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Ca-Sr distribution among amphibole, clinopyroxene, and chloride-bearing solutions
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ABSTRACT

The distribution of Sr between a\l (Ca,Sr)CJ solution, (Ca,Sr)-tremolite and (Ca,Sr)-diopside
was determined at 75 and 200 MPa. The synthesized crystals of (Ca,Sr)-tremolite (2300
pm) and (Ca,Sr)-diopside (156@0pum) were large enough for accurate electron microprobe analy-
sis. The experimental results indicate that'€an be replaced completely by'Syn the M4-site in
tremolite and on the M2-site in diopside. The compositions of the product fluid were analyzed by
atomic absorption spectroscopy. In both the (Ca,Sr)-tremolite-fluid and (Ca,Sr)-diopside-fluid sys-
tems, Sr strongly fractionated into the fluid. For bulk compositions having low Sr concentrations,
mineral/fluid partition coefficientsDy™*"¢, of 0.045 for (Ca,Sr)-tremolite/fluid and 0.082 for (Ca,Sr)-
diopside/fluid were derived. The experimental results were evaluated thermodynamically assuming
Henry’s law and simple mixing properties for Sr@&hd CaGlin the fluid. The mixing energies of the
solids were calculated using a regular solution model. In the (Ca,Sr)-tremolite—(Cas$st€in,

Ap° is 59.0 kJ and\Z®" = 9.8 kJ. In the system (Ca,Sr)-diopside—(Ca,Si)at is 30.8 kJ andv®,

is 11.7 kJ. The highp° values and, to a much lesser extent e values cause the strong fraction-
ation of Srinto the fluid. The moderate valuesMgf™ andWZ;, strongly suggest that complete solid
solution exists for (Ca,Sr)-tremolite and (Ca,Sr)-diopside at experimental run conditions. However,
for the (Ca,Sr)-tremolite and (Ca,Sr)-diopside joins, limited miscibilities were calculated below 316
and 430°C, respectively.

The experimentally derived thermodynamic properties were used to determine Ca/Sr ratios of Sr-
rich metasomatic fluids that penetrated a metaeclogite in Bjgrkedalen, southwest Norway. The de-
rived Ca/Sr ratios from amphibole-fluid equilibria are in good agreement with those calculated from
plagioclase-fluid equilibria.

INTRODUCTION has been determined experimentally for (K,Sr)-feldspars by

In most rock-forming minerals, Sr occurs as a minor or traé@télnikov and Chernysheva (1995), and Kroll et al. (1995)
element and is preferentially incorporated in Ca-bearing phasgad for (Ca,Sr)-plagioclase by Kotelnikov and Chernysheva
Because both Sr and Ca belong to the alkaline earth groug395), Kotelnikov et al. (1989), and Lagache and Dujon
elements, they have a similar chemical behavior. The ionic f&987)- Thermodynamically relevant distribution coefficients

dius in eightfold coordination is 1.12 A for €and 1.26 A for and mixing models are not available for Sr-bearing amphib-
Se* (Shannon 1976). oles and pyroxenes. Although Sr-rich amphiboles and py-

Strontium enrichment in rocks is commonly induced b{pXenes are only observed rarely in nature, both structures are
fluid-rock interactions (Grapes and Watanabe 1984; Theye jrxible enough to incorporate significant Sr. Della \/entura and
Seidel 1988). An example of extreme Sr metasomatism Hagbert (1990) and Robert et al. (1993) synthesized (K,Sr)-
been reported in a metaeclogite from Bjerkedalen, southwshterites with S¥ completely replacing Caon the M4-site.
Norway, by Brastad (1985) in which whole-rock SrO concef@€nna (1982) and Benna et al. (1987) synthesized Sr-rich py-
trations ranged up to 2.4 wt%. It is clear that information abo{xenes with at least 30 mol% of the Sr-diopside component.
trace element distribution between fluids and minerals is re- Besides the geochemical interest in the quantification of Sr
quired for the reconstruction of such metasomatic processé$ibstitution in amphiboles and pyroxenes and the correspond-

Experimentally determined partition coefficients for Sr a9 fluids/melts, there are questions of mineralogical impor-
atrace element between fluids and minerals have been repof@@§e- First, how much €zan be replaced bySin the tremo-
for apatite (Ayers and Watson 1993), olivine (Brenan arliie and diopside structure? Second, how can this substitution
Watson 1991), garnet (Brenan et al. 1995), cIinopyroxeFP@_ descrit_)ed structurally and thermodynamic_glly? An appro-
(Brenan et al. 1995; Adam et al. 1997; Ayers et al. 1997), aRfiaté mixing model along the whole composition range pro-
amphibole (Brenan et al. 1995; Adam et al. 1997). The dist¥ides the activity coefficients at low Sr concentrations (Henry’s

bution of Sr as a major element between fluids and miners¥/ constants), which are required for the geochemical appli-
cations.

The aim of this study is to determine the mixing behavior
*E-mail: gottschalk@gfz-potsdam.de of Ca and Sr in amphibole and in pyroxene by considering the
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tramolita

CaSr, exchange vector in the simplified (Ca,Sr)-tremolite
[(Ca,SryMgsSiz0,,(0OH),] and (Ca,Sr)-diopside [(Ca,Sr)
MgSi,Og] systems. This is accomplished by investigating ex-
perimentally the following exchange reactions:

1 tremolite + 2 [SrC]* o 1 Sr-tremolite + 2[CaGJrd
CaMgsSigO,,(OH), MgsSigO,(OH), (1)

Ca pfu

1 diopside + 1 [SrG)* « 1 Sr-diopside + 1 [Cag}Rd
CaMgSiOs SrMgS§Js (2

The experimentally derived Ca-Sr equilibrium distribution co-summingtonite g g L0 o 1. 1. L Sriremalite
efficients among tremolite, diopside, and fluid allows the de- 0.0 0.5 1.0 15 28
termination of the degree of fractionation of Sr into the fluid 6.0 — .,Sr p'u, —_——
and the development of mixing models for the (Ca,Sr)-tremo- Tcummingtonite
lite and the (Ca,Sr)-diopside solid solution series.

Mg pfu

EXPERIMENTAL AND ANALYTICAL TECHNIQUES

The experimental and analytical techniques are given in
detail in Gottschalk et al. (1998) and are summarized briefly as
follows. Standard cold-seal hydrothermal techniques were used.
Temperatures were recorded using Ni-CrNi thermocouples,
which were placed inside the autoclaves adjacent to the sample
capsules. Total temperature and pressure uncertainties are esti- | .
mated to be less thats °C and+10 MPa, respectively. The 4'000' T os 1'_0 s 20
experiments were quenched by cooling the autoclaves with ' Sr pfu
compressed air to <30 in about 3 min. All experiments L e .
were run for 21 days at 783C€ and 200 MPa. The chosen run
duration was long enough to guarantee complete reaction.

Starting materials consisted of SjMgO, Ca(OH),
Sr(OH)-8H,0, and a 1 molar Cag&6rCl, solution. The com-
positions of the starting mixtures are listed in Table 1. The g yemoiite
Sr(OH)-8H,0 powder contained impurities of 2 wt% Sr{O
0.1 wt% Ba, and 0.05 wt% Ca. All other chemicals were of
super pure quality. Stoichiometric oxide and hydroxide mix- 45 |
tures of 15-25 mg having bulk compositions on the tremolite— ]
Sr-tremolite join, with 5 wt% of SiQin excess to compensate © . . . ;
for SiO, solubility at experimental conditions, were used along e os 16 15 20
with 50—200uL of a one molar (Ca,Sr)&bolution. Run 8 and Ca pfu
1_4 had bulk compqsitions on the Qiopside—Sr-diopsidejoin. TWO FiGure 1. Formula proportions of Mg, Ca, and Sr in (Ca,Sr)-
different (Ca+Srp'/(Ca+Sry® ratios of 0.42-0.49 (runs 1 to yremolite from EMP point analysea) Ca vs. Sr contentb) Mg vs.

15) and 0.16-0.18 (runs 16 to 23) were used. All experimenrfiscontent(c) Mg vs. Ca content. Values >5 for Mg correspond to
were performed in 25 and 35 mm long gold capsules with iRtg?* on the M4-site (cummingtonite). Mg is variable in Ca-rich
ner diameters of 2.6 and 4.6 mm, respectively, and wall thigkemolites with maximum cummingtonite contents of 15 mol%.
nesses of 0.2 mm.

After the runs were completed, the unopened capsules were RESULTS
cleaned with a dilute HCI solution and hot distilled water. The The reaction products of runs on the (Ca,Sr)-tremolite join
gold tubes were then cut open in distilled water. The run procbnsisted of 29-100 wt% tremolite, 0—60 wt% diopside, 0-10
ucts were washed out with double-distilled water and then fikt% enstatite, and 0—13 wt% quartz. In the reaction products
tered. All product fluid was collected and diluted to yield &om runs 18, 20, and 21, up to 11 wt% forsterite was found
total of 100 mL solution. instead of quartz. Talc (2 wt%) was found only in run 17. The

The solid products were examined by optical microscopproducts from runs 8 and 14 on the (Ca,Sr)-diopside join con-
scanning electron microscopy (SEM), high-resolution transmisisted of 95 wt% diopside and 5 wt% quartz.
sion electron microscopy (HRTEM), electron microprobe Results from the structural characterization of the synthe-
(EMP), powder X-ray diffraction (XRD) with Rietveld analy-sized (Ca,Sr)-tremolites and (Ca,Sr)-diopsides by XRD, SEM,
sis, and fourier transform infrared spectroscopy (IR). The flIHRTEM, and IR are discussed in detail by Gottschalk et al.
ids were analyzed for Ca, Sr, and Mg by atomic absorpti¢gh998). Summarizing, the crystals of (Ca,Sr)-tremolite were
spectroscopy (AAS). up to 200Qum long and 3@um wide whereas those of (Ca,Sr)-

tremaolite Ay Sr-tremolite

cummingtanite

Mg pfu
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TaBLe 1. Compositions of starting mixtures and run product fluids
2 5 6 8

Run 1 9 10 11 12 13 14 15
Solid starting materials (mg)
Sio, 10.90 11.25 10.82 10.35 7.16 11.50 11.37 11.62 11.75 10.96 7.87 11.25
MgO 4.36 4.50 4.32 4.27 2.29 4.59 4.54 4.64 4.70 4.38 2.52 4.50
Ca(OH), 0.00 0.99 2.85 2,51 0.00 1.69 1.34 2.05 2.41 0.16 1.54 0.99
Sr(OH),» 8H,0 11.48 8.30 1.14 2.25 15.09 6.05 7.19 4.90 3.71 10.96 8.29 8.30
Fluid starting materials
Fluid (pL) 60 50 50 50 60 60 60 60 60 60 60 60
Sr/(Sr+Ca) 1.000 0.840 0.100 0.200 1.000 0.500 0.600 0.400 0.300 0.950 0.500 0.700
Molarity 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
p fluid (g/ccm) 1.134 1.126 1.090 1.095 1.134 1.110 1.115 1.105 1.100 1.132 1.110 1.120
Fluid (mg) 68.05 56.32 54.52 54.76 68.05 66.59 66.88 66.30 66.00 67.91 66.59 67.18
Total run charge (mmol)
Si 0.181 0.187 0.180 0.172 0.119 0.191 0.189 0.193 0.196 0.182 0.131 0.187
Mg 0.108 0.112 0.107 0.106 0.057 0.114 0.113 0.115 0.117 0.109 0.063 0.112
Ca 0.000 0.021 0.084 0.074 0.000 0.053 0.042 0.064 0.075 0.005 0.051 0.031
Sr 0.103 0.073 0.009 0.018 0.117 0.053 0.063 0.042 0.032 0.098 0.061 0.073
H,O total 3.638 3.002 2.782 2.816 3.760 3.475 3.509 3.441 3.405 3.623 3.549 3.543
H,O in tremolite 0.022 0.022 0.021 0.021 - 0.023 0.023 0.023 0.023 0.022 - 0.022
H,0 in fluid 3.616 2.980 2.761 2.795 3.760 3.452 3.486 3.418 3.382 3.601 3.549 3.521

Theoretical moIarityOI.911 0.920 0:982 0.972 0.881 0.947 0.940 0.956 0.964 0.915 0.925 0.932
Final fluid composition

Mg?* (mmol) <0.001 0.001 0.003 0.002 <0.001 0.002 <0.001 <0.001 0.002 0.001 <0.001 0.001
Ca?* (mmol) <0.001  0.002 0.032 0.030 <0.001 0.005 0.003 0.012 0.026 <0.001  0.005 0.004
Sr#* (mmol) 0.047 0.043 0.010 0.017 0.048 0.019 0.024 0.024 0.029 0.052 0.032 0.051

Estimated molarity 0.739 0.825 0.833 0.914 0.721 0.398 0.450 0.602 0.890 0.805 0.580 0.847
Notes: r fluid derived by interpolation from the densities of 1 M CacCl, solution (1.086 g/ccm) and 1M SrCl, solution (1.134 g/ccm). H,O in tremolite
is the maximum content of water in solids in the case of only tremolite and no diopside formation. The theoretical molarity is the value at the end
of the run considering H,O formation from hydroxides and H,O consumption from the formation of tremolite.

TABLE 2. Average compositions of tremolite—Sr-tremolite solid solutions determined by EMP

Run 1 2a 2b 5 6 9 10 11 12 13 15 16
Amphibole composition (wt%)
No. of analysis 87 65 12 34 26 21 11 12 29 47 28 22
Sio, 52.83 56.31 54.63 59.38 59.35 58.89 57.52 58.64 59.40 53.19 57.95 58.80
MgO 21.59 22.92 21.97 25.05 24.97 24.47 23.66 24.39 24.75 21.76 23.73 24.67
CaO 0.27 7.58 3.42 12.99 13.17 12.80 11.40 12.92 13.26 1.48 10.40 11.19
SrO 23.02 10.36 17.22 0.18 0.22 1.22 3.50 0.68 0.33 21.00 5.48 3.39
z 97.71 97.17 97.24 97.60 97.71 97.38 96.08 96.64 97.74 97.43 97.57 98.05
Standard deviation (2 o)
ASIO, 1.41 231 2.47 1.43 1.57 1.24 1.06 1.54 1.47 1.61 1.73 1.56
AMgO 0.42 0.85 0.95 1.02 0.68 0.91 0.62 0.83 0.82 0.97 0.73 1.08
ACaO 0.18 2.10 1.40 0.92 0.56 0.47 0.47 0.58 0.42 0.69 0.64 0.43
ASrO 0.83 3.79 2.42 0.22 0.36 0.14 0.84 0.39 0.49 1.58 0.99 1.18
Amphibole composition on the basis of 8 Si atoms
Sr 1.98 0.87 1.47 0.00 0.01 0.07 0.27 0.03 0.02 1.79 0.45 0.27
Ca 0.04 1.16 0.54 1.90 1.92 1.89 1.72 1.92 1.94 0.23 1.56 1.65
Mg 4.98 4.97 4.99 5.10 5.07 5.04 5.00 5.05 5.04 4.98 4.99 5.08
Si 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00

diopside were up to 156n long and 2Qm wide. The tremolite cating the presence of some cummingtonite, igSisO,.(OH),]
crystals from Ca-rich bulk compositions were more fibrous thammponent. This deviation was bela®.05 pfu for most single
those from Sr-rich bulk compositions. Tremolite and diopsidint analyses of the (Ca,Sr)-tremolites except for very Ca-
crystals from most runs were well ordered with very low comich compositions in which the deviations were as higt0ak5
centrations of chain multiplicity faults. The concentration of chajpfu. For these Ca-rich tremolites, the Ca content has a negative
multiplicity faults increased somewhat with increasing Ca-coworrelation with the Mg content (Fig. 1c), which reflects the
tent of the (Ca,Sr)-tremolites but exceeded 5% rarely. variable amount of the cummingtonite compon&gt,[= Mg"4/
Crystals of (Ca,Sr)-tremolite and (Ca,Sr)-diopside wer&a+Sr+Mg)¥*]. All amphiboles, therefore, are solid solutions
large enough for accurate EMP analysis. The run products waneong tremolite, Sr-tremolite, and cummingtonite end-members.
mounted in epoxy and polished. Between 4 and 87 analysesThe average composition of the amphiboles is given in Table 2
were obtained on the amphiboles produced in each run. Famd Figure 2For amphiboles withXs,,<0.15 [Xg., = SMY/
mula proportions of Ca, Sr, and Mg of from single-point EMPCa+Sr+Mg)*], the observed average cummingtonite content
analyses (Ca,Sr)-tremolite are plotted in Figure 1. These analsas below 0.07. For amphiboles with higigr,-contentsX.,m
ses cover the entire compositional range between the tremolvas below 0.01. Most of the synthesized amphiboles were ho-
and Sr-tremolite end-members and reveal a continuous (Ca,8rpgeneous withie0.03 Xs,, (20), except for (Ca-Sr)-tremo-
tremolite solid solution series. There is, however, a small Hites from runs 2, 13, 20, and 23. Tremolite compositions from
significant deviation from the ideal ¢&x, substitution, indi- runs 13 and 20 showed variationg6f06 and those from runs
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TasLe 1—Extended cummingtonite

16 17 18 20 21 22 23

11.14  11.38  11.25 992 1010 10.17 9.87

4.45 4.54 4.49 3.96  4.03 4.06 3.94

0.65 1.34 0.99 0.29 0.79 1.00 0.14 0.2
0.38 7.19 8.29 9.41 7.80 7.13 0.88

200 200 200 200 200 200 200 P pm o )
0.800  0.600 0700  0.900 0.735 0.670  0.950 0.0
1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.0 0.2 0.4 0.6 0.8 1.0
1124 1115 1120 1129 1121  1.118  1.132 tremolite Sr-tremolite

224.89  222.94 223.92 225.87 224.26 223.63 226.35 L. .
FIGURE 2. Average compositions of (Ca,Sr)-tremolites from all

0.185 0.189  0.187 0.165 0.168  0.169 0.164 runs plotted on a tremolite—Sr-tremolite—cummingtonite ternary
0110  0.113 0112  0.098 0100 0.101  0.098 diagram. Ca-rich (Ca,Sr)-tremolites show variable contents of the
cummingtonite component. For runs 2 and 23, the compositions of
11156 11.088 11.122 11.153 11.103 11.083 11.168 both (Ca,Sr)-tremoite populations having different valueXspf are
0.022 0.023  0.022 0.020 0.020  0.020 0.020 denoted as 2a,b and 23a,b, respectively.

TABLE 2—Extended

17 18 20 21 22 23a 23b
g
&
8 18 4 13 2 6 16 £
59.25 59.04 55.43 59.42 56.78 55.50 53.74 =
2465 2449 2299 25.23 23.83 22.86 22.06 o
12.31  11.88 8.18  12.07 12.20 5.25 2.84
0.61 1.62 8.94 1.01 0.81 14.09 18.54 A r -
96.82 97.04 9553  97.74 93.62  97.70 97.17 01 - -
1.29 2.50 2.16 1.54 2.68 1.54 1.60 0.0 L L I ] 1 .
1.12 1.60 0.68 0.80 0.59 0.75 0.57 0 20 40 60 80 10 10
0.49 0.80 0.78 0.54 0.09 0.83 1.19 c le
0.54 0.52 1.59 0.52 0.40 1.52 2.15 Distanice (pm) ——»
0.04 0.13 0.77 0.10 0.09 1.19 1.59
1.84 1.77 1.25 1.76 1.86 0.80 0.44 FIGURE 3. Ca-Sr zonation in a tremolite crystal from run 2 along
5.12 5.10 4.98 5.13 5.05 5.00 4.96 ; : P :
8.00 8.00 .00 8.00 8.00 8.00 800 and perpendicular the crystallographic c direction. The Sr concentration

increases toward the rim. Numbers denote individual analysis spots.

2 and 23 oft0.16 and+0.11, respectively (all@. In runs 2 roxenes for each run was bela®@.03 (2) except for (Ca,Sr)-
and 23, two different compositional types of (Ca,Sr)-tremolidiopsides from runs 1, 2, 13, 14, and 15 in which the variations
were distinguished by EMP, XRD, and IR-spectroscopy with Xs.q were <0.06. As for the tremolites from run 2, the py-
averageXs,, of 0.44 and 0.73 for run 2 and 0.59 and 0.79 fapbxenes also show a rather large compositional variation of
run 23 (see also Gottschalk et al. 1998). Besides the two comp0:13 inXs.q. No diopsides formed in runs 20 and 23.
sitional types, large (Ca,Sr)-tremolite crystals from run 2 show The C&*, S*, and M@* concentrations of the final fluid
a clear zonation (Fig. 3). Cores from such grains have= are listed in Table 1. The errorgRwas estimated to be <3%
0.25 and rims hav¥s,., = 0.43—-0.46. Such zonations were neveelative. The concentration of GYas not measured. The mo-
observed in any (Ca,Sr)-tremolite crystals from other runs. larity was estimated from €a S#* and Mg@* concentrations
The diopsides were solid solutions of diopside and Sr-diogssuming that these were the only cations present in the fluid.
side end-members with only small amounts of the enstatif@ncentrations of MY were always very low and Mg/
component. Variations in the amount of the enstatite contdfa+Sr+Mg) values (cation fraction, here of Mg) exceeded 0.02
were somewhat larger for Ca-rich diopsides than for Sr-riemly for runs with Ca-rich bulk compositions. It is interesting
diopsides (Figs. 4a and 4b). The average compositions of thenote that for Ca-rich tremolites with a highly variable
diopsides from each run are listed in Table 3. The averaggnmingtonite content (Fig. 2), the variation of Mg in the fluid
amount of the enstatite componeXt) did not exceed 0.05 was also high (Fig. 5). The estimated molarity (0.40-0.92) was
and was below 0.02 in most runs. VariationXdp, in the py- always lower than the theoretical molarity (0.88-0.98), which
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12 L R INTERPRETATION AND DISCUSSION
diopside 1.0 ] (Ca,Sr)-tremolites from most runs were homogeneous
B (20.03 Xg,)- Only in runs 2 and 23 were two populations of
88 "o, ] (Ca,Sr)-tremolites with different compositions identified by
2 08 | 0% E EMP and XRD (see also Gottschalk et al. 1998); these have
i " Xsrr = 0.44 and 0.73 in run 2, and 0.59 and 0.79 in run 23
04 | 4 (labeled as 2a, 2b, 23a, and 23b in Table 2). The two popula-
.. . tions from either run cannot be interpreted as coexisting (Ca,Sr)-
ez ‘% P tremolites at a miscibility gap but rather as a result of a com-
0.0 @ e 1 ] plex reaction path during those runs. It is possible that at the
00 02 04 Srﬂ-ﬁfu “-Zr_dil-“side‘-z very beginning of those two experiments, fluctuations in the
20 — f’ - .p- composi_tion of the quioi o_ccurred due to inhomogeneities oi
® the starting materials within each capsule. The fluid composi-
18 [ ] tion also may have depended on the different dissolution rates
of the starting materials. Such local compositional variations
i} 18 ’ in the fluid initially may have produced (Ca,Sr)-tremolites that
g .t _ were not in equilibrium with the bulk fluid but were metastable.
4 The sensitivity of the tremolite composition to compositional
12 | variations of the fluid is enhanced for fluid compositions with
o 1 Sr/(Ca+Sr) > 0.95 in comparison to fluids with lower Sr con-
dlopsice 1‘0&0 %bb ] tents (Fig. 8). It is obvious from Figure 8a that in this range,
08 b L the distribution of Sr between (Ca,Sr)-tremolite and fluid is
00 02 04 06 08 10 12 very flat. Small compositional variations in the fluid lead to
Sr pfu Sr-diopside

amplified variations in the coexisting solids. The final fluids of
runs 2 and 23 had compositions of Sr/(Ca+Sr) = 0.954 and

FIGURE 4. Formula proportions of Mg, Ca, and Sr in (Ca,Sr)0_981_ The amphiboles in runs 2 and 23, which do haye
diopside from EMP point analyses) (Ca vs. Sr contentbf Mg vs.

Sr content. Values >1 of Mg correspond to incorporation of* Mg
the M2-site (enstatite component).

closest to their respective bulk compositions, are the most prob-
able candidates for being in equilibrium with the fluid (am-

phibole 2a and 23b from Table 2). This approach to equilib-
rium is also supported by the observation that these amphib-

can be calculated from the run charges under the assumptiolesf/ield thermodynamically consistent, subparallel tie-lines.
complete reaction (Table 1). Figure 3 shows that in run 2, besides the two distinct tremo-
Figures 6 and 7 show reciprocal ternary plots for the systiimgopulations, large (Ca,Sr)-tremolite crystals were zoned
(Ca,Sr)-tremolite—(Ca,Sr)¢hnd (Ca,Sr)-diopside—(Ca,Sr)Clwith cores enriched in Ca relative to the rims. It is reasonable
respectively, along with the compositions of coexisting solids tmdssume that the (Ca,Sr)-tremolite compositions of the rims
fluids from Table 4. Figure 8 illustrates the distribution of Sr eere in equilibrium with the final fluid. The average composi-
tween (Ca,Sr)-tremolite and fluid, (Ca,Sr)-diopside and fluid, #iod of most small crystals from run 2 (65 EMP analy3gs;
(Ca,Sr)-tremolite and (Ca,Sr)-diopside. The essential point istltati4) were practically identical to the rim composition (0.43—
in both systems (tremolite/fluid and diopside/fluid) Sr fractian46) of the grain shown in Figure 3. Such a zonation is inter-
ates preferentially into the fluid. preted as the result of a fractional crystallization process (for

TABLE 3. Average compositions of diopside—Sr-diopside solid solutions as determined by EMP

Run 1 2 5 6 8 9 10 11 12 13 14 15
Pyroxene composition (wt%)

No. of

analysis 14 5 7 7 37 28 6 2 12 12 9 13

Sio, 44.81 52.07 55.83 55.77 45.14 55.79 54.54 54.86 55.65 46.22 54.67 54.91

MgO 14.77 17.21 18.05 19.00 14.95 18.61 18.10 18.09 19.00 15.34 18.30 18.21

CaO 0.41 15.91 25.17 24.75 0.05 24.52 22.41 24.34 25.35 2.59 23.25 22.38

SrO 40.07 13.79 0.22 0.26 39.84 1.22 4.29 1.15 0.46 36.15 3.54 5.14

z 100.06 98.97 99.28 99.78 99.98 100.14 99.35 98.44 100.45 100.31 99.75 100.64
Standard deviation (2 o)

ASiO, 1.11 2.89 117 1.30 0.92 1.45 1.20 0.54 0.97 1.04 1.25 0.91

AMgO 0.96 0.50 1.20 0.68 0.47 1.42 0.50 1.75 0.65 0.61 0.47 1.09

ACaO 0.14 4.58 0.87 1.84 0.03 1.66 0.92 1.03 0.94 0.83 1.61 2.50

ASrO 1.52 5.38 0.3 0.34 1.8 1.45 0.94 0.44 0.66 1.06 2.63 2.81
Pyroxene composition on the basis of 2 Si atoms

Sr 0.99 0.31 0.00 0.00 0.99 0.02 0.09 0.02 0.01 0.90 0.07 0.11

Ca 0.02 0.67 1.00 0.97 0.00 0.96 0.90 0.97 0.98 0.12 0.92 0.89

Mg 0.99 1.02 1.00 1.03 1.01 1.02 1.01 1.01 1.02 0.98 1.01 1.00

Si 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
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detailed discussion see Zimmermann et al. 1997a). At the B0 ——————T————— T T
ginning of the runXs, of the fluid should be close to that of the2 [ a
bulk composition, which is always lower in Sr than the finaf_
fluid. Because Sr fractionates strongly into the fluid, (Ca,Sr,
tremolites crystallizing initially were more Ca-rich than thosg 905
in equilibrium at the end of the experiment. This process %5
especially enhanced for Sr-rich bulk compositions and resuft- AN
ing final fluids with aXs, of >0.95 (see discussion above). Thig %[P % 0 L o © %o o
is supported by observations made from run 20, which was?? ' L0t —d
o . . 02 04 0.6 0.8 1.0

performed at conditions almost identical to run 2, except for
the fluid/solid ratio. In run 20, there was four times as much X tromolite
fluid as amphi_bole compared wit_h run 2,_e_md therefore the flgid FIGURE 5. Mg concentration in the product fluid vs. St-
had a much higher buffer capacity. Significantly smaller varigpncentrations in (Ca,Sr)-tremolite. Higher Mg variations in the fluid
tions in composition were observed in amphiboles from run 28rrespond with increased cummingtonite contents in Ca-rich (Ca,Sr)-
compared with run 2. Chemical variations in (Ca,Sr)-tremaremolites and -diopsides (see Figs. 2 and 4).
lites from run 2 £Xs.,= £0.16 ) were, by far, the greatest
ones observed. lower than the theoretical values calculated from the starting

We emphasize, however, that in the vast majority of the rumsaterials (Table 1). This is most likely due to fluid loss when
the (Ca,Sr)-tremolites and (Ca,Sr)-diopsides were homogeneopsning the capsules and probably also to insufficient washing
with a compositional variation ¢ in Xs.., of less thart0.03  of the solid run products. However the important cation ratios
and inXg,.q Of less thar:0.05 (Figs. 6, 7, and 8). are not affected by fluid loss.

No (Ca,Sr)-diopside compositions were observed in the The reciprocal ternary plots of the systems (Ca,Sr)-tremo-
range between 0.31 %4> 0.90. In principle, this might be lite—(Ca,Sr)CJ and (Ca,Sr)-diopside—(Ca,Sr)@Figs. 6 and 7)
due either to a limited miscibility or to an extreme fractionshow subparallel tie-lines. This is a good argument for thermo-
ation behavior. As shown above, Sr fractionation for pyroxengdynamic equilibrium in the runs because such subparallel tie-
fluid is even more enhanced than for the amphibole/fluid sylies are required for thermodynamic consistency. If only (Ca,Sr)-
tem. Pyroxenes with ¥, = 0.31 coexist with a fluid having tremolite had formed, the tie-lines would coincide with the bulk
Xs = 0.954 whereas pyroxenes wib.q = 0.90 coexist with a compositions plotted in Figure 6. That in some cases the bulk
fluid havingXs, = 0.975. Thus, a difference ¥, in the fluid of compositions are slightly off the tie-lines is mainly due to the
only 0.021 leads to a changeXg.q from 0.31 to 0.90 in the formation of (Ca,Sr)-diopside and cummingtonite component in
pyroxenes. If this effect is disregarded, one might argue thahg (Ca,Sr)-tremolites. The offset is most pronounced for the
fluid composition anywhere between these values would cod%a,Sr)-tremolites from runs 2 and 15. For all other runs, the tie-
ist with two diopside compositions. However, the thermodyines are very close to their bulk composition.
namic treatment of the system (see below) reveals that a misciZimmermann et al. (1997b) tried to demonstrate equilib-
bility gap along the (Ca,Sr)-diopside join at the experimentdm of the Na-K-Ca exchange between amphibole and an aque-
conditions is highly improbable. The absence of compositioRYs chloride solution with reversed experiments. They showed
in the range of 0.31%,.4< 0.90 is simply the result of the cho-that such experiments did not approach overall equilibrium
sen bulk compositions. corresponding to the respective bulk chemistry. Due to a disso-

The molarity in the fluid calculated from the experimenlUtion fractional-crystallization process, only small amounts of

tally determined cation concentrations was always somew/§3¢ starting amphiboles were dissolved and the product am-
phibole precipitated around them as very thin epitaxial rims.

Although it can be assumed that these rims were in equilib-

o

&U

TaBLE 3—Extended rium with the fluid present at the time of precipitation, the fluid
16 17 18 21 22 did evolve with time together with the coexisting amphibole
rims. As a result a large array of amphibole compositions was
15 18 16 8 16 observed that made the runs useless for the demonstration of
54.94 55.67 55.18 55.67 53.26 equilibrium. Synthesizing amphiboles with an excess of fluid,
ég:gg éi:‘s‘i égéé ;2%2 ;i:Z(l) however, allows the exchange of cations between fluid and solid
4.69 0.87 224 1.56 0.89 to a much larger extent (Zimmermann et al. 1997a), which
100.84 100.34 99.88 100.11 96.96 minimizes the effect of fractional crystallization.
1.29 1.87 1.54 1.40 1.47 Summarizing, we believe that equilibrium distributions were
0.72 0.41 1.06 0.64 0.73 achieved based on three main arguments. First, in the vast ma-
0.97 0.95 0.94 1.66 1.07 jority of the runs, the (Ca,Sr)-tremolites are within a very nar-
0.8 0.66 0.53 0.34 0.41 . .
row compositional range. Second, the (Ca,Sr)-tremolites are
0.10 0.02 0.05 0.04 0.03 well crystallized with almost no stacking or multiplicity faults
(l)-g; ‘l)-gi (1)'8411 (1)'8421 (l’-gg (Gottschalk et al. 1997). Third, the phase relations in the recip-
2.00 2.00 2.00 2.00 2.00 rocal ternary show overall consistency. All these are good ar-

guments for thermodynamic equilibrium.
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TABLE 4. Ca, Sr, and Mg concentrations in terms of molar ratios in coexisting amphibole, pyroxene, and fluid

Run 1 2 5 6 8 9 10 11 12 13 14 15
fluid

Xsic, 100 1.288 1.417 0.340 0.589 1.255 0.541 0.687 0.699 0.855 1411 0.880 1.423

Xeaci, * 100 0.003 0.052 1.154 1.065 0.003 0.136 0.082 0.352 0.755 0.011 0.132 0.098

Xwgai, X 100 0.011 0.017 0.096 0.067 0.011 0.060 0.003 0.014 0.047 0.025 0.014 0.020

Xi,0 0.987 0.985 0.984 0.983 0.987 0.993 0.992 0.989 0.983 0.986 0.990 0.985

Sr/z(Ca+Sr+Mg) 0.990 0.954 0.214 0.342 0.990 0.734 0.890 0.655 0.516 0.975 0.857 0.923

ASr/(Cat+Sr+Mg)(20)  0.001 0.003 0.015 0.020 0.001 0.014 0.008 0.019 0.021 0.001 0.010 0.005
Ca/(Ca+Sr+Mg) 0.002 0.035 0.725 0.619 0.002 0.184 0.106 0.331 0.456 0.008 0.129 0.064
Mg/(Ca+Sr+Mg) 0.008 0.011 0.061 0.039 0.008 0.082 0.004 0.014 0.028 0.017 0.014 0.013

Amphibole

Xsrr 0.978 0.437 0.003 0.006 - 0.037 0.135 0.017 0.010 0.883 - 0.221
DXy (20) 0.025 0.158 0.002 0.002 - 0.006 0.022 0.004 0.005 0.061 - 0.034
X 0.021 0.579 0.950 0.959 - 0.943 0.859 0.958 0.969 0.115 - 0.773
Xeum 0.001 0.001 0.047 0.035 - 0.020 0.006 0.025 0.021 0.002 - 0.006
Pyroxene

Xsr.di 0.982 0.312 0.001 0.003 0.980 0.020 0.089 0.015 0.008 0.900 0.069 0.111
AXsai (20) 0.046 0.130 0.005 0.005 0.029 0.020 0.018 0.010 0.003 0.048 0.056 0.063
Xii 0.019 0.665 0.998 0.965 0.018 0.960 0.899 0.965 0.975 0.119 0.921 0.887
Xen 0.007 0.023 0.001 0.032 0.018 0.020 0.012 0.020 0.017 0.001 0.010 0.012
Xsr-bulk 1.000 0.774 0.100 0.200 1.000 0.500 0.600 0.400 0.300 0.950 0.546 0.700
DXsipuk (20) 0.000 0.015 0.008 0.014 0.000 0.021 0.020 0.020 0.018 0.004 0.021 0.018

(Sr+Ca) solid/bulk 0.419 0.472 0.461 0.459 0.486 0.431 0.429 0.435 0.437 0.420 0.464 0.427
Reaction 1: tremolite + 2 CaCl , - Sr-tremolite + 2 SrCl ,

InKo -4.62 -7.18 -9.07 -8.96 - -9.25 -7.95 941  -950 -5.65 - -7.84

AlnK, 2.36 1.30 1.35 0.69 - 0.36 0.42 0.50 1.02 1.20 - 0.43

Dgreniue 3.28 1.41 0.04 0.05 - 0.31 0.90 0.11 0.05 2.75 - 0.74
Reaction 2: diopside + CaCl , ~ Sr-diopside + SrCl ,

InKo -2.20 -4.07 -5.21 525  -0.19 -5.14 -4.44 465  -4.50 -2.84  -4.49 -4.75

AlnK, 2.57 0.61 2.92 1.66 1.52 0.92 0.24 0.55 0.43 0.54 0.87 0.64

pgreniuid 7.41 2.57 0.08 0.06 7.59 0.51 1.55 0.33 0.11 6.36 0.97 0.97

Note: X, = SrCl,/(SrCl,+CaCl,+MgCl,+H,0) mole fraction of SrCl, in the fluid, Sr/(Ca+Sr+Mg) molar cation fraction of Sr in the fluid, Xs., = Sr/
(Sr+Ca+Mg) mole fraction of Sr on M4 in tremolite, Xs.q = Sr/(Sr+Ca+Mg) mole fraction of Sr on M2 in diopside, Xs.sux = Sr/(Sr+Ca) molar cation
fraction of Sr in the bulk (equivalent definitions for Xca-uia, Xwg-tuia: Xerr Xeums Xair @nd Xep). For the calculation of the Kp-values more digits were used
than given in Table 4.

THERMODYNAMIC EVALUATION Equation 3 becomes:
The mixing parameters for the (Ca,Sr)-tremolite solid solu- amph 2
tions have been extracted assuming thermodynamic equilib- Ape +2RT InK, +2RTIn% =0 (8)
rium. At constant pressure and temperature, an equilibrium such Yea Ysc,

as Equation 1 can be formulated thermodynamically with t

. té’eecause the runs were conducted with a 1 molar solution, it is
expressions

reasonable to assume that Henry’s law is obeyed in the fluid.

A +RTIn ag (ada,)? _ Furthermore, it is assumed that the Henry’s constants of both
ai™ (agy, )2 ®) CaCl, and SrCJ (or C&" and Sf*) are equal because of their
and chemical similarities. This simplifies Equation 8 to:
amph
Ape =P + 22U, —HE ~2U8q, 4) Ape +2RTInK, +2RTIn :fmph -0 )

Ca

If the Henry’s constants of CaCind SrCJ (or C&" and

S*) are not equal, a constant value is simply addég tobut

wherea are the activities of the components aridare the

standard state chemical potentials. Mixing in (Ca,Sr)-tremg-
lites takes place on the two M4-sites. Because the M4-site $ . .
a multiplicity of two, the activities of tremolite and Sr-tremo-Equat'on 9 still holds.

lite are written as the squared product of the M4-site occu- Idesltr;lxw_:% |.e:y.:|1,ton t?ell\/m-s%e ||n.th$ha?wpfh|boles ||s
pancy and its activity coefficient: improbable. The simplest activity model is that of a regular

solution. Using the formulation of Wohl (1946), a regular solu-

= a:ph)/?:ph)z (5) tion in the ternary system tremolite—Sr-tremolite—cumming-
. o2 tonite, including a ternary interaction parameter, can be for-
aZ™ =(Xgya™) (6)  mulated as

Using the definit.io.n.s for the ac.tiviFieS .of Ca@hgl SrCJ @= G =X X W + XeaXuugWeang *+ Xs X Woyg + XeaXs XyC  (20)
X ¥) and the definition of the distribution coefficidf,
v whereWe,s, Weamg @andWsg are the binary interaction param-
K. = X Xeaa, @) eters andC is the ternary interaction parameter. The activity
° SXE, coefficient of a component can be derived by multiplying Equa-
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tremelite + cummingtonite  SrfiCa + Sr+ Mg)m Sr-tremalite
16 17 18 20 21 22 23 1.0 =
1.427 1.176 0.895 1.508 1.273 1.275 1.415
0.141 0.475 0.139 0.055 0.235 0.363 0.027 5 0.8
0.005 0.042 0.010 0.004 0.022 0.034 0.001 Eil__,
0.984 0.983 0.990 0.984 0.985 0.983 0.986 ‘f
0.908 0.694 0.858 0.962 0.832 0.763 0.981 o U6
0.007 0.017 0.010 0.003 0.011 0.015 0.016 :U_-
0.089 0.281 0.133 0.035 0.153 0.217 0.019 ]
0.003 0.025 0.009 0.003 0.015 0.020 0.001 3,__: o4t tE
w
0.136 0.022 0.066  0.383 0.052 0.038 0.797 ;
0.031 0.012 0.024 0.061 0.020 0.016 0.107 < o2
0.824 0.918 0.886 0.627 0.881 0.937 0.221
0.040 0.060 0.048 0.003 0.067 0.025 0.000
0.0 e 3 e
0.100 0.016 0.045 - 0.039 0.026 - 0.0 0.2 0.4 0.8 0.3 1.0
0.014 0.006 0.010 - 0.007 0.009 - {Ca.MgiCL, $ri{Ca + 57+ Mgl SrCl,

0.870 0.939 0.914 - 0.925 0.949 -
0.030 0.045 0.041 - 0.036 0.025 - FIGURE 6. Amphibole-, fluid-, and bulk-composition plotted in the
0.800 0.600 0.700  0.900 0.745 0.669 0.950 . . .

0.014 0.020 0.018 0008 0.017 0.019  0.004 reciprocal ternary system (Ca,Sr)-tremolite—(Ca,S$R€la function of
0.181 0.184 0.182 0.164  0.167 0.168  0.163 Xs. Error bars denote theariations in composition. Consistent phase

relations are evident by subparallel tie-lines, which are close to their

-8.24 —9.30 -893 -7.61  -9.05 -8.92 536 respective bulk compositions. Sr fractionates strongly into the fluid.
0.56 1.16 0.81 0.54 0.84 0.89 1.33
0.45 0.09 0.34 0.12 0.20 0.14 2.45
_4.48 —4.97 _4.87 _ _4.85 _4.87 _ diopside + enstatite  St{Ca + Sr+ Mg, Sr-diopside
0.18 0.40 025 - 0.20 038 - 1.0 B e , -
0.87 0.18 0.62 - 0.39 0.25 -
i sl n
B
0
+
m 06|
Q
— B
z
‘OLL_‘ 04
. . . . . \\
tion 10 by @catnstnyg) and differentiating the result with re- %
spect to the number of moles of the specific component: & , I
B & 1% 1 21\1ng 18%2 13l
LES 1)
RTINYE® = XEWerg + X2 Woayg + X X (W + Wty = Whsig) + X Xy (12X, )C \7\
[181] L L e e 2l
RTan;mph = Xéawcm +X5\QWS(MQ +XcaXMu(WC95 +W5:Mg _WCaMg)+ Xcang(l_zx&)C (11) o0 0:' — na - 0.6 H'_'H-‘OIBHH A “1'_0
RTINYI = XEWayyg + XEWEgsg + Xei X, (Wansg + Weayg =W )+ Xeu Xs, (12X, )C {CaMgiCL, Sri(Ca + Sr+ Mg, g Srel,

With the assumption that the ternary interaction parameter FIGURE 7. Pyroxene- and fluid-composition plotted in the
Cis zero, in conjunction with Equation 11, Equation 9 becomasciprocal ternary system (Ca,Sr)-diopside—(Ca,Srd€la function
of Xs. Error bars denote theovariations in composition. As in the
Ap° +2RTINK, +2[V\/§a'§,"h(xca -Xg)+ XMQ(WS?"AZh —V\QRDQ)] =0 (12) tremolite-fluid system, Sr fractionates strongly into the fluid.

The last term in Equation 12 will have a large effect for _ _ _
(Ca,Sr)-tremolites of intermediate compositions wgm X5, and fluid can be formulated in the same fashion:

. - B pX a2
However, because the{r cummlpgtonlte contents {g), are Ap = Ape +RTIn A5-di Acac, (14)
very low, the last term in Equation 12 can be neglected: d af‘adh,
an
Ap° +2RTINK,, +2W2" (X, = X5 ) =0 (13) AR +RTINK, +WE (Xe, = X5 ) =0 (15)

_ _ Figure 10 shows the ¥4 vs. kc.—Xs,) plot for the system
In Figure 9, -Ii; is plotted vs. Xca = Xs). If the regular  (ca,sr)-diopside/fluid. Again a linear relationship holds and

solution model and the simplifications are appropriate, this plpfjyes of 30.8 0.5 kJ and 11.% 0.6 kJ (R = 0.961) were
should yield a linear relationship. The intercepAjs/(2RT)  obtained foryp® and W%, , respectively. Figure 8b shows that
and the slope is the binary interaction paranWfgf/RT. From  gjs the regular solution model fits the measured values well.
Figure 9 it follows that the derived values okis do indeed  The interaction parameters for (Ca,Sr)-tremolite and (Ca,Sr)-
obey a linear relationship with respect to the M4 occupancy withjppside solid solutions are simila®@™® = 9.8 andWz, =
the error range. Linear regression results in 5@@ kJ folAu® 11 7 kJ). The same is true fyn° for exchange reactions 1 and

and 9.8+ 0.5 kJ fomgs" (R® = 0.962). 2 if normalized to the exchange of one cation (i.e., 29.5 and
For reaction 2, the equilibrium between (Ca,Sr)-diopsidg) g kJ).
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1.0 [ |
750 °C
0.8 200 MPa
T 06 T
3
5 NI
o) .
= 0.4
xn /
0.2 [
"-‘ '_‘;2)—-1
:(( 1
0.0 PR | PR BT L i L 2 | ]
0.0 0.2 0.4 0.6 a8 1.0
xSr-l‘remo.'.'re B -
1.0 — T T ; H
7 Ap® =58.0 kJ
Wit = 9.8k
0.8
0 ot - 1 L L 1 L 1 I I I
A0 0.5 0.0 0.5 1.0
T 06 . )
E& Sr-tremolite Xp, - Xg 0N M, tremolite
[
= D4 FIGURE 9.Plot of -IrKp vs. Xc+Xs,) for (Ca,Sr)-tremolite. Alinear
relationship (regular solution model) is consistent with the
experimentally derived values f&, within errors.Ap® and W were
0.2 calculated by linear regression.
oo b+ Y aqueous solution is small, i.e., 5.9 kJ at 298.15 K and 0.1 MPa
0.0 0.2 04 0.6 0.8 1.0 (Robie et al. 1979). Assuming that the two fluid species have
X srdiopside similar heat capacities, it is mainly the Qiﬁerence in the.Gibbs
10— ———————————— free energy of the end-members tremolite and Sr-tremolite, and
c diopside and Sr-diopside, i.e., their enthalpies and entropies,
08 |- h which governs the Ca/Sr distribution between solids and fluids
T E and only to a minor extend the mixing behavior of*Gand
° Sr* on their specific crystallographic sites.
E 06 - m The thermodynamic evaluation of the observed fractionation
8 I of Sr between diopside and fluid using a regular solution model
E 04 [ ] for (Ca-Sr)-diopsides (see above) yields a value of 11.7 kJ for the
= ' exchange paramet®¥Zs . For regular solutions the critical mix-
0.2 I : ing temperature], can be calculated using the relation 2. R
“T ] =W (e.g., Guggenheim 1967). Aboilg a continuous solid
- © solution series exists. Under the assumption that the derived value
L for W2 is independent of temperature, a critical temperature of
00 0.2 x”-“ 06 08 1.0 430°C was calculated for the diopside—Sr-diopside solid solution
Sr-tremolite series. With this value foWWZ there is no immiscibility in the

FIGURE 8. Distribution diagrams in terms o€, betweend) (Ca,Sr)-  (Ca,Sr)-diopside solid solution series at 200 MPa an8T50 s
tremolite and fluid, k) (Ca,Sr) diopside and fluid, ang) (Ca,Sr)-tremolite  Must be at least 50% higher than the observed value to indicate a
and (Ca, Sr)-diopside. Data are from Table 4. The curves are calcula@gcibility gap. A value of 318C for T, was calculated for the
equilibrium distributions using the derived valuesjgf=59.0 kJ andVZe"=  tremolite-Sr-tremolite solid solution series.

9.8 kJ for (Ca,Sr)-tremolite, angi° = 30.8 kJ and\s, = 11.7 kJ for (Ca,Sr)-

diopside. PETROGENETIC IMPLICATIONS

The experimental results show thatGzan be completely

Comparing the values dfu° andW,s, it becomes evident replaced by Ston the M4-site of amphibole and on the M2-site
thatAp® dominates the Ca-Sr distribution between (Ca,Sr)-tremaof clinopyroxene. For these two mineral groups, it is clear that
lite, (Ca,Sr)-diopside, and fluid. The excess tésffY (Eq. 10) the incorporation of Sris governed not by structural restrictions
attains its maximum for both (Ca,Sr)-tremolites and (Ca,St(e.g., limited miscibility) but by the absolute elemental abun-
diopsides aKg, = 0.5 and becomes 2.5 kJ and 2.8 kJ, respatances and by the fractionation behavior within a given system.
tively, for the two binaries. This is less than 10% of the value The average abundance of Sr in upper crustal rocks is
of Ap°. The difference in Gibbs free energy oGmd S#in  ~350 ppm with Ca/Sr ~85 (Taylor and McLennan 1985).
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L E— T —T - —T— —  (1995) observed lowebg™"“values for Cl-bearing fluids than
750 °C for pure HO. On the other hand, partition coefficients for Sr
200 MPa 1 between clinopyroxene and basaltic melt of 0.075 to 0.136 at

1250-1345C, 0.1 MPa (Ray et al. 1983) and of 0.079 at 28)0
1 GPa (Skulski et al. 1994) are also much lower than the values
obtained by Brenan et al. (1995), Ayers et al. (1997), and Adam
et al. (1997).

It is clear that experimentally derivgdrtition coefficients
D are strictly applicable only for systems that are close to the
experimental system. The essential point is that in simplified
model systems, the exchange reactions are defined precisely
whereas in complex natural systems they are notdiEtebu-
tion coefficientK,, and the equilibrium constants as derived here
+ ] are thermodynamically more meaningful values and more uni-

-n Ky

o L i versal; an understanding or at least reasonable assumptions of
- Aap® =308k 1 the mixing behavior of the phases involved is required, however.
[ Whe, =17k 1 Comparing partition coefficients derived in different systems is
: a rather dangerous task.
-2 —— DA Natural examples, such as the metaeclogite of Bjarkedalen,
1.0 05 0.0 0.5 10

sr-diopside X -x. onM diopside SW Norway, with whole-rock concentrations of up to 2.4 wt%
Ca “5r 2 SrO (Brastad 1985) are, however, well-suited for comparison of
FIGURE 10.Plot of -IrKp vs. XeirXs) for (Sr,Ca)-diopside. Alinear derived distribution coefficients with those predicted from stud-
relationship (regular solution model) is consistent with thi&s of exchange reactions. This rock was metasomatized by an
experimentally derived values for,Kvithin errors.Ap® and W were  anomalously Sr-rich fluid. The maximum contents of Sr-bear-
calculated by linear regression. ing components are up to 27 mol%A85Si,O; in plagioclase,
20 mol% SpAl;Si;0,(OH) in epidote, 51 mol%
For the geochemical modeling of fractionation processes, phig,Si[Al 2SikOgg-24H0 in thomsonite, 2 mol% §PQO,);(OH)
tition coefficients must be available. Application of Equations apatite, and 1 mol% $1gsSi;O,,(OH), in amphibole. The
13 and 15 to such low Sr concentrations in the bulk rock [Sxperimentally determined distribution coefficiéatis used to
(Sr+Ca) <0.01] result in mineral/fluid partition coefficientslerive the Ca/Sr-ratio of the fluid that caused the metasomatism.
[ Dginerarituid: = crinerd (Wi0/) / ciUid (Wt%b) ] of 0.045 and 0.082 for Using a value foKp of 1.2x 10* for Sr-poor tremolites (Fig. 9)
coexisting (Ca,Sr)-tremolite/fluid and (Ca,Sr)-diopside/fluia Ca/Sr ratio (wt%) of 0.55 was calculated for the coexisting
pairs, respectively. The derived Sr partition coefficient fdtuid using Equation 16:
(Ca,Sr)-tremolites is almost identical to the partition coeffi-
cient of Rb in (Na,K,Rb)-richterite/fluid equilibria (Melzer, in (Gl / clis)? = K el . (camen / caren) (16)
preparation), which ranges from 0.055 and 0.064 depending gxperimentally determined equilibria between (Ca,Sr)-anor-
on the K-concentration in richterite. In contrast, the Sr parthite and fluid are available from Lagache and Dujon (1987) at
tion coefficients D™ derived by Brenan et al. (1995),750°C and 200 MPa, and from Kotelnikov et al. (1989) at 700—
Ayers et al. (1997), and Adam et al. (1997) are consideralghijooc and 100-200 MPa. Application of these results to the
larger. For pargasite, augite, and chloride solution at®@0 y|aginclase in the Bjgrkedalen metaeclogite leads to a Ca/Sr ra-
and 2 GPa, Brenan et al. (1995) reported a value of 1.7 for (Wt%) in the fluid of 0.81 for the distributions derived by
D™ ™ and values in the range 0.48-5 fof*™". For the | 54ache and Dujon (1987), and of 0.79 using the results from
equilibrium of clinopyroxene and an,@-rich quLd ﬁdQOO— Kotelnikov et al. (1989). Considering that neither the amphibole
1100°C and 2-3 GPa, Ayers et al. (1997) repor®™.val- o1 the plagioclase in the Bjgrkedalen metaeclogite are pure

ues in the range 1-2. Adam et al. (1997) examined the distribgs sr)_solid solutions, the derived Ca/Sr ratios (wt%) are in good
tion of Sr among aqueous fluid, basanitic melt, and amphibolg/.cament with the value of 0.55 derived here.

clinopyroxene at 1108C and 2 GPa. They reportddg™" "
and D&'" values of 6.6 and 3, respectively. For amphibole/ ACKNOWLEDGMENTS
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