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(ABSTRAGT)

The minimum T-XCO2 location of the reaction boundary calcite + quartz +

rutile = sphene + CO2 has been experimentally determined in H20-CO2·NaCl

fluids at 2 kbar. Extent and direction of reaction were monitored by the CO2

weight change method using natural materials. All bulk compositions contain

23 vvt. % NaCI, relative to NaCl-H20. Synthetic fluid inclusions trapped at the

T-XCO2 conditions of several points along the curve suggest unmixing of the

fluid phase, as evidenced by coexisting CO2 vapor-rich and aqueous, halite-

bearing inclusions. Results from 450-520 °C are listed below.
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520 > 85.2
500 > 77.8
480 > 75.3460 . > 60.2 -
450 41 .6.-t1 .4
440 <17.0 ?

At CO2—rich compositions (greater than about 40 mole %) the equilibrium
curve is significantly displaced toward lower temperature compared to the
salt-free H20'CO2 system (Jacobs and Kerrick,1981). For a given P, T, and
CO2:H2O ratio the effect of adding NaCl to the fluid phase is to lower the
activity of CO2 in the fluid(s), with this effect becoming less pronounced at more
water-rich compositions, and possibly becoming reversed at temperatures
below 450° C. At constant temperature the effect of adding NaCl is to displace
the equilibrium fluid composition to significantly higher values of XCO2_ The
experimentally determined location of the univariant curve is displaced to
higher XCO2 over much of T·XCO2 space than the location predicted using the
equation of state of Bowers and Helgeson (1983a). Both theoretical and
experimental curves have similar shapes, however, becoming nearly flatoverthe

middle range of XCO2 values.
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Petrologists have long realized that fluids, and the system H20-C02 in
particular, are of fundamental importance to the understanding of phase 1

I l
relations in metamorphic rocks (Goldschmidt, 1912; Korzhinskii 1937, 1959;
Bowen, 1940; Yoder, 1952, 1955; Fyfe at al., 1978; Ferry and Baumgartner,
1987 ). Greenwood (1962, 1967) presented the thermodynamic analysis of
metamorphic reactions involving H20 and/or C02, and pioneered the use of
constant pressure T-XC02 plots. These simple diagrams clearly depict many
of the most important aspects of devolatilization reactions in mixed H20-C02
fluids and have been widely used to represent and interpret phase relations
in metamorphic rocks where the fluid is presumed to have been composed
principally of H20 and C02 (Carmichael, 1970; Ferry, 1976, 1983).

Alhough H20-C02 is a reasonable frrst approximation to most
metamorphic fluids, fluid inclusion studies of metamorphic rocks have
shown that many are appreciably saline, and are better described by the
system H20~C02-NaCl, (see for example Hollister and Buruss, 1976; Crawford
et al., 1979; Bowers and Helgeson, 1983 a, b; Rudnick et al., 1984;
Trommsdorf et al., 1985; Stout et al.; 1986 0lsen, 1987 ). The addition of NaCl

to H20·CO2 affects fluid phase equilibria and causes fluid immiscibility to
occur over a much wider range of P-T conditions than in the binary system
(Takenouchi and Kennedy, 1965; Gehrig, 1980; Hendel and Hollister, 1981).
Trommsdorf et al. (1985) described fluid inclusions containing halite and
sylvite crystals from metamorphosed carbonate rocks and proposed that
thefluidswere saturated with these salts during metamorphism. Mercolli 1
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1
(1982) has described two types of consanguinous inclusions in a marble from
the Lepontine Alps of Switzerland. One type has high CO2 content (in excess
of 85 volume %) and the other is H2O-rich and contains up to 50 weight %
dissolved salt, thus providing evidence in support of coexisting liquid and
vapor. Clearly, metamorphic fluids can contain significant quantities of salt,
and may be immiscible over a wide range of P—T conditions encountered in
the crust. The effect of fluid immiscibility at high salinities on metamorphic
equilibria is, however, largely unknown. If the presence of salt and
attendant immiscibility significantly displace reaction boundaries, then T-X
interpretations of metamorphic phase relations based upon experimentally
determined equilibria in single—phase H20'CO2 fluids could be in error.

Jacobs and Kerrick (1981) studied the reaction calcite + quartz + rutile =
sphene + CO2 in H2O—CO2 and H2O-CO2-NaCl fluids at 2 and 6 kbar. These
workers found that the addition of 10 wt.% salt to H2O—CO2 fluids affects the
acitivity of CO2 in the mixtures, but a systematic shift in one direction or the
other was not conclusively demonstrated. Bowers and Helgeson (1983 a, b)

I have applied a modified Redlich-Kwong equation of state for H2O-CO2-NaCl
fluids to evaluate theoretically the effect of fluid immiscibility on a number
of important metamorphic equilibria, including the reaction examined by
Jacobs and Kerrick (1981) and in the present study. This study
experimentally examines the effect of NaCl and fluid immiscibility on the
location of the univariant cuwe in T-XCO2 space of the reaction calcite +
quartz + rutile = sphene + CO2 and compares the results with the theoretical
prediction of its location using the equation of state of Bowers and Helgeson
(1983 a).

2



I
IIITOPOLOGY OF TPHE SYSTEMS H2O-CO2

ANDFigure1 shows a perspective, scale P-T·X drawing of the system I
H20'CO2„ A solvus exists over a wide compositional range and the
maximumtemperatureat which immiscibility occurs is 374°C at 220 bars. At both l

higher and lower pressures the position of the solvus is shifted to lower
temperatures. At fixed T and P, the intersection of a line parallel to the
composition axis with the solvus defines the compositions of the two
coexisting phases. With increasing pressure, the solubility of water in CO2
and the solubility of CO2 in water increase and the compositions of the

Ecoexisting liquid and vapor move closer together, until a pressure of 2150 I
bars is reached. At pressures above 2150 bars, this effect begins to reverse E
itself and the compositions of the coexisting fluids diverge (Takenouchi and :
Kennedy, 1964). At constant pressure the effect of increasing temperature is 1
to increase the solubility of water in CO2 and vice versa until the maximum E
temperature on the solvus for that pressure is reached, at which point both :
species become completely soluble in one another. Most mineral reactions E
that would occur in the presence of a pure H2O-CO2 fluid at regional :
metamorphic conditions would likely do so in a single phase fluid, owing to :
the relatively low maximum temperature of the solvus (374°
C).Theaddition of NaCl expands the solvus to higher temperatures :

compared to the binary system, increasing the likelihood that metamorphic E
equilibria may intersect the solvus (Bowers and Helgeson, 1983b; Bodnar Q
and Sterner, 1987; Kotelnikova et al., 1989). Figure 2 is a schematic diagram D
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of phase relations with several isothermal sections (Tl—T5) through the
ternary fluid system H2O—CO2-NaCl at constant pressure. The front face
shows the H2O-CO2 solvus closing between T2 and T3 with tie lines
connecting coexisting compositions. The ternary solvus (white region) in the
center of the diagram can be likened to a slanted cone, tnmcated on the rear
side by the three—phase field halite + liquid + vapor. This solvus extends to
higher temperatures than in the H2O-CO2 binary system and closes with
increasing temperature (between T4 and T5), leaving a single phase fluid
field and a field of coexisting halite and fluid at T5.

EFFECT OF IMMISCIBHJTY ON DEVOLATILIZATION REACTIONS

Figure 3 shows a hypothetical decarbonation reaction in T-XCO2 space.
Curve A is the configuration of a devolatilization reaction which does not
intersect the binary solvus. For a reaction occurring in the single—fluid phase
region (Curve A) any change in the bulk fluid composition requires a change
in temperature to remain on the univariant curve. Curve B is drawn to
intersect the salt-free H2O—CO2 solvus. For all fluid compositions within the
solvus, the reaction occurs at the same temperature, rendering the T-X curve
flat in the two-phase region. At any specified temperature, the two
coexisting fluids remain compositionally the same while their relative
proportions change, for all bulk compositions within the two-phase field.
Although the bulk fluid composition may move over a wide range within the
solvus (from Y to X), the fugacities of the components in the fluid remain
fixed. Thus the fluid exerts a great buffering capacity on a reaction when it
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enters a two-phase field because the assemblage becomes invariant with the
presence of a second fluid phase.

The above argument does not hold for a reaction occurring in the
presence of ternary, two-phase fluids. Figure 4 is an isothermal, isobaric
section through the temary system H20-CO2-NaCl showing schematic phase ‘

relations and a pseudobinary section (line P—Q) of constant H2O:NaCl ratio.
Tie lines connecting saltwater—rich liquid and CO2-rich vapor are inclined at
an angle to the pseudobinary. For a bulk composition X along the
pseudobinary, two fluids, liquid A and vapor B coexist. A change in bulk
composition from X to Y results in a change in the compositions of the
coexisting fluids to C and D, with a corresponding change in the fugacity of
CO2.

Phase rule analysis at constant pressure shows that the reaction must
be univariant along the entire length of a pseudobinary in this system,
whether it occurs in the presence of one or two fluids. In the single fluid
phase field the system considered in this study consists of five components:
CaO, SiO2, TiO2, CO2, 8.43 H20/NaCl (restriction to a pseudobinary results in a
constant water/salt ratio in the one phase field); and five phases: calcite,
quartz, rutile, sphene, and one fluid. The phase rule variance is F = 5 — 5 + 1
= 1. In the two-fluid phase field the system consists of six components: CaO,
SiO2, TiO2, CO2, H20, NaCl (immiscibility results in variable water/salt ratio),
and six phases: calcite, quartz, rutile, sphene, liquid, and vapor. The phase
rule variance is again one.

At any given temperature and at constant pressure, there is only one

bulkfluid composition along the pseudobinary at which a decarbonation
8
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reaction will be in equilibrium, and the reaction cannot track directly across
the solvus as in the binary fluid case. Because the presence ofa secondfluid
phase does not lower the assemblage variance, thefugacity of CO2 GCO2) is
not buffered at afxed value along a pseudobinary in the ternary system.
The rate ofchange offCO2 along a pseudobinary atfxed T and P will be
highly sensitive to the inclination of the tie lines to the pseudobinary. When
a tie line is nearly parallel to a pseudobinary, a large change influid
composition will have a relatively small effect upon the fugacity ofCO2.
(The extreme case is a tie line parallel to the pseudobinary, in which a large
change in bulk composition within the two-phase field will have no effect on
fCO2.) For tie lines inclined at a high angle to the pseudobinary as shown in
Figure 4, the same change in fluid composition will have a much larger effect
on the fugacity ofCO2.

As outlined above, thermodynamic analysis shows that T—X plots of
decarbonation reactions in ternary fluids are smooth and continuous, but the
effect of salt and fluid immiscibility on the shape and location of the curves
relative to those in pure H20-CO2 is unknown.

1
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The method employed in this study is a modification of that used by
Jacobs and Kerxick (1981). In the current study a series of isothermal, 1

isobaric runs at different initial fluid compositions was allowed to approach
equilibrium from both sides of a reaction. The equilibrium XCO2 was
determined by plotting final XCO2 for each run against the change in the
number of moles of CO2 for that run, divided by the initial fluid mass to
normalize against possible variations in the starting number of moles.
Constant fluid/rock ratio and constant mass of solids in each run also
normalize any variations in the change of moles of CO2 in a run. The final
XCO2 value corresponding to no change in the number of moles of CO2 equals
the equilibrium XCO2 at that particular temperature.

All initial fluid compositions contained 23 wt.% NaCl relative to
NaCl—H2O, and NaCl and H2O do not take part in the reaction being studied. -
Thus all bulk fluid compositions lie along a pseudobinary such as line P—Q

shown in Figure 4. Fluid/rock mass ratios were maintained as close to 1:5 as
possible, to insure that reaction among the solid phases controls the fluid
composition, and not vice versa. This results in a relatively large
compositional change in the small mass of fluid during the run. As none of
the runs were of sufficient duration to reach equilibrium, reaction progress
is partially dependent upon fluid/rock ratio (Edgar, 1973). Maintaining a
constant fluid/rock ratio eliminates it as a variable in the experiments.

All experiments were conducted at 2 kbar fluid pressure using water as
the pressure mediumin horizontally mounted Rene·41 and Stellite cold·seal

1 1
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vessels. Duration of all runs was seven days. Run temperature was
measured to i3°C with extemal chromel-alumel thermocouples and was
achieved asymptotically in order to eliminate any overshooting which could
adversely affect reaction kinetics. Filler rods were used to minimize thermal
gradients and pressure fluctuations as a result of changing room
temperature. Pressure was measured to i10 bars using a Heise
Bourdon-tube gauge calibrated at the factory against a dead-weight gauge
traceable to NBS.

Solid reactant material was prepared as follows. The surfaces of natural
sphene and rutile crystals were ground to remove all external crystal faces
and any contaminating material which might be embedded. Only cleavage
fragments of natural calcite were used so that no crystal faces were present.
A piece of Brazilian quartz was selected from the interior of a larger

X
fragment. Sphene, rutile and quartz were then soaked in dilute sulfuric acid
for a minimum of 24 hours to remove any surface contamination (Edgar,
1973). All minerals were then crushed with an aluminum oxide mortar and
pestle (Mohs Hardness=9) and sieved to less than 325 grit size (45 um).
After sieving , the rutile, sphene and quartz were soaked in 3N HC1 for 24
hours to remove any impurities and to dissolve any sharp edges which might
induce supersaturation and unpredictably influence reaction kinetics (Edgar,
1973). All solids were then mixed in equimolar amounts. After mixing,
ultrafines were decanted by five steps of elutriation. Electron microprobe
analyses of starting materials are listed in Table l. Chemical analyses were
performed using an ARL-SEMQ electron microprobe, operated at 15 kV and
20 nA with counting times of 20 seconds on peak and 10 seconds on either

1 2
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TABLE 1. Microprobe analysis of starting materials.
h

italxztxq &mLe Qlcß
(Conselheira Pena, (Graves Mountain, (Creel, Chihuahua

Minas Gerais, Lincoln Co., Ga.) Mexico)

Brazil)

SiO2 30.68 - —

TiO2 37.72 98.20 ·
A12O3 1.16 — -
FCZÜB - · -
FeO 0.54 1.08 -
MnO 0.1 1 0.07 -
MgO 0.04 - <0.001

CaO 29.18 — 56.03
CO2 - · 43.97
Cr2O3 - 0.12 -F 0.12 - -

Total 99.31 99.47 100.00

1 3 1
1
1
1
1
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1
side of the peak for background corrections.

Platinum capsules, 18 mm. long and 5 mm. in diameter were sealed at
each end with arc-welded end caps, as described by Stemer and Bodnar
(1984) and Bodnar and Sterner (1987). Loading proceeded in the following
manner. The total weight of solid reactants was predetermined at 0.225
grams. The desired fluid composition for a given run was calculated and the
amount of NaCl necessary to achieve 23 wt.% relative to H20 was added to
the capsule. Second, silver oxalate (Ag2C204) was added in the amount
necessary to yield the requisite number of moles of C02. The weights of
these two materials having been recorded, the actual amount of solid
reactant material necessary to yield 1:5 fluid/rock ratio was calculated. In
practice the amount of solids was always .225 i .0002 grams. This amount
was loaded and an excess amount of H20 to complete the fluid composition
was added last by adding an excess amount of doubly distilled H20 with a
microliter syringe and the proper weight achieved by evaporation. (It
should be noted that while it might have been easier to add a saline solution

1 directly to the capsule, it is not possible to add exactly the correct amount of
solution to the capsule. If too much were added, evaporation would bring it
back to the proper weight, but would change the H20:C02 in so doing.) After
all materials had been loaded the capsule was immediately welded shut.

After exactly seven days the runs were quenched and the final fluid
composition was measured using a minor modification of the method of
Johannes (1969). 0ne end of the capsule was wrapped in tissue paper (used 1
to trap any H20 that might be entrained in the escaping C02 gas) and
theweight(capsule plus tissue paper) was recorded, The end wrapped in tissue ‘

1 4
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paper was pierced and the CO2 gas released. The capsule was then
immediately reweighed, and the difference between the two weights taken
as the final mass of CO2 in the capsule. The mass of H20 in the capsule was
assumed to remain constant. This assumption was corroborated several
times by drying the capsule and weighing to find the actual final mass of
H2O. This value was always within 0.00005 grams (0.21 - 5.3 %) of the
initial value.

Three "blanks" of silver oxalate and H2O, and six "blanks" of silver
oxalate alone were run, and the capsules opened as the experimental
capsules would be to test for accuracy of CO2 determination and CO2 yield of
silver oxalate. Measured values of XCO2 were always within 0.5 mol% of the
value predicted by assuming 100% yield from the silver oxalate. These nine
runs were used to estimate the actual yield of silver oxalate, and the average
value was used to calculate the actual amount of CO2 produced by the
breakdown of silver oxalate. Details of the yield calculation are presented in
Appendix B.

After a minimum XCO2 value had been obtained for a particular
temperature, synthetic fluid inclusions were trapped at those T—XCO2
conditions in order to ascertain whether the fluid was in the one-phase or
the two-phase field. Fluid inclusions were trapped in quartz using the
method of Stemer and Bodnar (1984) and Bodnar and Stemer (1987). All
fluids were generated using silver oxalate and a 23 wt.% NaCl solution. Run
conditions for synthetic fluid inclusions were achieved in less than 20
minutes. Healing of fractures and trapping of fluids as inclusions does not
occur in this short time inteival at temperatures below 600 °C (Bodnar and

1 6 l



Stemer, 1987). It is believed that the inclusions trapped are representative
of the state of the fluid at run conditions.

1 6



The weight change of CO2 for a given run was used to calculate the number
of moles of CO2 either consumed or produced by the reaction. This number
was then used to calculate QCO2, where

Q CO change in no. of moles of CO2 106 12 · X 1 J ‘ >
Dividing the change in the number of moles by the initial fluid mass
normalizes to account for any minor variations in initial fluid/rock ratio.

The final fluid ratio XCO2 (CO2/ H20 + CO2) for each run is calculated by

CO moles CO2 100 2X 2 moles CO2 + molesH2O X ( ) ( )

where the moles of H2O and CO2 were obtained by the weight change
technique described above. Equilibrium fluid compositions were detemiined
by plotting final XCO2 vs. QCO2_ The amount of reaction of a run, as
measured by QCO2, is proportional to the difference between the inital fluid
composition and the equilibrium fluid composition. Hence all points should
lie along a linear trend that extends from positive to negative values of
QCO2 (Jacobs and Kerrick, 1981). The XCO2 value where the trend intersects
the line of zero mole ( QCO2 = O) change gives the equilibrium fluid
composition for that temperature and pressure.

11 7 |
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Figures 5-10 show the results of experiments at 440°, 450°, 460°, 480°, 4
500°, 520°C along the 23 wt.% NaCl pseudobinary. A clear trend of
decreasing QCO2 with increasing XCO2 is indicated on the positive QCO2 1
side, but no discemible trend is apparent on the negative side. Jacobs
andKerrick(1981), Hunt and Kerrick (1977), and Hewitt (1975) have noted that, 4

in general, a volatile—producing reaction proceeds more quickly than does
the reverse, volatile—consuming reaction. It is also known that reaction
kinetics become more sluggish in CO2-rich fluids, as CO2 is not as efficient a
transport medium as is water. These observations explain the
non—systematic behavior of the data in the negative QCO2 field. There is 1
also the added difficulty of obtaining measurable amounts of reaction when
a fluid composition is near the equilibrium value for a particular
temperature. At such compositions, the reaction encounters activation
energy barriers comparable to the free energy difference driving the
reaction and becomes sluggish (Edgar, 1973). As a result of these two kinetic 1
difficulties, the change in QCO2 near the equilibrium value, and to
theCO2-richside of the equilibrium, is not signiticantly different than zero and
the data show no discemible trend to lower (more negative) QCO2 values.

All data on Figures 5-10 have an uncertainty associated with the weight
change technique, as calculated in Appendix B. The error shown is
considered to be a minimum value, and the actual error in the weightchangemethod

probably results in a larger error than is calculated for thefollowingreason.
Data points less than about 350 units of QCO2 are scattered so as

tosuggestthat they may not be statistically different from zero. There is,
however, no way to precisely evaluate the absolute magnitude of

1 8















experimental uncertainty.
These three considerations (little carbonation reaction, sluggish reaction

near equilibrium, and uncertainty in the error analysis) lead to the
conclusion that definite reversal of the reaction has only been obtained at
450 °C and that only the data on the positive QCO2 side above about 350
units of QCO2 on Figures 5 and 7-10 are meaningful. At 450 °C we believe
that there are sufficient data in the negative QCO2 field to indicate reversal
of the reaction.

Jacobs and Kerrick (1981) fit a least-squares quadratic regression to
their data to show the relationship between the change in CO2 and final fluid
compositon for a run. The scatter of our data precludes the fitting of a curve,
as the curve fitting technique gives an equilibrium bracket, which in turn
implies that reversal has been obtained. Because it has not been
satisfactorily demonstrated that reversal has been obtained for most of the
temperatures in this study, there is no justification for regression of the data
shown. Thus, with the exception of 450 °C, only minimum values of XCO2
have been obtained, and the actual equilibrium curve must lie at higher
XCO2 values. How much higher is unknown, but the trend of the positive
QCO2 data at each temperature suggests that the value is not much greater
than the minimum value listed in Table 2. The results of these experiments
are summarized in Figure 1l. Jacobs and Kerrick (1981) studied the reaction
calcite + quartz + rutile = sphene + CO2 at 2 kbar and 6 kbar fluid pressure,
both in the system H2O—CO2 and in the system H2O-CO2-NaCl. To test
interlaboratory consistency and to insure that the technique was working
properly several experiments were performed to replicate the 500°C

2 5
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Table 2. Summgy of experimental equilibrium brackets

Temgrature (°C) Equilibrium fluid composition (XCO2)

520 > 85.2
500 > 77.8
480 > 75.3
460 > 60.1
450 41.6:1.4
440 <17.01

2 6





equilibrium fluid composition for the reaction in the sa1t—free fluid system.
At 500°C and 2 kbar, Jacobs and Kerrick (1981) found the equilibrium fluid
composition to be XCO2 = 57 i 5 mol %. Experimental data from the present
study indicate that the equilibrium fluid composition for pure H2O-CO2 is
greater than XCO2 = 57 and probably less than about XCO2 = 65.

LOW TEMPERATURE RESULTS

The equilibrium fluid composition at low values of XCO2 was not
determined because experiments at 440°C in H2O-CO2-NaCl fluids yielded
confusing, yet systematic results, as shown in Figure 5. The trend of the data
in Figure 5 is not consistent with dehydration or decarbonation reactions, nor
are they consistent with the behavior expected of a reaction involving both
H20 and CO2. When an initial composition is more H2O-rich than the
equilibrium composition for a given temperature, the reaction direction
should result in a gain of CO2 in the capsule; the farther the initial
composition is from equilibrium the more CO2 should be produced. In
contrast to this behavior, at 440°C the more H2O—rich an initial composition,
the more CO2 was consumed. This departure from predicted behavior is
difficult to explain. The systematic arrangement of data would seem to rule
out any kind of experimental error. Furthermore the slope of data points
indicates that reaction kinetics were still favorable at this relatively low
temperature. It is conceivable that the addition of NaCl to the system has
caused the reaction of interest to become metastable with respect to another
reaction. The nature of such a reaction, however, is quite limited. If

2 8
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intersection with another reaction were the explanation, nucleation of an
unwanted phase would necessarily occur. Given the system Na, Ca, Ag, (from
silver oxalate) Ti, Si, O, C, H, Cl, it is difficult to imagine what the unidentified
phase might be. X—ray analysis of the run products of the capsule which
experienced the greatest CO2 loss (the largest amount of reaction) were
conducted from 5 to 100 degrees 2V at 2 degrees/minute and compared to
analyses of the starting material. No differences were detected, suggesting
that no new phase was produced during the runs.

Another possibility (unlikely at this temperature) is that the fluid phase
entered the three-phase field (liquid + vapor + halite). This renders the
entire assemblage invariant, and no phase may change composition until
reaction among calcite, quartz, rutile, sphene, and CO2 exhausts at least one
of these phases. As a t€St of this possibility, synthetic fluid inclusions were
trapped over a wide range of compositions at 440°C. These were then
heated to measure the dissolution temperature of halite. If the fluid at
440 °C had been in the three-phase field, halite would have persisted to at
least 440°C, whereas halite in inclusions trapped in the two-phase field
(liquid + vapor) would all dissolve below 440°C. Halite dissolution
temperatures measured on several inclusions clustered in the range
315—340°C, thus ruling out the possibility of the fluid containing halite at run
conditions.

A third alternative explanation of the data in Figure 5 is that the
reaction was occurring as expected but that none of the runs were put up in
the stability field of sphene, The implication is that the equilibrium fluid
composition at 440°C lies to the left of the data in Figure 5, at a fluid
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composition lower than XCO2 = 17. The fact that reaction kinetics are
considerably slower in CO2-rich fluids than in water-rich fluids may explain

the trend of the data. Capsules with CO2-rich initial fluid compositions may
undergo less reaction than water-rich ones. The positive trend of the 8
highest XCO2 data points on Figure 5 reflects lower reaction rates in
progressively more CO2-rich fluids. The three data points to the extreme left
on Figure 5 are interpreted to define a trend similar to the expected trend
and indicate that the equilibrium fluid composition at 440 °C is more
water-rich than XCO2 = 17.01.

SYNTHETIC FLUID INCLUSIONS

After the minimum equilibrium XCO2 value had been obtained for a
particular temperature, synthetic fluid inclusions were trapped in quartz at
those T-X conditions in order to determine whether the fluid was in the
one-phase or the two~phase (liquid+vapor) field. Within the two phase field,
unrnixing of the fluid phase at run conditions generates a CO2—rich vapor
phase and a liquid phase of increased salinity (owing to the inclination of the
tie lines in the two-phase field). The liquid phase, when trapped as
inclusions, contains halite daughter crystals at room temperature.

Bodnar et al. (1985), working in the system H20-NaCl, have suggested
that the P—T path followed to run conditions may affect the results of

synthetic fluid inclusion studies. These workers proposed that any P-T path
3 0



which goes through a 2—phase field during heating to run conditions may
produce inclusions which strongly suggest immiscibility, even though final
run conditions were in the one-phase field. At high temperatures fractures
in quartz begin to anneal very rapidly (on the order of a few minutes), and

1 probably begin trapping fluids before final run conditions are reached. An
early trapped fluid may well be within the two-phase field, although final
run conditions were in the one—phase field, yielding misleading results. In
order to avoid this problem it was necessary to choose a P-T path to run
conditions such that the two-phase field is avoided.

In the system H20-CO2-NaCl it is not possible to devise an experimental
P-T path that avoids traversing the two-phase field, because of the wide
extent of the two-phase field in that system. Bodnar and Stemer (1987, fig.
17.15), Stemer and Bodnar (unpublished data), and Kotelnikova et al. (1989)
have demonstrated the ability to synthesize inclusions both in the two-phase
field and in the one-phase field in H20-CO2-NaCl. The inclusions synthesized
in the one-phase region have uniform phase ratios and homogenization
temperatures. It seems that at the temperatures involved in these studies
annealing rates were sufficiently slow to prevent premature trapping of
fluids. This suggests that the inclusions synthesized in this study are a
reliable indicator of the state of the fluid at run conditions.

Stemer et al. (1984) state that their results in H20-CO2-NaCl "suggest a
more extensive two-phase region than that calculated by Bowers and
Helgeson", (1983a). The inclusions synthesized by Stemer et al. (1984),
Stemer and Bodnar (1987), and Kotelnikova et al. (1989) and those

synthesized in this study strongly suggest that the 23 wt.% pseudobinary is
3 1
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in the two-phase field over the entire range of temperatures in this study.
Results of synthetic fluid inclusion experiments are given in Table 3 and
photomicrographs of selected inclusions are shown in Figures 12 and 13.
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Table 3. Summa_ry of synthetic fluid inclusion experiments

Temgrature °C # of fluid ghases
440 71.00 2
440 41.07 2
440 22.22 2
500 74.97 2
510 82.72 2
520 88.51 2
520 93.25 2
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The modified Redlich-Kwong equation of state of Bowers and Helgeson
(1983a) was used to calculate the fugacity of CO2 in equilibrium with calcite,
quartz, rutile, and sphene at 2 kbar in the temary system H2O-CO2-NaCl
over the range of temperatures of the experiments. The fugacity of CO2 in
equilibrium with the mineral assemblage is found by constructing an
ln(fCO2) vs. 1/T diagram for the reaction. This plot is constructed by taking
two equilibrium values of XCO2 for the reaction at 2 kbar at different
temperatures from Jacobs and Kerrick (1981), and using the equation of
state of Kerrick and Jacobs (1981) to determine the fugacity of CO2 at these
conditions. A straight line is fitted to these two points as illustrated in
Figure 14. This plot can then be used in conjunction with the equation of
state of Bowers and Helgeson (1985) to calculate the T-XCO2 location of the 2
kbar sphene equilibrium in both H2O·CO2 and H20-CO2-NaCl fluids. At any
temperature the equilibrium fCO2 is obtained from the ln(fCO2) vs. 1/T plot
and the program of Bowers and Helgeson is used to determine the
composition that corresponds to this fugacity given the restriction of 23 wt.%
NaCl relative to H20. The two initial XCO2 values have been adjusted within
the range of experimental error to insure that the 0 wt.% NaCl curve
predicted by Bowers and Helgeson (1985) falls as nearly as possible within
the experimental brackets of Jacobs and Kerrick (1981). The locations of the
2 kbar sphene equilibrium at O and 23 wt.% relative NaCl predicted by the
above method are shown in Figure 15, together with the results of this
study. The addition of salt, according to the equation of Bowers and
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Figure 14. Schematic plot of the reaction boundary calcite + quartz + rutile
= sphene + CO2 in natural log fugacity CO2 vs. 1/T. Also shown is
the fugacity of pure CO2 over a range of temperatures at 2 kbar.
The intersection of the two lines gives the 2 kbar equilibrium
temperature of equilibrium in pure CO2, and the CO2 fugacity for
this reaction at the same P-T conditions in a fluid of any
composition.
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Helgeson (1983a) has little to no effect at high values of XCO2, butdrivesthe
equilibrium to higher temperatures as fluid composition becomes more I

water rich. At higher concentrations of salt this effect is more pronounced.
The experimental results in the temary fluid system indicate that at 450 °C
and above the equilibrium fluid composition is shifted to more CO2-rich
values instead of to less CO2-rich values. While the absolute location of
theoretical 23 weight % curve differs from the experimental location, the
shape of the two curves is quite similar, especially if it is assumed that the
equilibrium fluid composition at 440 °C is less than XCO2=l7. A further
implication of this assumption is that the 23 wt.% NaCl T—X curve actually
crosses the salt-free curve and is at lower values of XCO2 than the salt-free
curve at lower temperatures.

Figure 16 shows the results of this study compared to NaCl-free
determinations of Jacobs and Kerrick (1981). The effect of adding NaCl to
the fluid is to increase the equilibrium XCO2 at high XCO2. The results of
experiments at 450 °C and 440 °C indicate that this trend is less pronounced
at lower temperature and XCO2, and that perhaps the 23 weight % T-X curve
crosses the salt-free T—X ciu*ve. Jacobs and Kerrick (1981) note that in fluids
of 5 and 10 wt.% NaCl the activity of CO2 in water-rich fluids (XCO2 around
0.2) appears to be increased. Their experimental data would also seem to
indicate that in more CO2-rich fluids at these salinities, the activity of CO2 is
slightly decreased. The data presented by Jacobs and Kerrick (1981) are
insufticient to make any generalizations concerning the effect of NaCl on the
activity of CO2 in H2O—CO2 fluids.

The implications of the current study are quite clear in this respect: the
3 9
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Figure 16. Location of the 2 kbar sphene equilibrium in H20-CO2 fluids
determined by Jacobs and Kerrick (1981), compared to
experimental results in H2O·CO2-NaCl fluids containing
23 wt. % NaCI relative to NaCl:H2O. Black triangles represent
equilibrium brackets given by Jacobs and Kerrick (1981).
Squares are minimum XCO2 values determined in this study.
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addition of 23 wt.% NaCl to a fluid of fixed H2O-CO2 ratio lowers the activity
of CO2 in the mixture compared to the pure H2O-CO2 system. At a fixed

temperature and pressure, the fCO2 and aCO2 in equilibrium with the
mineral assemblage is constant regardless of fluid composition. The addition
of NaCl at fixed P and temperatures above 450 °C causes equilibrium XCO2 to

be shifted to higher values, meaning that the activity coefficient of CO2 is
lowered as the result of adding NaCl. It appears that NaCl interferes in some

way with the CO2 in the fluid at the molecular level, thereby requiring a

larger value for XCO2 to achieve the necessary equilibrium fCO2 or aCO2. 1
In addition to deviating substantially from the salt-free curve of Jacobs ~

and Kerrick (1981), and in the opposite direction to that predicted byBowersand

Helgeson (1985), the T·XCO2 curve determined in this study also has a

distinctive shape, a shape quite similar to that predicted using the equation

of state of Bowers and Helgeson (1983a). Analysis of phase equilibria in the

temary fluid system requires that the T·XCO2 curve decline in temperature
while the fluid is in the two-phase field. There is no general thermodynamic

requirement, however, regarding the shape of the curve in the two-phase
field, which in this case descends rapidly at first and then levels off. It is
suggested here that the explanation lies in fluid immiscibility and the
changing orientation of the tie lines in the two-phase field with changing
temperature. Bowers and Helgeson (1983a, p. 1253) state that "tie lines
connecting coexisting phases in the two-phase regions....shift in orientation
from nearly parallel to the H20'CO2 binary at low temperatures to almost
perpendicular to this binary at high temperatures." As explained earlier, for

a given compositional change along the 23 wt.% pseudobinary, a relatively
4 1



large change in fCO2 will occur at high temperatures when the tie lines are at

a high angle to the pseudobinary. At lower temperatures, the tie lines

become more nearly parallel to the pseudobinary and the same

compositional change will result in a much smaller change in fCO2. If the

fCO2 of a decarbonation equilibrium changes very little for a large change in

XCO2 then the equilibrium curve will be flattened in that T-XCO2 range as
illustrated in Figure 17. For a given change in XCO2 from X4 to X3, the

temperature of equilibrium changes from T4 to T3 as a function of a

relatively large change in fugacity. For the same change in XCO2 from X2 to
X1 the corresponding temperature change T2 to T1 is considerably smaller

than before because of a small change in fCO2 which results from the tie

lines being less steeply inclined at lower temperatures.
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The addition of 23 wt.% NaCl to H2O-CO2 fluids lowers the fugacity of
CO2 for a fixed H2O:CO2 ratio. This effect is especially pronounced at XCO2
values between 40 and 80. It is possible that at very water-rich
compositions, this effect is reversed, but additional data are needed.
Addition of NaCl and attendant fluid immiscibility in H2O-CO2-NaCl fluids
has a direct effect on CO2 fugacity and metamorphic equilibria occurring in
those fluids. For the decarbonation reaction examined in this study, the
equilibrium temperatures have been lowered compared to the salt-free
system, and the T-XCO2 curve is displaced toward higher values of XCO2.
The experimental location of the T-XCO2 curve is significantly differentthanthat

predicted using the equation of state given by Bowers and Helgeson
(1983a). The effect of high salinity is opposite to that predicted by using the
Bowers and Helgeson equation. While the experimental curve in 23 wt. %

NaCl is displaced to lower temperatures, the curve predicted using the
Bowers and Helgeson equation is displaced to higher temperatures at values
of XCO2 < 80. The absolute shape of both curves is similar, however, in that
both flatten considerably in the mid to low range of XCO2 values.

The shape of the decarbonation reaction in 23 wt.% NaCl fluids is
distinctly different from that of a standard decarbonation curve. The shape
results from the varying rate of change of fCO2 in the two-phase field. At
high temperatures the tie lines in the two-phase field are inclined at a high
angle to the pseudobinary, and a small change in bulk fluid composition
along the pseudobinary results in a relatively large change in fCO2. At lower
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temperatures the tie lines are more nearly parallel to the pseudobinary, and

a relatively small change in bulk fluid composition results in a small change

in fCO2. Where fCO2 changes rapidly the T-X curve drops steeply. Where

the rate of change in fCO2 decreases, the T·X curve becomes less steeply

sloped and approaches horizontality.
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APPENDIX A. EXPERIMENTAL DATA

Sample T°C silver H20 NaCl weight (g) weight (g) C02 fmal
Number oxalate (grams) (grams) before after gain/loss XC02

(grams) puncture puucture (grams)

6118901 500 0.10688 0.01402 0.00000 1.71095 1.67811 0.00234 48.95 1
6118903 500 0.11932 0.01045 0.00000 1.73940 1.70399 0.00136
58.116118904500 0.12474 0.00888 0.00000 1.76845 1.73194 0.00092 62.73 '
6028901 440 0.12652 0.00643 0.00192 1.70728 1.67164 -0.00046 69.41
6028902 440 0.12079 0.00771 0.00230 1.75633 1.72333 -0.00147 63.66
6028903 440 0.10828 0.01050 0.00315 1.72034 1.69063 -0.00119 53.67
6028904 440 0.09415 0.01367 0.00410 1.71432 1.68959 -0.00213 42.55
6028905 440 0.07816 0.01722 0.00514 1.74780 1.72770 -0.00220 32.33
6028906 440 0.05984 0.02130 0.00636 1.65572 1.64138 -0.00273 21.60
5258905 440 0.11467 0.00907 0.00271 1.70886 1.67719 -0.00105 58.84
5258906 440 0.10140 0.01203 0.00359 1.63767 1.61012 -0.00138 48.39
5258907 440 0.08637 0.01537 0.00456 1.68513 1.66301 -0.00252 37.07
5258908 440 0.06936 0.01919 0.00575 1.69343 1.67768 -0.00404 25.15
5258909 440 0.04966 0.02357 0.00704 1.61988 1.60808 -0.00237 17.01
7148901 450 0.06924 0.01922 0.00575 1.65294 1.63012 0.00306 32.71
7148902 450 0.07822 0.01722 0.00514 1.71606 1.69095 0.00279 37.38
7148903 450 0.09416 0.01365 0.00408 1.73293 1.70792 -0.00186 42.86
7028905 450 0.08642 0.01537 0.00459 1.71780 1.69237 0.00077 40.38
7028906 450 0.10145 0.01203 0.00359 1.71796 1.68933 -0.00032 49.35
7028907 450 0.11468 0.00907 0.00271 1.75850 1.72615 -0.00037 59.35
7028908 450 0.12654 0.00643 0.00192 1.76937 1.73399 -0.00073 69.25
7078901 460 0.11148 0.00978 0.00292 1.68652 1.65344 0.00127 58.06
7078902 460 0.11781 0.00838 0.00250 1.70022 1.66698 -0.00038 61.89
5248902 460 0.11471 0.00907 0.00267 1.69726 1.66382 0.00071 60.15
5248903 460 0.10139 0.01203 0.00360 1.70200 1.67137 0.0017 51.03
5248904 460 0.08645 0.01537 0.00460 1.67884 1.65193 0.00224 41.75
6018901 460 0.10823 0.01055 0.00315 1.72014 1.68833 0.00093 55.24
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Sample T °C silver H20 NaC1 weight (g) weight (g) C02 fmal
Number oxalate (grams) (grams) before after gain/loss XCO2

(grams) puncture puncture (grams)

6018902 460 0.12079 0.00767 0.00229 1.73537 1.70068 0.00022 64.93
2 6018904 460 0.12652 0.00643 0.00192 1.73564 1.69926 0.00028 69.84 ·

6248901 480 0.13195 0.00522 0.00158 1.66865 1.63015 0.00085 75.12
6248902 480 0.13958 0.00351 0.00105 1.73462 1.69436 0.00043
82.446138901480 0.12075 0.00771 0.00230 1.71804 1.68209 0.00150 65.62 1
6138902 480 0.12930 0.00582 0.00174 1.73722 1.69944 0.00089 72.66
6138903 480 0.13197 0.00522 0.00158 1.72427 1.68532 0.00129 75.34
6138904 480 0.13457 0.00463 0.00138 1.73930 1.70043 0.00047 77.46
6138905 480 0.13712 0.00407 0.00121 1.69394 1.65472 0.00009 79.78
5158905 480 0.08639 0.01537 0.00459 1.67207 1.64048 0.00694 45.69
5158906 480 0.10146 0.01202 0.00359 1.69624 1.66132 0.00597 54.32
5158907 480 0.1 1486 0.00907 0.00271 1.69577 1.65902 0.00398 62.39
5158908 480 0.12657 0.00646 0.00193 1.72634 1.68932 0.00090 70.11
6128901 500 0.13459 0.00463 0.00138 1.72497 1.68525 0.00132 77.84
6128902 500 0.13712 0.00407 0.00121 1.74609 1.70650 0.00046 79.93
6128903 500 0.13954 0.00351 0.00105 1.77917 1.73881 0.00054 82.48
6128904 500 0.14437 0.00245 0.00073 1.7304 1.68878 0.00043 87.43
4238901 500 0.10145 0.01203 0.00359 1.67236 1.63506 0.00835 55.93
4238906 500 0.11467 0.00907 0.00268 1.71587 1.67780 0.00535 63.21
4238907 500 0.11779 0.00838 0.00248 1.66516 1.62672 0.00483 65.25
4238908 500 0.12097 0.00777 0.00232 1.70934 1.67200 0.00282 66.30
5078901 500 0.10140 0.01200 0.00357 1.67018 1.63308 0.00817 55.86
5078902 500 0.10825 0.01050 0.00314 1.70728 1.66893 0.00746 59.92
5078904 500 0.11151 0.00978 0.00292 1.67875 1.64152 0.00541 60.91
5078905 500 0.11468 0.00907 0.00273 1.62642 1.58818 0.00552 63.31
5078906 500 0.1 1469 0.00907 0.00273 1.66250 1.62452 0.00525 63.16
5078907 500 0.11780 0.00838 0.00253 1.68720 1.64891 0.00468 65.16
5078908 500 0.12088 0.00767 0.00229 1.69106 1.65373 0.00284 66.58
5158901 500 0.12652 0.00641 0.00190 1.73396 1.69594 0.00192 70.83
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Sample T °C silver H20 NaCl weight (g) weight (g) C02 final

Number oxalate (grams) (grams) before after gain/loss XC02
(grams) puncture puncture (grams)

5158902 500 0.13196 0.00522 0.00156 1.68474 1.64600 0.00109 75.23
5158904 500 0.14201 0.00297 0.00089 1.71998 1.67914 0.00032 84.91
7028901 520 0.13960 0.00351 0.00105 1.75765 1.71685 0.00097 82.63

I

7028902 520 0.14437 0.00245 0.00074 1.80404 1.72616 0.03669 92.86 I
7028903 520 0.14665 0.00193 0.00058 1.76941 1.72684 0.00072 90.03
7028904 520 0.14890 0.00143 0.00043 1.74817 1.70499 0.00069 92.52

I 5258901 520 0.15112 0.00094 0.00027 1.77034 1.72718 0.00004 94.95
5258902 520 0.14667 0.00193 0.00056 1.72717 1.68532 0.00000 89.87
5258903 520 0.14204 0.00295 0.00089 1.73401 1.69241 0.00107 85.23
5258904 520 0.13712 0.00407 0.00122 1.65676 1.61626 0.00137 80.29

III
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APPENDIX B. ERROR ANALYSIS OF EXPERIMENTAL DATA

There are at least three sources of potential error in the experimental

method used.
l.) Photo-oxidation and non-stoichiometry of silver oxalate lowers the

CO2 yield. Nine "blanks" were prepared, six of which contained

aknownamount of silver oxalate only, and three which contained
I

known weights of silver oxalate and water. The expected yield

of silver oxalate was two moles of CO2 for each mole silver
oxalate. The actual grams of CO2 in the capsule after

decomposing the silver oxalate was recorded by the puncturing

technique. The yield was determined by dividing the actual

grams of CO2 by the expected grams of CO2 for each capsule , and

averaging the nine numbers. CO2 yield of silver oxalate : I
98.47%. The error of the yield measurement was taken as two I
standard deviations of the yields for the nine capsules : i.73%

I
2.) Weighing error of Mettler balance used.

A platinum capsule was weighed five times on a Mettler I

balance. Two standard deviations of the weights were used as a I
weighing error: i.OOOO3 I

3.) Accuracy of the capsule puncturing technique to release CO2.
The error on the final grams of CO2 within the capsule was taken

to be the result of the two weighing errors made in the puncturing
technique. Error in precision of the puncturing method is assumed

to be accounted for in the yield error.
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Standard statistical methods of error analysis given by Taylor

(1982). were employed and are more fully documented in the code of

the following computer program used to calcuate the error in the final

XCO2 in the capsule and the QCO2 of each run.

C PROGRAM TO CALCULATE VALUES OF OMEGA CO2 AND FINAL XCO2
C AND TIE ERRORS ASSOCIATED WITH EACH
C WRITTEN BY JOHN A. DOYLE. FINAL VERSION WITH COMMENTSC 9/9/891

IMPLICIT DOUBLE PRECISION (A·Z)
INTEGER I
CHARACTER*20 ZOUT
OPEN (UNIT=12, FH..E='EXPDAT',STATUS='OLD')
OPEN(UNIT=8,FILE='ERROUT',STATUS='NEW')

C MOLECULAR WEIGHTS
MWCO2=44.0098
MWAGOX=303.7556
MWH20=18.0152

C WE IS TWO STANDARD DEVIATIONS OF TIE WEIGHING ERROR
WE=.OOO03872983
DO IO I=l,52
READ(12,*)T,GAGOX,GH20,GNACL,MBP,MAPC BETA IS TWO STANDARD DEVIATIONS OF TIE YELD MEASURMENT iBETA=2.*.003652

YELD=.9847091C
IMOCO2 IS TIE ACTUAL YELD OF SILVER OXALATE OR INITIAL

c Mouas orCo2IMOCO2=GAGOX/MWAGOX*2.*YELD
C E1 IS TIE ERROR IN TIE INITIAL MOLES OF CO2

“

E1=DSQRT( (WE/GAGOX)**2+(BETA/YELD)**2)*IMOCO2 l
C E2 IS TIE ERROR IN TIE FINAL MOLES OF CO2 FROM WEIGHING I

C AND PUNCTURING l
E2=E2=DSQRT(E2)qE2=E2/MWCO2I

C E3 IS TIE ERROR IN THE CHANGE IN TIE NUMBER OF MOLES
E3=DSQRT( E1**2+E2**2)

C FMOCO2 IS TIE FINAL NUMBER OF MOLES OF CO2 IN TIE CAPSULE
C AS DETERMINED BY TIE PUNCTURING-WEIGHT LOSS METHOD.

FMOCO2=(MBP-MAP)/MWCO2
C DELTA IS TIE CHANGE IN THE NUMBER OF MOLES DURING A RUN

DE·LTA=FMOCO2—IMOCO2
C E4 IS THE ERROR IN THE INITIAL FLUID MASS

E4=DSQRT( (WE)**2 + (WE)**2 + (El*MWCO2)**2 )
C ICGO2 IS TIE ACTUAL NUMBR OF GRAMS OF CO2 INITIALLY IN TIE
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C CAPSULE
IGCO2=1MOCO2*MWCO2

C IFMASS IS THE INITIAL FLUID MASS IN THE CAPSULE
1FMASS=IGCO2+GH20+GNACL

C E5 IS THE ERROR IN OMEGA CO2
E5=DSQRT( (E3/DELTA)**2+(E4/IFMASS)**2)
E5=E5*DELTA/IFMASS‘ C DMM IS OMEGA CO2
DMM=DELTA/IFMASS
DMMHI=1000000.*(DMM+E5)
DMMLO=1000O00.*(DMM-E5)
DMM=1000O00.*DMM

C MOI—I2O IS THE NUMBER OF MOLES OF WATER PUT INTO THE CAPSULE
MOH20=GH20/MWH2O
X=FMOCO2/(FMOCO2+MOH20)

C EH IS THE ERROR IN THE NUMBER OF MOLES OF WATER PUT INTO
C THE CAPSULE

EH=WE/MWHZO
C FOLLOWING CALCULATES THE FINAL XCO2 IN THE CAPSULE AND
C ITS ERROR (EX)

BOT1‘=FMOCO2+MOH2O
C EBOTT IS THE ERROR IN THE DENOMINATOR OF THE MOL FRACTION
C CALCULATION

EBOTT=DSQRT( E2**2 + EH**2 )
EX=DSQRT( (E2/FMOCO2)**2 + (EBOTT/BOTT)**2)*X
X=lOO.*X
XHI=(X+100.*EX) '
XLO=(X-100.*EX)
WRITE(8,1000)T,DMM,DMMIH,DNHvIL.O,X,XHI,)(I.O

1000 FORMAT(F5.0,'R',3(F14.5,'R'),3(F5.2,'R'))
10 CONTINUE

STOP
END

OUTPUT FROM ERROR ANALYSIS PROGRAM
SAMPLE NUMBERS ARE IN SAME ORDER AS IN EXPERIMENTAL DATA

T °C Q CO2 Q high Q low Xmz X high X low

500 1195.81742 1314.91322 1076.72162 48.95 49.0648.84500
696.11712 828.25671 563.97753 58.11 58.25 57.9 1

500 468.33704 606.24194 330.43213 62.73 62.88 62.58 I440 -235.77630 -375.61258 -95.94003 69.41 69.59 69.23 I
440 -749.08261 -882.84628 -615.31894 63.66 63.83 63.49 I440 -605.27814 -725.64118 -484.91510 53.67 53.81 53.52 I440 -1086.75337 -119222736 -981.27938 42.55 42.67 42.42
440 -112038154 -1209.32182 -1031.44126 32.33 32.44 32.23
440 -1389.07179 -1459.51542 -1318.62816 21.60 21.69 21.51
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440 -536.12469 -663.32633 -408.92305 58.84 58.99 58.68
440 -705 .58281 -818.73789 -592.42773 48.39 48.52 48.25
440 -1287.04605 -1384.6418l -1189.45029 37.07 37.19 36.96
440 —2052.81728 -2132.9315l —1972.70305 25.15 25.25 25.05
440 -1202.58064 —1263.06538 -1142.09590 17.01 17.09 16.92
450 1556.08810 1635.95098 1476.22522 32.71 32.80 32.61
450 1419.23782 1508.27050 1330.20515 37.38 37.48 37.28
450 -946.45413 -1051.99726 -840.91100 42.86 42.98 42.73
450 392.57795 489.98693 295.16897 40.38 40.49 40.27
450 -162.00885 -275.12830 -48.88941 49.35 49.48 49.21
450 -190.35337 -317.52645 -63.18028 59.35 59.51 59.19
450 -371.55036 -511.40103 -231.69969 69.25 69.44 69.07
460 648.47281 772.30515 524.64047 58.06 58.21 57.92
460 -191.97349 -322.46534 -61.48165 61.89 62.05 61.72
460 362.06304 489.36935 234.75674 60.15 60.30 59.99

I 460 866.52837 979.68254 753.37420 51.03 51.16 50.90
460 1141.43167 1238.93932 1043.92402 41.75 41.86 41.64
460 472.78135 592.97888 352.58382 55.24 55.38 55.10
460 114.44033 248.28353 -19.40287 64.93 65.10 64.76
460 142.49063 282.32213 2.65913 69.84 70.02 69.66
480 434.17227 579.78530 288.55924 75.12 75.31 74.93
480 221.24906 375.16347 67.33465 82.44 82.66 82.23
480 764.05287 897.81152 630.29423 65.62 65.78 65.46
480 452.61302 595.40522 309.82082 72.66 72.84 72.47
480 661.20049 806.85110 515.54988 75.34 75.53 75.14
480 241.38596 389.90303 92.86890 77.46 77.66 77.26
480 48.17422 199.40213 -103.05368 79.78 79.99 79.57
480 3534.58616 3633.13953 3436.03278 45.69 45.80 45.58
480 3043.88724 3158.04310 2929.73137 54.32 54.45 54.20
480 2027.63086 2155.34772 1899.91400 62.39 62.53 62.24
480 461.78376 601.52375 322.04377 70.1 1 70.29 69.93
500 673.29609 821.87212 524.72005 77.84 78.03 77.64
500 237.50103 388.73685 86.26521 79.93 80.14 79.72
500 278.35352 432.26917 124.43787 82.48 82.69 82.26 {
500 217.84338 376.90734 58.77941 87.43 87.66 87.20
500 4258.26144 4373.34723 4143.17564 55.93 56.05 55.81
500 2733.63440 2861.80403 2605.46477 63.21 63.36 63.06 „
500 2467.78893 2599.09809 2336.47978 65.25 65.40 65.10 P
500 1437.66898 1571.42283 1303.91512 66.30 66.46 66.14 {500 4169.58080 4284.69902 4054.46259 55.86 55.98 55.74 :500 3807.73899 3929.75603 3685.72196 59.92 60.05 59.79 ·500 2762.14613 2886.84708 2637.44517 60.91 61.05 60.77 {
500 2815.69251 2943 .77623 2687.60879 63.31 63.46 63.17 ¢500 2681.37348 2809.36937 2553.37760 63.16 63.30 63.01 I500 2386.85117 2517.96572 2255.73663 65.16 65.31 65.01 {
500 1450.71938 1584.85123 1316.58753 66.58 66.74 66.42
500 981.69533 1121.78058 841.61008 70.83 71.00 70.65
500 555.61083 701.30761 409.91404 75.23 75.43 75.04
500 163.23559 319.75774 6.71343 84.91 85.14 84.69
520 494.69137 648.63646 340.74629 82.63 82.85 82.42
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520 350.89855 509.93833 191.85877 87.50 87.73 87.27
520 371.32755 532.90777 209.74733 90.03 90.27 89.79
520 354.99056 519.00024 190.98089 92.52 92.76 92.27
520 20.18635 186.60916 -146.23646 94.95 95.21 94.69
520 -.43698 -162.06905 161.19509 89.87 90.12 89.63
520 548.09803 704.73401 391.46204 85.23 85.46 85.01
520 702.98433 854.25018 551.71847 80.29 80.49 80.08

11

11

5 8






