raman scattering is detected with a
Symphony liquid-nitrogen cooled CCD detector. A Lexel-85 244 nm UV laser excited
the sample. Acquisition times of 60 seconds were used for glass standards containing >2
wt% H2O, and acquisition time was increased to 180 seconds for samples containing less
than 2 wt% to improve the signal-to-background ratios. Three accumulations were
obtained for each analysis to identify and eliminate cosmic spikes. The lower
wavenumber region (≈ 200 - 1750 cm-1) was analyzed first, followed by the higher
wavenumber region (≈ 1750 - 3900 cm-1). The maximum intensity was obtained when the
laser was focused approximately 10 µm below the surface of the sample. The confocal
hole was set at 400 µm for the glass standard analysis.
For comparison, the standards were also analyzed using a JY Horiba Labram
HR800 confocal Raman microprobe equipped with a 514.57 nm Laserphysics Reliant
laser, an Olympus microscope with a 50X objective, and an Andor electronically cooled
CCD detector. Acquisition times and number of accumulations were the same as for the
ultraviolet excitation reported above.
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IV.3.2 Spectral treatment
Raman spectra obtained using visible and UV excitation were treated in three
steps using Labspec and Origin 7.5 software, as suggested by Zajacz et al. (2005). The
first step involved baseline removal, followed by a frequency-temperature correction and,
finally, band integration (Fig. 4.4.). Linear baseline corrections were applied to the 3550
cm-1 band and the broad 1050 cm-1 band. The 3550 cm-1 baseline extended from
approximately 3900 to 1250 cm-1, and the 1050 cm-1 baseline extended from
approximately 1250 to 850 cm-1 (Fig. 3A). A third baseline correction was applied from
850 cm-1 to the lowest wavenumbers recorded (≈ 200 cm-1). The high shoulder that
appears on the 490 cm-1 band obtained with the visible excitation (Fig. 4.1A) and the
less-well defined 490 cm-1 band obtained with the UV excitation result in a less precise
baseline correction at lower wavenumbers compared to higher wavenumbers.
After the baseline correction to eliminate background noise, a frequencytemperature intensity correction was applied (McMillan and Wolf, 1995; Keresztury,
2002; Long, 2002; Zajacz et al., 2005), as given by the equation:

where ν* is the frequency of the incident laser light [either 7.31512 x 1019 Hz (244 nm)
or 1.54097 x 1020 Hz (514 nm)], ν is the frequency of the Raman-scattered light, h is
Planck’s constant, k is the Boltzmann constant, and T is the temperature of the analysis in
Kelvin. The correction accounts for the decreasing efficiency of Raman scattering with
higher wavenumbers and eliminates the shoulder on the 490 cm-1 peak. This correction
produces spectra that are less compositionally dependent (Zajacz et al., 2005). A separate
frequency-temperature intensity correction was required for the visible and UV spectra
because the magnitude of the correction is excitation wavelength-dependent.
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Figure 4.3. Summary of the procedures used to treat Raman spectra obtained on hydrous
glasses. A) The original spectrum showing the baseline correction. B) Spectrum after the
baseline has been removed. C) The spectrum after the frequency-temperature correction
was applied. The horizontal lines in (C) indicate the range of wavenumbers over which
peak area integrations were performed.
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Following the baseline and frequency-temperature corrections, the areas under the
1050 cm-1 and at 3550 cm-1 peaks were determined. The first peak was integrated from
835 to 1225 cm-1, and the second peak was integrated from 2850 to 3750 cm-1 (Fig 4.3C).
The peak area ratio was determined by dividing the total H2O peak area at 3550 cm-1 by
the T-O-T 1050 cm-1 peak area. Some caution must be used when using the T-O-T 1050
cm-1 peak area because this band can contain important hydroxyl components, such as BOH, Al-OH, and Si-OH (Holtz et al., 1996; Thomas, 2002b). However, for simple
compositions (such as the Bishop Tuff melt inclusions; Dunbar and Hervig, 1992;
Anderson et al, 2000) and low total H2O concentrations, ignoring these contributions
introduces minimal errors. The T-O 490 cm-1 peak was not used for the UV calibration
because the goal was to compare the calibration results for visible and UV, and the 490
cm-1 peak becomes broader and less distinct and more difficult to quantify when UV
excitation is used. For each set of calibration data, the 3550 cm-1/1050 cm-1 peak area
ratio was related to the H2O content (Fig. 4.4.).

Figure 4.4.Relationship between the amount of water in hydrous glass and the ratio
between the water peak area at 3550 cm-1 and the T-O-T peak area band centered at 1050
cm-1. Each data point represents the average of at least 10 analyses and includes 2σ error
bars.
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Analytical precision was tested by conducting repeated analyses of the same spot
on the glass standard containing 4.93 wt% H2O. The same spot (±10 µm) was also
analyzed daily for 3 days to examine variations over time. The calculated standard
deviation is ±0.1 wt% H2O using visible excitation, and ±0.2 wt% H2O with UV
excitation. The slightly higher standard deviation using UV excitation is due to the
slightly higher overall background in the UV spectra compared to those obtained with
514 nm excitation.
The calibration results for both the UV and visible excitation are shown in Figure
4.4. The analytical data were fit to straight lines, with both lines constrained to pass
through the origin because spectra of a sample with no H2O do not show a 3550 cm-1
peak. The two calibration lines show different slopes as is expected owing to differences
in the UV and visible spectra shown in Figures 4.1A and 4.1B. The results confirm the
observations of Thomas (2000), Thomas et al. (2002), Chabiron et al. (2004), and Zajacz
et al. (2005) that indicate a systematic relationship between H2O contents of silicate
glasses and Raman intensities. However, the specific relationship between H2O content
and Raman intensity varies from one instrument to the next, as has been shown
previously by Pasteris et al. (1988) for aqueous inclusions. The UV calibration results
show more scatter compared to those obtained with the visible laser, owing to the slightly
higher background for the UV spectra. This higher background is believed to be
instrument derived and not a result of fluorescence from to the inclusions. Most of the
fluorescence interference associated with visible excitation wavelengths is eliminated in
the UV spectra (Fig. 4.2.).
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IV.4. Water loss from melt inclusions
IV.4.1 Experimental and analytical techniques
In order to monitor H2O loss from melt inclusions during laboratory heating, melt
inclusions with a known initial H2O content are required. One potential source is
synthetic melt inclusions. Student and Bodnar (1999) trapped synthetic melt inclusions
containing 5.5 wt% H2O, but the inclusions were small, tabular (rather than equant like
most natural melt inclusions) and difficult to synthesize. Additionally, the quartz host
surrounding the synthetic inclusions contains a high density of dislocations, allowing
H2O to move more easily into (or out of) the inclusions compared to natural samples
(Vityk et al, 2000).
In this study, natural melt inclusions from the Bishop Tuff in California, USA,
were selected to monitor H2O loss from inclusions during laboratory heating. The earlyerupted plinian phase of the Bishop Tuff contains melt inclusions that show relatively
little variation in H2O content, with an average of about 5.5 wt% H2O (Skirius et al.,
1990; Dunbar and Hervig, 1992; Wallace et al., 1999; Anderson et al., 2000; Wallace et
al., 2003).
Quartz phenocrysts were separated from the Bishop Tuff by crushing and
flotation. Several hundred crystals were loaded into a ≈3 cm long platinum capsule, and
the open end was crimped (but not welded). The capsules were placed into a TZM
furnace at 800° C and pressurized to 1 kbar using argon gas. Individual run durations
were 4 hours, 12 hours, 24 hours, 2 days, 3 days, 7 days, 28 days, 54 days, and 63 days.
After each run, the crystals were removed from the capsules and examined to identify
quartz crystals containing melt inclusions located in the interior of the crystals and not
along visible fractures. Some crystals were polished to expose the inclusions at the
surface while others were left unpolished. Inclusions in these latter samples were thus
located beneath the crystal surface when analyzed. Five unexposed inclusions were
analyzed to determine the H2O content. They were then exposed at the surface by
polishing and re-analyzed to determine if sample preparation affected the results.
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During Raman analysis, the confocal hole was adjusted to include the entire melt
inclusion while minimizing the amount of quartz host in the analytical volume. The
acquisition time was adjusted to offset the decreased intensity obtained when using
smaller confocal hole settings for smaller inclusions. Acquisition times were increased as
the inclusion size decreased and resulted in acquisition times ranging from 180 to 360
seconds (3 × 60 sec to 3 × 120 sec). A beam diameter of 2 µm results in an excitation
volume of 6.3 and 12.5 µm3 for focal depths of 2 and 4 µm, respectively, based on
different confocal hole settings used in this study.
Table 4.1. Description of Glass Standards used for Raman
Calibration
Composition

H2O
wt%

Reference

Na0.5K0.5AlSi3O8

7.04

Voigt et al. (1981)

032481 VI

Na0.25K0.75AlSi3O8

6.72

Voigt et al. (1981)

032481 VII

Na0.75K0.25AlSi3O8

8.08

Voigt et al. (1981)

032481 VIII

Na0.75K0.25AlSi3O8

8.06

Voigt et al. (1981)

040281 I

KAlSi3O8

4.28

Voigt et al. (1981)

040281 II

KAlSi3O8

4.61

Voigt et al. (1981)

040281 III

KAlSi3O8

4.93

Voigt et al. (1981)

040281 IV

KAlSi3O8

5.51

Voigt et al. (1981)

040681 X

NaAlSi3O8

9.5

Voigt et al. (1981)

041581 II

Na0.1K0.9AlSi3O8

6.45

Voigt et al. (1981)

041581 XII

Na0.1K0.9AlSi3O8

5.5

Voigt et al. (1981)

Sample #
022881 XII

Ab 1-0

NaAlSi3O8

0.98

Ab 1-5

NaAlSi3O8

1.53

Ab 1196 A

NaAlSi3O8

2.17

Run 10

See Reference

5.78

Mandeville et al. (2002)

Run 58a

See Reference

5.68

Mandeville et al. (2002)

Run 68

See Reference

2.15

Mandeville et al. (2002)

Run 106

See Reference

1.31

Mandeville et al. (2002)

67

IV.4.2 Results
Fourteen unheated melt inclusions from the Bishop Tuff were analyzed using UV
excitation and H2O contents were calculated using the calibration results presented above.
Water contents range from 4.8 – 6.1 wt% (average 5.3 wt%; Fig. 4.5) and are consistent
with the range of 4.7 and 6.5 wt% previously reported by other workers (Skirius et al.,
1990; Dunbar and Hervig, 1992; Wallace et al., 1999; Anderson et al., 2000; Wallace et
al., 2003). No significant differences were observed for inclusions that were analyzed
both before and after being exposed at the surface (Table 4.2).
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Table 4.2. Results of Raman analysis of melt inclusions in early-erupted Bishop
Tuff quartz
Sample Name
0A
0 A Polished
0B
0 B Polished
0C
0 C Polished
0D
0 D Polished
0E
0 E Polished
0F
0G
0H
0I
0 Average
4A
4B
4C
4D
4E
4F
4G
4H
4I
4J
4K
4L
4M
4N
4O
4P
4Q
4R
4S
4T
4U
4V
4 Average

3550
337573.9
890570.0
39016.4
579864.1
76134.1
535982.1
160291.8
961750.6
163423.7
653694.9
87203.7
63905.5
12456.0
20581.8

850-1250
58170.7
154420.0
6451.9
96567.0
13303.8
93126.4
25598.5
154387.1
24595.0
97891.7
14946.4
11290.9
2024.0
2723.4

R
5.803
5.767
6.047
6.005
5.723
5.755
6.262
6.229
6.645
6.678
5.834
5.660
6.154
7.557
6.151

H2O wt%
5.0
5.0
5.2
5.2
4.9
4.9
5.4
5.4
5.7
5.7
5.0
4.9
5.3
6.5
5.3

10239.4
58224.0
10373.9
4572.9
31936.4
9616.5
14888.8
63867.3
87751.2
43988.9
29820.7
35960.0
33646.2
5811.4
91122.6
21110.6
11958.9
57842.2
13592.3
11601.9
1864.7
12951.9

2009.7
10655.5
1406.5
824.3
6384.2
1561.3
1999.9
12054.9
15372.0
8492.5
5186.8
6653.8
6653.8
1155.2
14280.4
3039.0
1776.7
8829.3
2257.2
1854.5
349.0
2514.7

5.095
5.464
7.376
5.548
5.002
6.159
7.445
5.298
5.709
5.180
5.749
5.404
5.057
5.031
6.381
6.947
6.731
6.551
6.022
6.256
5.343
5.150
5.859

4.4
4.7
6.3
4.8
4.3
5.3
6.4
4.6
4.9
4.5
4.9
4.6
4.3
4.3
5.5
6.0
5.8
5.6
5.2
5.4
4.6
4.4
5.0
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Sample Name
12 A
12 B
12 C
12 D
12 E
12 F
12 G
12 H
12 I
12 J
12 K
12 L
12 Average

3550
43863.1
9772.0
174012.7
6304.3
8922.4
45032.2
22588.3
8940.8
24582.1
8236.0
42233.0
25212.3

850-1250
7432.6
1914.4
34677.3
927.0
1358.5
8561.0
4325.0
1477.9
4701.0
1297.0
6832.0
4865.0

R
5.901
5.104
5.018
6.801
6.568
5.260
5.223
6.050
5.229
6.350
6.182
5.182
5.739

H2O wt%
5.1
4.4
4.3
5.8
5.6
4.5
4.5
5.2
4.5
5.5
5.3
4.5
4.9

24 A
24 B
24 C
24 D
24 E
24 F
24 G
24 H
24 I
24 J
24 K
24 L
24 Average

237611.6
22023.4
37057.6
408362.7
78983.2
24532.5
46157.8
6728.2
10672.7
80428.9
16431.7
127979.6

48126.5
3370.8
7600.1
74612.3
16945.3
4953.0
10118.0
1389.3
1902.0
17596.7
3184.1
27474.9

4.937
6.534
4.876
5.473
4.661
4.953
4.562
4.843
5.611
4.571
5.161
4.658
5.070

4.2
5.6
4.2
4.7
4.0
4.3
3.9
4.2
4.8
3.9
4.4
4.0
4.4

48 A
48 B
48 C
48 D
48 E
48 F
48 G
48 H
48 I
48 J
48 K
48 L
48 M
48 Average

6084.0
2631.7
4434.2
6124.4
36217.2
14861.5
49478.3
9661.8
3882.6
6517.1
12760.4
23937.5
22467.1

1957.8
717.9
983.4
1894.4
11111.4
4562.0
14472.3
1700.9
583.7
997.3
3636.1
7537.7
4775.3

3.108
3.666
4.509
3.233
3.259
3.258
3.419
5.680
6.652
6.535
3.509
3.176
4.705
4.208

2.7
3.2
3.9
2.8
2.8
2.8
2.9
4.9
5.7
5.6
3.0
2.7
4.0
3.6
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Sample Name
168 A
168 B
168 C
168 D
168 E
168 F
168 G
168 H
168 I
168 J
168 K
168 L
168 M
168 N
168 O
168 P
168 Average

3550
36546.5
7413.4
58247.0
80604.7
22385.7
19126.3
91287.5
35470.8
84446.3
9177.5
34648.4
102257.1
106844.2
120460.2
35314.7
64853.8

850-1250
20787.1
3678.0
17997.3
19941.2
12115.6
11005.2
42199.1
22458.4
43043.7
3954.0
21476.0
37266.5
37985.7
38026.6
16734.6
26305.7

R
1.758
2.016
3.236
4.042
1.848
1.738
2.163
1.579
1.962
2.321
1.613
2.744
2.813
3.168
2.110
2.465
2.349

H2O wt%
1.5
1.7
2.8
3.5
1.6
1.5
1.9
1.4
1.7
2.0
1.4
2.4
2.4
2.7
1.8
2.1
2.0

672 A
672 B
672 C
672 D
672 E
672 F
672 G
672 H
672 Average

67898.3
81094.8
20433.2
73823.3
9718.7
60957.4
29028.8
32248.8

36798.5
28505.4
10343.8
40029.9
13607.7
33291.3
7554.2
8826.5

1.845
2.845
1.975
1.844
0.714
1.831
3.843
3.654
2.319

1.6
2.4
1.7
1.6
0.6
1.6
3.3
3.1
2.0

1296 A
1296 B
1296 C
1296 D
1296 E
1296 F
1296 G
1296 H
1296 I
1296 J
1296 K
1296 L
1296 M
1296 N
1296 O
1296 Average

78401.7
50046.9
46741.5
66828.6
76669.1
44399.0
91173.2
25488.1
88910.0
25960.1
40669.5
2999.9
3340.2
5235.1
4760.8

51819.6
40717.7
39027.1
37251.1
45049.1
41153.5
34620.3
9376.1
40120.2
23510.6
28456.1
1608.2
3622.0
3622.0
1759.7

1.513
1.229
1.198
1.794
1.702
1.079
2.634
2.718
2.216
1.104
1.429
1.865
0.922
1.445
2.705
1.704

1.3
1.1
1.0
1.5
1.5
0.9
2.3
2.3
1.9
0.9
1.2
1.6
0.8
1.2
2.3
1.5
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Sample Name
1512 A
1512 B
1512 C
1512 D
1512 E
1512 F
1512 G
1512 H
1512 I
1512 J
1512 K
1512 L
1512 M
1512 N
1512 O
1512 P
1512 Q
1512 R
1512 S
1512 T
1512 U
1512 Average

3550
82751.7
92449.4
125377.6
88275.4
66219.5
81017.0
93659.7
68647.9
14000.8
78598.6
54206.9
92358.3
79727.4
30213.7
68454.7
19593.0
66442.6
67300.5
39650.6
47617.4
76762.0

850-1250
47084.8
54674.5
56781.9
51238.8
59381.3
52485.3
55075.3
54556.0
22561.0
58766.8
33533.0
50565.5
51198.4
23218.5
42631.8
23585.7
49579.3
27443.3
14468.3
15526.7
42574.0

R
1.758
1.691
2.208
1.723
1.115
1.544
1.701
1.258
0.621
1.337
1.617
1.827
1.557
1.301
1.606
0.831
1.340
2.452
2.741
3.067
1.803
1.671

H2O wt%
1.5
1.5
1.9
1.5
1.0
1.3
1.5
1.1
0.5
1.1
1.4
1.6
1.3
1.1
1.4
0.7
1.2
2.1
2.4
2.6
1.5
1.4

3550 = Area under the H2O peak at approximately 3550 cm-1
850-1250 = Area under the T-O-T peak between 850 and 1250 cm-1
R = Area under the 3550 cm-1 peak divided by the area under the 850-1250 cm-1 peak

Inclusions that were held at temperature for 12 hours or less showed no
significant H2O loss when compared to unheated inclusions (Fig. 4.5.; Table 4.2).
However, some H2O loss is evident after 24 hours of heating and melt inclusions lost
about 75% of their original H2O after 63 days. The range in H2O contents at each time
interval is similar to the range in H2O contents for the early plinian phase of the Bishop
Tuff reported by other workers (Fig. 4.5.).
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Figure 4.5.
Relationship between water content of melt inclusions in quartz from the
Bishop Tuff and the amount of time held at 800°C and 1 kbar. Each point represents the
average of the measurements in each sample set. The thick line on the y axis is the range
of water contents derived from previous studies. The vertical line through each data point
represents the minimum and maximum values measured in that sample suite. The value
in parentheses directly below the vertical line is the number of inclusions analyzed and
the text above the line is the length of time in either hours (h) or days (d). The two lines
drawn through all the samples represent the best fit linear equations to describe the
different behaviors observed for the water loss.
Water lost to the surrounding crystal should result in the creation of a “vacuum”
bubble or expansion of a pre-existing bubble in order to accommodate the volume lost by
H2O leaving the inclusion (A. Anderson, pers. comm.). The volume change associated
with H2O loss can be calculated using mass balance constraints the partial molar volumes
of H2O and the melt. The molecular weight of H2O is 18.0 g/mol, the molecular weight of
the melt was assumed to be 186.374 g/mol for a typical granitic composition, the melt
density was assumed to be 2.23 g/cm3 and the partial molar volume of H2O in the melt
was assumed to be 17.0 cm3/mol (Student and Bodnar, 1996; Lange, 1994). We assumed
100 g of melt inside the inclusion for simplicity. The volume is defined as:
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VMI = MMI / ρmelt.

(4.1)

This results in an inclusion volume of 44.84 cm3. A MI with 5 wt % H2O contains
5 g H2O and 95 g melt. The number of moles of H2O is equal to:
MolesH2O = X g H2O × 1 mol H2O / 18.02 g H2O.

(4.2)

MolesH2O = 5 g H2O × 1 mol H2O / 18.02 g H2O = 0.2778 moles H2O
The number of moles of melt in the inclusion is:
Molesmelt = Y g melt × 1 mol / 186.374 g/mol.

(4.3)

Molesmelt = 95 g melt × 1 mol / 186.374 g/mol = 0.5097 moles melt
The total number of moles in the inclusion is the sum of (4.2) and (4.3), or 0.7875 moles.
The total molar volume of the inclusion is:
Vmolar = VTotal / Molestotal

(4.4)

and using the values for the total number of moles and the total volume listed above
results in a total molar volume of 56.94 cm3/mol. This value can then be used to calculate
the partial molar volume of melt in the inclusion according to:
Vmolar = (molesmelt) × (Vmelt) + (molesH2O) × (VH2O).

(4.5)

56.94 cm3/mol = (0.5097 moles) × (Vmelt) + (0.2778 moles) × (17.0 cm3/mol)
results in a partial molar volume of the melt of 102.45 cm3/mol.
If we assume the same inclusion (now containing 96 g) has lost 4 g of H2O and
only has 1 g H2O left, substituting 1 g H2O into equation (4.2) results in 0.0556 moles
H2O, and substituting 95 g melt into equation (4.3) results in 0.5097 moles melt for a
total number of moles of 0.5653 in the inclusion. Inserting these two values into equation
(4.5) and assuming the same partial molar volumes for the melt and for the H2O, results
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in a total molar volume of 53.16 cm3/mol. Inserting this value into equation (4.4) along
with the total number of moles (0.5653) results in a total volume for the inclusion of
30.04 cm3, which is 67.0% of the original volume (44.84 cm3).
A decrease in the H2O content from 5 wt% to 1 wt% (which approximately
mimics the H2O loss from the Bishop Tuff melt inclusions after 54 days of heating, Fig.
4.5) should result in a volumetric change of approximately 33.0%. For a 30 µm diameter
spherical melt inclusion this represents a volume of 4665 µm3. If the entire volume
decrease is accommodated by a spherical bubble, the bubble will have a diameter of
20.73 µm which is approximately 69% of the diameter of the inclusion.
To test this hypothesis, photomicrographs of melt inclusions from three different
heating experiments (48 hours, 168 hours, and 1296 hours) were examined using image
analysis software to measure the area percentage of the inclusion occupied by the vapor
bubble as a proxy for the volume percentage. Each inclusions was photographed at either
50X or 100X magnification and a 100 µm scale bar was used to calibrate the software.
The inclusion area was determined by outlining the inclusion using a polygonal selection
tool with a measure option. The area of the bubble was estimated by using an ellipse tool
combined with the measure option. The proportion of the inclusion occupied by the
bubble was then calculated.
The observed results do not match the 33.0% volume loss predicted by the
calculation. The proportion of the MI occupied by the bubble for the 54 day experiment
(which best matches the values used in the calculation) show a range in bubble ratios
from 0.2% to 9.3%, with an average of 2.8%. The results for shorter experiments (48
hours and 7 days) show a smaller range in bubble ratios with the 48 hour samples
showing negligible bubble formation. The results indicate that bubbles are larger for
inclusions held at elevated temperature for longer time periods. However, they do not
approach the size (bubble proportion) predicted by the calculation above.
One possible explanation for the large range in bubble size is that the calculation
does not account for the initial presence of a bubble of some size. The wide range of
observed bubble sizes could also indicate that less than 4 g of H2O was lost. The range of
H2O contents for 54 day experiments ranges from about 0.9 to 2.5 wt%. However, the
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difference between the calculated bubble size and the observed sizes remains
unexplained.
After a few hundred hours of heating, the rate of H2O loss appears to decrease
(Fig. 4.5). The decreasing rate of H2O loss suggests a change in either the speciation or
the mechanism of H2O loss from the inclusion with time. For low H2O content rhyolitic
melts, H2O is present mostly as OH, whereas molecular H2O becomes more important at
higher H2O contents (Tomozawa, 1985; Chekhmir et al., 1989; Stolper, 1989; Silver et
al., 1990; Zhang et al., 1991). For the observed H2O contents in Bishop Tuff melt
inclusions, H2O should be present mostly as molecular H2O. NMR and IR spectroscopy
suggest that OH groups in the melt are structurally bonded to Si or Al (i.e. Wu, 1980;
Schmidt et al., 2001). These observations suggest that the initial loss of H2O from the
inclusions involves molecular H2O. The most important driving force for H2O loss is a
H2O activity (or fugacity) gradient between the inclusion and surrounding quartz host.
Two models that are consistent with these results can explain H2O loss from the Bishop
Tuff melt inclusions.
One model involves the dissociation of molecular H2O according to the reaction
H2O + Fe2+→ ½ H2 + OH- + Fe3+
The charge balance would most likely be offset by oxidation of Fe in the melt but could
be accomplished by oxidation of other metals in the melt. Hydrogen diffuses rapidly
through quartz and into and out of inclusions at temperatures higher than 400-500° C
(Mavrogenes and Bodnar, 1994), while OH- is expected to diffuse more slowly due to its
larger molecular size. Massare et al. (2002) explained the formation of iron oxides in melt
inclusions during heating to be the result of an increase in the oxidation state of the melt
as a result of this process.
A second interpretation of the observed H2O loss is that molecular H2O diffuses
out of inclusions along either preexisting or strain-induced dislocations in the host quartz.
As H2O diffuses out of the inclusion along dislocations, hydrolytic weakening and plastic
deformation occur which facilitates the formation and growth of additional dislocations
(Kronenberg et al., 1986; Gerretsen et al., 1989; Cordier et al., 1994). This behavior has
been documented for H2O loss from aqueous fluid inclusions during reequilibration
(Bakker and Jansen, 1990; Vityk et al., 2000). In quartz molecular H2O diffuses more
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rapidly than hydroxyl groups (Farver and Yund, 1991), suggesting that the decrease in
the rate of H2O loss from the melt inclusions after a few hundred hours of heating
represents a change from a molecular-H2O dominated mechanism to one in which OH is
the dominant species. Additionally, charged species typically have slower diffusion rates
compared to uncharged species, regardless of size (Fortier and Giletti, 1989; Yund and
Snow, 1989; Farver and Yund, 1991).
Another possible explanation is that molecular H2O is lost along microcracks that
form at the quartz α-β transition at 573° C (at 1 atm pressure, with the temperature of the
phase transition increasing ≈25°C per kbar) as has been shown for fluid inclusions
(Bodnar et al., 1989). The fracturing that occurs around inclusions when quartz passes
through the α-β transition is a result of the large pressure differential between the
inclusion and the surrounding medium. Thus, fracturing is reduced if the external
pressure is at or above the pressure in the inclusion. By heating the Bishop Tuff melt
inclusions at 1 kbar, the pressure differential, and thus the likelihood of fracturing and
H2O loss, is less than would be expected if the samples were heated at 1 atm. Finally,
hydrogen could be lost as HF or other similar species, but this is unlikely for the Bishop
Tuff inclusions based on the low concentration of F in the MI (Dunbar and Hervig, 1992;
Anderson et al., 2000).
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Figure 4.6. Relationship between ratio of the bubble area to the total area of the melt
inclusion and amount of time the inclusion was held at 800°C and 1 kbar.
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Figure 4.7. Comparison between the single-standard technique used by Thomas et al.
(2006) & Di Muro et al. (2006), and the multiple standard calibration technique used in
section 3 above. A 1:1 line is plotted for comparison.
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IV.5. Conclusions
Laser Raman spectroscopy provides a simple, nondestructive technique to
determine H2O contents of silicate glasses, including melt inclusions as small as 5-10 µm.
In this study, we have documented the use of ultraviolet (244 nm) excitation to minimize
fluorescence. Results indicate that UV Raman excitation produces data of similar quality
to that obtained using visible Raman excitation, but results in a different calibration
curve. The UV-Raman technique can be used to determine H2O contents of fluorescent
glasses and melt inclusions that cannot be analyzed using visible wavelength Raman
spectroscopy.
While this manuscript was in review, Thomas et al. (2006), and Di Muro et al.
(2006) both published results describing a technique for determining H2O contents of
melt inclusions based on comparison of peak ratios for the unknown and a single standard
of known H2O content. The H2O peak area ratio (3100-3750 cm-1) for the standard and
unknown equals the ratio of the H2O content of the standard and unknown. Several
unheated melt inclusions that had been analyzed previously in this study using the
technique described in section 3 above were reanalyzed using UV Raman to confirm the
applicability of the newer method. The results shown in Figure 7 indicate a good 1:1
correlation between these two techniques suggesting that the single-standard technique
can also be applied when using a UV excitation source.
The UV-Raman technique was used to monitor H2O loss from melt inclusions in
the Bishop Tuff that were held at 800°C and 1 kbar for periods of time ranging from 4
hours to 63 days. Our results suggest that significant H2O is not lost during heating
experiments of 12 hours or less. However, as much as 75% of the H2O in melt inclusions
was lost when held at temperature for several hundred hours. The rate of H2O loss
decreases with time, consistent with a mechanism that involves loss of molecular H2O
initially, followed by OH- as the H2O content of the inclusion decreases.
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CHAPTER V. Genesis of carbonate aggregates in lamprophyres from the
northeastern Transdanubian Central Range, Hungary: Magmatic or hydrothermal
origin?

V.1. Introduction
An igneous rock is said to have an ocellar texture if the “phenocrysts” (ocelli)
consist of aggregates of smaller crystals arranged radially or tangentially around larger,
generally euhedral crystals to produce a rounded eyelike appearance (e.g. Phillpotts,
1990). Ocelli of globular, carbonate or felsic silicate aggregates are common features of
lamprophyres and some alkali basalts (e.g. Phillpotts, 1990; Rock, 1991). For decades
ocelli in igneous rocks were interpreted to be the products of silicate–carbonate or
silicate–silicate liquid immiscibility or, rarely, as amygdales or vesicles filled by late
stage minerals (e.g. Phillpotts and Hodgson, 1968; Ferguson and Currie, 1971; Hamilton
et al., 1979; Cooper, 1979; Foley, 1984; Nédli and Tóth, 2003; Vichi et al, 2005). Ocelli
are not the only occurrence of carbonate minerals in lamprophyres: carbonates are also
found as pseudomorphs after olivine, melilite or other minerals, as intergrowths with talc,
garnet, etc., and as late veins (Rock, 1991). Rock (1991) classifies primary and secondary
carbonates based on stable isotopic composition of lamprophyres from locations around
the world.
Carbonate and silicate ocelli have been described in Late Cretaceous lamprophyre
dikes in the Transdanubian Central Range (TCR) in Northwest Hungary (e.g. Horváth et
al., 1983; Szabó et al., 1993). The ocelli have been interpreted to be the result of liquid
immiscibility in volatile-rich mafic melts (Kubovics et al., 1990). Based on the stable
isotopic composition, Demény et al. (1994) showed that the ocelli from TCR
lamprophyre dikes represent a transition between primary igneous and sedimentary
carbonate. They interpreted the isotopic composition of the aggregates to be the result of
hydrothermal fluids, suggesting a genetic model inconsistent with melt immiscibility.
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Later detailed petrographic, geochemical and fluid inclusion studies of carbonate
aggregates (including ocelli) from the TCR lamprophyres (Azbej, 2002; Azbej et al.,
2003) called into question an origin by melt immiscibility or by simple mixing of
different fluids. Because the term “ocelli” has genetic implications, we will use the more
general term ‘carbonate aggregates’ to describe these features.
The goal of this study is to constrain the genesis of the various types of carbonate
aggregates observed in the TCR lamprophyres. Petrographic, cathodoluminescence and
electron microprobe analyses of the carbonate aggregates and fluid inclusion
microthermometry provide information related to the origin of carbonate aggregates, as
well as the late-stage evolution of the TCR lamprophyres.

V.2. Geological Background and Lamprophyre Petrology
During the 1980s, unusual alkaline mafic lamprophyre dikes were recognized in
quarries in the NE Transdanubian Central Range, Hungary (Horváth and Ódor, 1984;
Kubovics et al., 1989), and in several boreholes (Horváth et al., 1983; Szabó, 1985;
Kubovics and Szabó, 1988; Kubovics et al., 1989) (Fig. 5.1). These rocks are Late
Cretaceous in age (Horváth et al., 1983; Embey-Isztin et al., 1989, Dunkl, 1989) and
occur as dikes or dike swarms and show consistent petrographic and geochemical
features including panidiomorphic granular texture, high color index, ocelli content, high
volatile and incompatible element abundances and similar ages (Szabó et al. 1993).
Clinopyroxene and olivine occur as phenocrysts in the lamprophyres, and many of the
olivine grains are altered. The groundmass is characterized by a framework of
clinopyroxene and mica microphenocrysts among carbonate, feldspar, apatite and glass.
Multiple generations of carbonate-filled veins are also present. Based on modal
composition, most of the dike-rocks are classified as monchiquite, but camptonite and
alnoite also occur (Embey-Isztin et al., 1989; Kubovics and Szabó, 1988; Kubovics et al.,
1989; Szabó et al., 1993). Some dikes contain many upper mantle to crustal xenoliths and
xenocrysts (Szabó, 1985; Kubovics et al., 1985; 1989). The dikes are emplaced into
Carboniferous granites, Upper Permian sandstones, Triassic carbonates and andesites.
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Some carbonatite-like dikes classified as beforsite are found in the St-1 borehole
(Horváth et al., 1983). The St-1 samples are composed of dolomite (occurring as
carbonate aggregates), phlogopite and plagioclase as dominant phases (Horváth et al.,
1983). Another carbonatite-like dike containing mostly calcite and phlogopite has been
described in the Ad-2 borehole (Szabó et al., 1993).
Geochemical characteristics suggest that the lamprophyric melt was intruded into
an intra-plate extensional tectonic zone (Kázmér and Szabó, 1989). Accordingly,
lamprophyres are typical of Alpine nappe units located at the outer edge of the
accretionary wedge. During the Cretaceous these Alpine nappe units were part of a
continental basement far away from the inferred Penninic subduction zone (Kázmér and
Szabó, 1989; Kubovics et al., 1989). The most likely origin of the parental lamprophyric
melt is through a small degree of partial melting of metasomatized lithospheric mantle
(Szabó, 1985; Szabó et al., 1993).
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Figure. 5.1. Geological map of the northeastern Transdanubian Central Range (TCR).
Black circles show locations of lamprophyres in outcrop and drill holes (from Szabó et
al., 1993). Fluid inclusion and chemical data on host phases were obtained from outcrop
samples Pá and Rh, and drill core samples Ad-2, Bkt-1, Bö-1, My-1, St-1, Vál-3. inset
map shows the Carpathian-Pannonian Region and the study area (black box).
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V.3. Samples Studied and Analytical Methods
Samples were collected from 11 dikes exposed in 2 surface outcrops (4
representative samples: Pá/1, Pá/2, Rh/121, Rh/1012) and 6 boreholes (nine
representative samples: Ad-2/II, Ad-2/III, Ad-2/VIII, Ad-2/X, Bkt-1/6, Bö-1/16, My-1/1,
St-1/1 Vál-3/2) (Fig. 5.1.). In addition, data from 6 samples collected by Demény et al.
(1994) (Ad-2, Bkt-1, Bö-1, Pá, Rh, St-1) have been incorporated into this present study.
Electron microprobe analyses were carried out on a JEOL Superprobe JXA-8600
WDS at the Department of Earth Sciences, University of Florence and on a Cameca SX50 at the Department of Geosciences at Virginia Tech. The accelerating voltage was 15
kV, with a 10 nA sample current. Mineral analyses were performed using a beam
diameter of 10 µm. Counting times were 20 seconds for all elements. Natural mineral
standards were employed, and the correction method of Bence and Albee (1968) was
applied at the University of Florence, and the ZAF technique was used at Virginia Tech.
Backscattered electron images were collected using a JEOL Superprobe 733, equipped
with an INCA Energy 200 EDS, at the Institute for Geochemical Research of the
Hungarian Academy of Sciences using an accelerating voltage of 20 kV with a 3 nA
sample current.
Microthermometric analyses were carried out on a Linkam THMS 600 stage at
Virginia Tech. Cathodoluminescence studies were carried on a Technosyn 8200 MK II
cold cathodoluminescence microscope at Virginia Tech using a sample current of 600 nA
and an accelerating voltage of 10 kV.
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V.4. Petrography
Szabó et al. (1993) reported ocelli from the TCR lamprophyres that contained
calcite and dolomite, radial and acicular micas, sanidine, analcime, and oxide minerals,
but these authors did not subdivide the ocelli into different types based on textures. In the
present study, three textural groups of carbonate aggregates were distinguished. The
volume of carbonate aggregates in the lamprophyres varies from about 1 to 45 %.
The temporal classification of inclusions in the TCR lamprophyres was
determined based on petrographic characteristics of the inclusions (Goldstein and
Reynolds, 1994; Bodnar, 2003a). Inclusions that occur along fractures cross-cutting
mineral grains were classified as secondary. Inclusions that appeared to be isolated and
not along obvious fractures were interpreted to be primary. While some carbonates in
Type-III aggregates are chemically zoned (c.f., Fig. 5.2E, F), growth zones decorated by
primary inclusions were not observed.
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Figure. 5.2. Photomicrographs (A, C, D, E, H) and BSE images (B, F) of carbonate
aggregates in the TCR lamprophyres. (A) Type-I aggregate containing calcite (CC) in
sample St-1/1 (plane-polarized light). (B) Type-I silicate-bearing aggregate containing
calcite (CC), dolomite (DO) and nepheline (NE) in sample My-1/1. (C) Type-I aggregate
containing dolomite (DO) surrounded by tangentially aligned phlogopites (PH) in sample
St-1/1 (plane-polarized light). (D) Type-II aggregate containing dolomite (DO) in sample
St-1/1 (plane-polarized light). (E) Type-III aggregate containing calcite (CC) and
dolomite (DO) with glassy rim (GR) in sample Bö-1/16 (plane-polarized light). (F)
Mineralogically zoned Type-III aggregate containing calcite (CC), dolomite (DO),
magnesite (MG) and Al-silicate (SIL) in sample Rh/1012. (G) Two generations of crosscutting carbonate veins (VN1, VN2) in sample Ad2-II. (H) Carbonate vein (VN) cross
cutting a Type-II dolomite-aggregate (DO) in sample St-1.
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Type-I aggregates have petrographic features characteristic of typical ocelli (Fig.
5.2A) and show a globular shape and are approximately 0.2 to 4.0 mm in diameter. In
addition to carbonate minerals, silicates (nepheline, analcime, sanidine) and rarely
chalcedony are present either as anhedral phases occurring in the interior, or as elongated
subhedral phases intersecting the rim of the aggregates (Fig. 5.2B). In some samples
phlogopite flakes occur tangentially at the rim of the carbonate aggregates (Fig. 5.2C).
The carbonate minerals contain primary fluid inclusions.
Type-II aggregates are found mostly in samples from the St-1 and rarely Ad-2
dikes. The size varies from 0.2 to 3.5 mm in diameter. Their shapes and sizes are similar
to those of olivine phenocrysts in the TCR lamprophyres (Fig. 5.2D). Type-II aggregates
contain minor chalcedony and primary fluid inclusions. Some thin sections reveal
multiple generations of carbonate veins intersecting each other and Type-I and Type-II
carbonate aggregates, forming a network (Fig. 5.2G-H).
Type-III aggregates are irregular to polygonal in shape (Fig. 5.2E-F), and vary between
0.1 and 3.0 mm in diameter. In addition to the dominant carbonate phases, clay minerals
sometimes occur near the rim (Fig. 5.2F). Cathodoluminescence and SEM images reveal
chemical zonation in these aggregates (Fig. 5.2F) in contrast to the relatively
homogenous patterns observed in Type-I and Type-II aggregates (Azbej, 2002). Type-III
carbonate aggregates contain secondary fluid inclusions.

V.5. Chemical Composition of Carbonate Aggregates
Several carbonate aggregates in each of seventeen samples from eight sample
localities (Fig. 5.1, Fig. 5.3a-b; Table 5.1.a-b) have been analyzed. Type-I aggregates
consist of calcite, dolomite and minor magnesite (Table 5.1a) and show no compositional
or petrographic zoning or evidence of exsolution. Type-II aggregates are composed of
ferroan dolomite with FeO of 0.5 to 9.1 wt% and SrO up to 1.7 wt% (Table 5.1b).
A diagnostic characteristic of Type-III aggregates is their zoned texture (Fig. 5.2E-F).
Based on electron microprobe traverses, a trend from calcite → dolomite → magnesite or
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from dolomite → magnesite is observed from the core to the rim in several Type-III
aggregates. The thickness of individual zones is on the order of 100 µm. Sometimes
ankerite is also observed at the rims. Similar compositional zonation has been reported
from the Rh sampling locality by Demény et al. (1994) where a carbonate aggregate with
calcite core and dolomite rim was found. Demény et al. (1994) also mention zoned
aggregates containing dolomite and magnesite from lamprophyres in the Ad-2 borehole.
All aggregates have relatively high trace and minor element concentration
compared to the composition of the Triassic carbonate wall-rocks presented by Balog et
al. (1999). Carbonate veins have been analyzed and compared to the composition of
carbonates in coexisting aggregates (Table 5.1c). In each of the samples the composition
of veins showed similar variation as of the aggregate carbonates. The composition of
vein filling carbonates varies from predominantly calcitic (e.g. Ad-2) to ankeritic (Bo1/16, St-1) (Table 5.1c).

Figure 5.3. Ternary CaO–MgO–FeO diagrams showing compositions of carbonate
phases in aggregates from the TCR lamprophyres. (A) Type- I, Type-II and Type–III
aggregates in samples from outcrops of Pa, Rh and drilling cores of Ad-2, Bkt-1, Bö-1,
My-1, St-1, Vál-3. (B) Composition of carbonates in samples of Ad-2/6, Ad-2/7 and
Rh/8 after Demény et al. (1994).
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Magnesite

0.11
46.0
3.13
0.16
b.d.
0.12*
49.4
49.6
99.0
0.31
89.3
10.1
0.25
2

Dolomite

29.4
21.2
0.49
0.13
0.11*
0.10*
51.2
46.6
98.0
54.1
44.7
0.83
0.21

7

Ad-2/III/3

3

54.8
0.12
0.15
b.d.
0.36
0.09*
55.4
43.3
98.7
99.0
0.13
0.07
-

Calcite

Bkt1/6

4

55.4
0.05
0.12
0.02
0.35
0.10
56.0
43.7
99.7
99.0
0.12
0.21
0.03

Calcite

1

34.4
13.5
3.92
0.15
0.47
b.d.
52.5
44.5
97.0
63.7
28.7
6.65
0.26

Dolomite

My-1/1

1

MgCalcite
40.0
9.99
3.34
0.35
0.73
b.d.
54.4
44.9
99.3
72.1
20.7
5.52
0.58
2

55.0
0.56
b.d.
b.d.
0.45
b.d.
56.0
44.0
100.0
98.1
1.13
0.03
-

Calcite

My-1/4

Type-I

5

54.2
0.14
0.10
0.16
0.24
0.13*
54.8
42.9
97.8
98.8
0.29
0.17
0.26

Calcite

Pa1/1

* Highest concentration measured (not average) for a given trace element in the sample
b.d. Below detection limit
Calc. CO2 Calculated CO2 wt%
Calc. Total Total wt% oxides (including CO2)

Carbonate
Phase
CaO
MgO
FeO
MnO
SrO
BaO
Total
Calc. CO2
Calc. Total
CaCO3 mol%
MgCO3 mol%
FeCO3 mol%
MnCO3 mol%
# of
measurements

Sample

Aggregate
type

3

55.0
0.21
0.19
0.11
0.75
0.09*
56.2
43.9
100.1
97.9
0.43
0.31
0.19

Calcite

4

FeDolomite
31.9
15.7
6.01
0.61
0.20
0.10
54.5
46.3
100.8
56.7
32.1
9.81
1.00

Pa1/2

Table 5.1a. Average composition of carbonate minerals in Type-I aggregates from the TCR lamprophyres.
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28.7
18.8
4.04
0.31
1.01
0.09*
52.8
46.1
98.9
52.1
39.2
6.69
0.52

Dolomite

St-1/1

3

29.6
18.9
4.06
0.19
0.24
b.d.
53.0
46.6
99.5
53.4
39.2
6.73
0.32

Dolomite

St-1/2

3

28.8
20.3
1.14
0.61
2.05
0.10*
52.9
46.7
99.6
52.0
42.0
1.89
1.02

Dolomite

Val3/2

29.4
17.2
5.78
0.16
0.08*
0.09*
52.6
45.6
98.3
53.7
36.2
9.67
0.27

28.8
18.9
5.04
0.17
0.29
b.d.
53.3
46.6
99.9
51.7
39.0
8.66
0.27
9

Not zoned

Not zoned

2

Dolomite

Dolomite

5

29.6
17.4
6.34
0.20
0.10*
b.d.
53.6
46.3
99.9
53.3
35.9
10.4
0.33

Not zoned

FeDolomite

St-1/4

Ad-2/IIb

4

30.7
18.6
3.99
0.09
0.15
0.08*
53.5
47.0
100.5
55.0
38.1
6.51
0.14

core

Dolomite

b.d. Below detection limit
Calc. CO2 Calculated CO2 wt%
Calc. Total Total wt% oxides (including CO2)

# of
measurements

Carbonate
Phase
Aggregate
Zone
CaO
MgO
FeO
MnO
SrO
BaO
Total
Calc. CO2
Calc. Total
CaCO3 mol%
MgCO3 mol%
FeCO3 mol%
MnCO3 mol%

St-1/3

Sample

Ad-2/X

Type-II

Aggregate
Type

4

54.7
0.19
0.11
0.09*
0.95
b.d.
55.9
43.6
99.6
98.0
0.40
0.18
0.14

core

Calcite

3

11.2
12.0
33.9
0.63
0.14
b.d.
57.9
43.1
101.0
19.8
24.3
54.7
0.97

rim

Dolomite

Bo1-16/1

43.9
4.19
6.65
0.38
0.35
0.10
55.6
43.4
99.0
81.0
6.90
11.5
0.63

core

MgCalcite

2

Type-III

6

28.9
16.5
6.69
0.16
0.10
b.d.
52.3
45.0
97.3
53.4
34.8
11.4
0.25

rim

FeDolomite

Bo1-16/2

* Highest concentration measured (not average) for a given trace element in the sample

1

1.34
32.8
18.0
b.d.
b.d.
b.d.
52.1
47.9
100.0
2.62
68.8
28.6
-

rim

Ankerite

Bo1-16/3

3

53.2
1.15
0.98
0.53
b.d.
b.d.
55.8
43.9
99.8
95.1
2.36
1.61
0.87

core

Calcite

Rh1012/1

Table 5.1b. Average composition of carbonate minerals in Type-II and -III aggregates from the TCR lamprophyres.

3

31.8
18.0
2.54
0.47
0.12*
0.09*
52.7
46.4
99.3
57.5
37.3
4.21
0.78

rim

FeDolomite

4

1.22
40.7
7.10
0.18
0.09*
b.d.
49.2
49.9
99.2
2.24
85.5
11.9
0.29

rim

Magnesite

Rh1012/3

Table 5.1c. Average composition of carbonate minerals in veins from the TCR
lamprophyres.
Sample

Ad-2/II

Bo-1-16

St-1/5

Carbonate
Phase

Calcite

Ankerite

FeDolomite

CaO
MgO
FeO
MnO
SrO
BaO
Total
Calc. CO2
Calc. Total
CaCO3 mol%
MgCO3 mol%
FeCO3 mol%
MnCO3 mol%

54.2
0.71
1.51
0.18
0.12*
0.10*
56.5
42.8
99.3
95.9
1.74
2.09
0.25

3.07
32.3
16.4
0.24
0.13*
0.10*
52.0
47.7
99.8
5.04
73.6
21.0
0.31

28.5
9.83
16.7
0.11
0.12
b.d.
55.2
43.3
98.5
51.5
24.7
23.6
0.15

# of
measurements

3

7

2

* Highest concentration measured (not average) for a given trace element in the sample
b.d. Below detection limit
Calc. CO2 Calculated CO2 wt%
Calc. Total Total wt% oxides (including CO2)

V.6. Microthermometric Analyses
The formation temperature of carbonate aggregates in the TCR lamprophyres was
estimated based on microthermometric analyses of fluid inclusions and chemical
compositions of coexisting silicate phases in predominantly carbonate aggregates.
According to Boettcher et al. (1980), the water-saturated solidus of magmatic carbonate
is above 565ºC at pressures less than 5 kbars. Thus, carbonates of hydrothermal origin
would be expected to precipitate below 565°C.
Primary fluid inclusions in Types-I and I aggregates and secondary inclusions in
Type-III carbonates were analyzed. The carbonate veins did not contain fluid inclusions
suitable for microthermometric analysis. Fluid inclusions in Types-I and -II aggregates
are scattered randomly in the host mineral, and show no alignment along fracture planes
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or growth zones. These inclusions are interpreted to be of primary origin based on mode
of occurrence. The inclusions vary from <2 µm to about 14 µm, contain vapor and liquid
at room temperature and have irregular to regular negative-crystal shape.
Type-III aggregates contain secondary fluid inclusions along roughly planar,
sometimes branching, healed fractures that do not extend to the rim of the aggregates.
The inclusions are <4 µm, contain liquid and vapor at room temperature, and have an
irregular shape. The Type-III aggregates also contain a few randomly distributed
inclusions which would be classified as primary based on their occurrence. However, the
homogenization temperature and salinity of these inclusions is similar to that of the
obviously secondary inclusions. We interpret these randomly distributed inclusions to be
either secondary inclusions or primary inclusions that have reequilibrated and/or refilled.
This interpretation is based on the assumption that any primary inclusions in the
carbonate that were trapped when it was originally precipitated at depth would have
reequilibrated when they were entrained into the hot lamprophyric magma during
transport to the near-surface (Bodnar, 2003b).
Homogenization temperatures range from 77 to 204ºC (Fig. 5.4a-c) and are
consistent with data reported by Demény et al. (1994) on primary fluid inclusions in
carbonate ocelli from some TCR lamprophyre dikes. However, our data show a wider
temperature range (Fig. 5.4a). Fluid inclusions in Types-I and -II carbonates span the
entire temperature range mentioned above (Fig. 5.4a-b) whereas fluid inclusions in
Type-III carbonates vary within a narrow range and are never higher than 104ºC (Fig.
5.4c).
First melting occurs at about –21°C, near the H2O-NaCl eutectic temperature (21.2°C; Bodnar, 1992). No evidence of gases was observed. Final ice melting
temperatures in the three aggregate types overlap and vary between –0.2ºC and –15.0ºC,
with most between –2.4ºC and –9.6ºC (Table 5.2). Based on the observed first melting
temperatures the inclusions are modeled using the H2O-NaCl system. Salinities of
primary fluid inclusions in Types-I and -II aggregates range from 4.0 to 13.6 NaClequiv.
wt% (Bodnar, 1992), ignoring the extreme data (Table 5.2). Final melting temperatures of
secondary inclusions in Type-III aggregates average -1.8°C, corresponding to an average
salinity of 2.8 NaClequiv. wt%.
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Figure 5.4. Homogenization temperatures of fluid inclusions hosted in carbonate
aggregates in TCR lamprophyres sorted according the aggregate type. Data for Type-I
and Type-II aggregates include results from Demény et al. (1994)
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n/a
n/a
1.5
n/a
n/a
2.6
4.1
n/a
2.6
n/a

13.6
10.9
5.4
n/a
0.3
1.7
1.7
n/a
4.1
0.3

-9.6
-7.3
-3.3
n/a
-0.2
-1.0
-1.0
n/a
-2.43
-0.2

2.2
n/a
4.3
33.1
49.3
22.6
29.7
15.1
36.1
6.9

141
n/a
204
102
130
111
128
106
158
90

St-1/4a
St-1/4b
My-1/1
Pa-1/1
Bkt1/6
St-1/1c
St-1/3
St-1/6
My-1/2
Rh-121/3

Type-I

Type-II

Type-III

Th Homogenization temperature
StDev Standard deviation of measurements
Tm Final melting temperature of ice

StDev

Salinity
(NaClequiwt%)

Average Tm
(°C)

StDev

Average Th
(°C)

Sample

Aggregate Type

Table 5.2. Average ice-melting temperatures and salinities of fluid inclusions in carbonate aggregates from the TCR lamprophyres.

V.7. Discussion
V.7.1. Geothermometry
The formation temperature of carbonates was estimated using the method of
Hamilton (1961) for nepheline in equilibrium with carbonates. This method is based on
experimentally determined limits of NaAlSiO4-KalSiO4-SiO2-H2O solid-solution in
nepheline at temperatures between 500 and 775°C, using the K/Na and Si/Al cation ratios
of nepheline in equilibrium with silicate melt (Hamilton and MacKenzie, 1960).
Experiments at 1 and 2 kbars show that the effect of pressure on the solid-solution
boundary is negligible (Hamilton, 1961). This method was applied to the Type-I
aggregates that show textural evidence of coeval crystallization of nepheline and
carbonate (Fig. 5.2B). Two analyzed nephelines contain 73.8 and 82.4 mole% nepheline
end-member (NaAlSiO4), 26.2 and 17.6 mole% kalsilite (KalSiO4), and 1.9 and 3.5
mole% SiO2, respectively, and suggest a temperature of formation <500ºC. This
temperature is assumed to also apply to the contemporaneous carbonate in the aggregates.

V.7.2. Genesis of the carbonate aggregates
The genesis of Types-II and -III carbonate aggregates can be readily established
on the basis of the evidence presented here (Table 5.3). Petrographic and geochemical
characteristics of Type-III carbonates support their xenolithic - xenocrystic origin. Their
polygonal, irregular shape (Fig. 5.2E-F) is consistent with their origin as fragments from
the conduits of the intruding lamprophyre melt. The other distinctive geochemical feature
of the Type-III aggregates is that they contain Mg- and Fe-rich carbonate phases at the
rims, and Ca-rich carbonate cores (Fig. 5.2E-F).
The geological setting and petrographic and geochemical features of zoned
silicate phases (clinopyroxenes, mica) from lamprophyres indicate an extremely rapid
cooling rate for the dike rocks (Szabó et el., 1993). According to Fisler and Cygan
(1999), distinct carbonate compositional zoning on a scale of 100’s of micrometers, such
as observed in Type-III carbonate aggregates, is unlikely to be reset by chemical
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diffusion during rapid cooling (1000 °C/m.y.) of melts in contact with carbonates. Thus,
we can exclude chemical diffusion for the origin of compositional zoning observed in
Type-III aggregates (Fig. 5.2E-F). The compositional zonation in Type-III aggregates
(Fig. 5.2E-F; Table 5.2) is best explained by reaction between the solid carbonate wall
rock and hot lamprophyre melt, resulting in rapid melting and crystallization of the rims
of carbonate xenoliths.
The preceding interpretation is consistent with phase equilibria in lamprophyre
melts, which have liquidus temperatures ≈ 1200°C at lower crustal conditions (Nemec,
1977; Esperanca and Holloway, 1987) Most lamprophyre melts are almost completely
crystallized after cooling to 250 to 450 °C below the liquidus temperature (Nemec 1977;
Montel and Weisbrod, 1986). Thus, melts interacting with carbonate (limestone and/or
dolomite) wallrocks in the upper crust must have been at least 750°C. Following
entrainment of wall rock fragments, lamprophyric melts rise quickly towards the surface
(Rock, 1991; Szabó et al., 1993) and cool rapidly, leaving little time for complete
assimilation of the larger carbonate aggregates. Thus, only the rims of Type-III
aggregates show evidence of interaction with the host melts.
The occurrence of Al-silicates such as those observed at the contact between some
Type-III carbonate aggregates and the lamprophyre groundmass (Fig. 5.2F) have been
interpreted as the product of partial assimilation of limestone by alkaline and mafic
magmas (e.g. Joesten, 1977; Baker and Black, 1980; Joesten et al., 1994; Owens, 2000).
The secondary fluid inclusions are likely to represent hydrothermal fluids related to the
late-stage crystallization of the lamprophyre, or to fluids infiltrating the dikes after their
complete crystallization.
The shape and size of Type-II carbonate is similar to that of unaltered or partially
altered olivine phenocrysts in the lamprophyres (Fig. 5.2D) and appears to be
metasomatic carbonatization products after olivine phenocrysts. This is consistent with
observations of Rock (1991) who described widespread late-stage or subsolidus
autometasomatic alteration of primary minerals in lamprophyres due to their high volatile
content. However, primary fluid inclusions in Type-II aggregates are at variance with the
proposed gradual carbonatization of olivine. The olivine must have been completely
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altered and removed to provide space for precipitation of later carbonate phases by
hydrothermal fluids, some of which were trapped to produce primary fluid inclusions.
Based on the tectonic and stratigraphic settings of the lamprophyre dike swarms,
late stage, secondary process associated with formation of Type-II carbonate aggregates
occurred in the upper crust (Kubovics and Szabo, 1988). Thus, the carbonate aggregates
are likely to have formed at pressures lower than 5 kbars. Based on the isochores for
aqueous (H2O-NaCl) fluid inclusions with salinities between 5 and 10 wt% and
homogenization temperatures below 200ºC (Fig. 5.5, Table 5.2), the formation
temperature of these fluid inclusions would have been under 500ºC if the pressure was
lower than 5 kbars (Fig. 5.5). A notable feature is that Type-II aggregates occur
exclusively in the St-1 and Ad-2 lamprophyre sample where the abundance of Type-I
aggregates with a similar composition is high (Table 5.1a-b), as well. This suggests that
the source of fluids responsible for the genesis of Types-I and -II carbonates might be the
same. This is supported by their similar composition (Fig. 5.3., Table 5.1a-b) and by the
fact that there is a network of carbonate veins connecting Types-I and -II aggregates (Fig.
5.2G-H).
Petrographic and geochemical features of Type-I aggregates are similar to those
of aggregates that have been interpreted to be ocelli (e.g. Phillpotts and Hodgson, 1968;
Ferguson and Currie, 1971). However, most of these authors explained the genesis of
globular aggregates in alkali mafic rocks as solidified droplets of carbonate melt that
separated from a silicate melt. Formation of the carbonate phases in the ocelli of TCR
lamprophyres, however, cannot be explained by immiscibility during crystallization of
the felsic melt. However, the vugs that now contain carbonate could have been formed
during such a process.
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Figure 5.5. Estimates of P-T formation conditions for carbonate aggregates in the TCR
lamprophyres. The shaded field shows the pressure – temperature of formation for Type-I
carbonate aggregates, defined by the isochores (dashed lines) for lowest and highest
measured homogenization temperatures and lowest and highest calculated salinity. The
vertical solid line shows the estimated maximum temperature of formation and the
horizontal line shows the assumed maximum pressure of formation. The double subvertical line shows the water-saturated carbonatite solidus from Boettcher et al. (1980).
Primary fluid inclusions in Types I- and –II aggregates show homogenization
temperatures lower then 204ºC (Fig. 4). Assuming a formation pressure of <5 kbars for
the lamprophyres, the formation temperature of the primary inclusions would have been
lower than the water -saturated carbonate solidus (Fig. 5). This conclusion is also
supported by the estimated temperature range (lower than 500ºC) for the formation of
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silicate phases in the ocelli rims that show textural evidence for coeval crystallization
with the carbonate phases (Fig. 5.2B). Most likely Type-I ocelli formed by the following
process. First, gas bubbles exsolved from the volatile-rich, late stage melts to produce
vesicles in the magma after much of the groundmass had crystallized (Foley, 1984;
Andronikov and Foley, 2001). The commonly occurring tangential alignment of
phlogopites around aggregates (Fig. 5.2C) was caused by expansion of gas bubbles in a
partially crystallized magma (Phillips, 1973). External fluids responsible for the
precipitation of Type-I carbonate aggregates were transported through the fracture
system now preserved as carbonate-filled veins. The important role of externally-derived
fluids in the formation of the aggregates is also supported by the mixed magmaticmeteoric isotopic composition of the carbonate aggregates reported by Demeny et al.
(1994).
Based on the petrographic and geochemical characteristics of Type-I carbonates,
one cannot exclude the possibility that they represent recrystallized magmatic carbonates.
This also implies that the fluid inclusions do not provide information on the formation of
the carbonate aggregates, but rather that the inclusions represent fluids that were present
during recrystallization. Among the most diagnostic tests recrystallization has occurred is
the presence of geochemical patterns that overprint original compositional zoning
(Goldstein, 2003). CL and BSE imaging show homogenous cathodoluminescence
textures in Type I aggregates. Such textures are usually not associated with
recrystallization , but cannot be used to conclusively rule out that recrystallization has
occurred.
Results of integrated petrographic, geochemical and fluid inclusion studies
suggest that ocelli previously interpreted as products of carbonate-silicate melt
immiscibility might be better interpreted as the products of hydrothermal processes.

107

V.8. Conclusions
Late Cretaceous lamprophyres from the Transdanubian Central Range (Hungary)
contain carbonate aggregates that have been classified into three distinct groups (Table
5.3). Type-I aggregates are globular shape, contain primary and secondary aqueous fluid
inclusions, lack major element zonation, and show tangentially aligned mica at the
contact with the host rock. Based on microthermometric analyses and geothermometric
calculations, these aggregates precipitated from aqueous hydrothermal solutions to fill
vesicles in the crystallized (or partially crystallized) melt. This observation is inconsistent
with previous models that explain the genesis of such features by silicate–carbonate melt
immiscibility.
Type-II carbonate aggregates also host primary and secondary fluid inclusions
but show polygonal shape and lack of oriented sheet silicates at their rims. Type-II
aggregates form from hydrothermal fluids, similar to Type-I aggregates, except that the
carbonate phases precipitated in spaces previously occupied by olivine phenocrysts.
Type-III aggregates have irregular shape, distinct compositional zoning
(increasing Mg-, and Fe-content in the carbonate phases towards the rims), contain
secondary fluid inclusions, and contain Al-silicates (clay minerals) at the contact with the
lamprophyre host, instead of a shell of oriented mica as in the Type-I. These aggregates
show signs of reaction with the hot lamprophyric melt and are interpreted to represent
xenoliths and xenocrysts from the wall rock of the magma conduits.
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Type-III

Primary FIs
Th between 95 and
172°C

Secondary FIs
Th ≤ 104°C

Polygonal Shape,
Olivine pseudomorphs,
No Mica or amphibole rim

Irregular shape,
No mica or amphibole rim,
Al-silicates at rim

Carbonate xenoliths and
xenocrysts

Compositional
zonation:
Calcite, Dolomite,
Magnesite,
± Ankerite

Hydrothermal filling of
vesicles or recrystallization
of ocelli

Ad-2/II,
Bo1-16,
Rh/1012,
Rh8,
Bkt1/6

Ad-2/X,
St-1

Ad-2/III,
Bkt1/6,
My-1,
Pa1, St-1,
Val-3

Pseudomorphs after olivine

Samples

Proposed Origin

Dolomite

Dolomite, Calcite,
Magnesite

Primary FIs
Th between 77 and
204°C

Globular shape,
Tangentially oriented
mica and amphibole at rim

Type-I

Type-II

Carbonate
Composition

Microthermometry

Petrography

Aggregate
Type

Table 5.3. Summary of petrographic, geochemical and microthermometric characteristics of different carbonate aggregate types in the
TCR lamprophyres.
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