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ABSTRACT

The Ca-Sr fractionation between zoisite respectively lawsonite and an aqueous fluid has been
determined by synthesis experiments in the presence of a 1 M (Ca,Sr)Cl, aqueous fluid at 2.0
GPa/550, 600, and 700 °C and 4.0 GPa/800 °C for zoisite, and 2.0 GPa/400 °C and 4.0
GPa/600 °C for lawsonite. Solid run products were characterized by EMP, SEM and XRD
with Rietveld refinement and fluids were analysed by ICP-OES. Zoisite exhibits notable
intracrystalline Ca-Sr fractionation between the A1 and A2 sites and calculated

intracrystalline exchange coefficients Kjs;4%,) = 1.5 to 26 show strong preference of Sr over

Ca for the slightly larger A2 site. Calculated individual site dependent zoisite-aqueous fluid

exchange coefficients for the studied 1 M (Ca,Sr)Cl, aqueous fluids are

Ko ey “THeOMS T = 3 38 10 41,08 for the Al site and Kjoqcay 1T = 0.45

to 6.51 for the A2 site. Assuming Y, "< 14 = yg 2aueeus uid 5 4 3 symmetric mixing model,
the thermodynamic evaluation of the site dependent exchange reactions Ca*" (aueous luid)
SIM(M2HA AL[Si301,(0/0H)] = Sp?* @aueous uid) 4 caAlMPYA2AL[Si304(0O/OH)] and Ca*”
(aqueous uid) . (\ZOYAIGIAZA | IGH ), (O/OH)] = Sy (@dueous fluid)
(M?HAMCa? ALy [Si30,,(0/OH)] yields Ap® = -29 kJ/mol and WZoisite A1 = 5 5 kJ/mol for the
Al site and Ap® = -1.1 kJ/mol and WZ5ite 42 — ( kJ/mol for the A2 site at P and T of the
experiments. The data indicates ideal Ca-Sr substitution on the A2 site. Lawsonite formed in

both the orthorhombic Cmcm and the monoclinic P2;/m form. Calculated lawsonite-aqueous

fluid exchange coefficients indicate overall preference of Ca over Sr in the solid and are

K é%?:fgg)e Cmem=aqueous fluid _ 4 15 v, 11 .32 for orthorhombic and

lawsonite%—aqueous fluid
D(Sr—Ca)

= 1.67 to 4.34 for monoclinic lawsonite. Thermodynamic
evaluation of the exchange reaction Ca" 350 i) 4 GrA].Si,07(OH),*H,0 = Sp?* (aueous fluid)
+ CaAL,Si,07(OH),*H,0 assuming yc, "< 14 = yg 2aueous uid 54 3 symmetric mixing model

lawsonite Cmem _

yields similar values of Ap® = -9 kJ/mol and WgWse 10 kJ/mol for orthorhombic
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and Ap® =-10 kJ/mol and Vl@lra_wcs‘f nite PZL/m _ 11 kJ/mol for monoclinic lawsonite.
Calculated Nernst distribution coefficients for the studied 1 M (Ca,Sr)Cl, aqueous fluids are
Dy, Oeaueons luid — 9 8 1+ 0.7 for zoisite at 2 GPa/600 °C and Dy, "™ Smomaaueons fluid — 6 4
0.2 for orthorhombic lawsonite at 4 GPa/600 °C and show Sr to be compatible in zoisite but
incompatible in lawsonite. This opposite mineral-aqueous fluid fractionation behavior of Sr
with respect to zoisite and lawsonite on the one hand and the ideal Ca-Sr substitution on the
zoisite A2 site in combination with the strong intracrystalline Ca-Sr fractionation in zoisite on
the other hand make Sr a potential tracer for fluid-rock interactions in zoisite- and lawsonite-

i
aqueous fluid 51 4 allows

bearing rocks. For low Sr-concentrations, Xg, 2051 directly reflects Xs;
calculate Sr-concentrations in the metamorphic aqueous fluid. During high-pressure aqueous
fluid-rock interactions in subduction zone settings the opposite mineral-aqueous fluid
fractionation behavior of Sr results in different aqueous fluid characteristics for lawsonite-
versus zoisite-bearing rocks. Ultimately, subduction zone magmas may trace these different

aqueous fluid characteristics and allow distinguishing between cold, lawsonite-bearing versus

hot, zoisite-bearing thermal regimes of the underlying subduction zone.
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INTRODUCTION

The concentration of strontium and especially its enrichment in metamorphic rocks and
minerals are potential tracers of metamorphic fluid-rock interactions and metasomatic
processes (Grapes and Watanabe 1984). An extreme example of such fluid-induced Sr
metasomatism is, e.g., reported by Brastadt (1985) from a metaeclogite from Bjerkedalen,
Norway. Because the ionic radii of Ca* (= 1.06 A) and Sr** (= 1.21 A; both for sevenfold
coordination; Shannon 1976) are quite similar Sr readily substitutes for Ca. Besides
carbonates, the Ca-silicates plagioclase and members of the epidote and lawsonite groups are
therefore the most important carriers of Sr in typical metamorphic rocks. In high- and
ultrahigh-pressure metabasites and metagreywackes, minerals of the epidote and lawsonite
groups, which replace the anorthite component of plagioclase in the protoliths, may control
more than 75% of the whole-rock Sr budget (Tribuzio et al. 1996; Nagasaki and Enami 1998;
Zack et al. 2002; Spandler et al. 2003). The geochemical cycles of Sr in subduction zone
settings and in high-pressure regional metamorphism are therefore largely controlled by the
fractionation behavior of Sr between epidote minerals, lawsonite und metamorphic fluids
although also carbonates may play an important role. Knowledge of this fractionation
behavior provides the potential to use Sr concentrations as tracer of prograde dehydration
reactions or breakdown reactions of the respective carrier minerals of the epidote and
lawsonite groups. Potential differences in Ca-Sr fractionation between zoisite-aqueous fluid
and lawsonite-aqueous fluid may also be traced in the compositions of arc magmas generated
at subduction zones and may allow deciphering the thermal regime of the underlying
subduction zone, e.g. cold, lawsonite-bearing settings versus warm, zoisite-bearing settings.
Recently, the trace element fractionation of Sr between zoisite and aqueous fluid has been
studied by Feineman et al. (2007) at 750 to 900 °C/2.0 GPa and between zoisite and lawsonite
and aqueous fluid by Martin et al. (2011) at 650 to 850 °C/3.0 to 3.5 GPa. Both studies found

Sr to be compatible in zoisite; however, the calculated Nernst distribution coefficients
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80 Dsrzoisite—aqueous fluid _ rzois.ite /Csraqueous fluid

Cs are notably higher in Feineman et al. (2007) with
81  Dg/ositeadueous fluid — 45 + 18 to 170 + 80 than in Martin et al. (2011) with Dg,”*site-2aueous fluid —
82 2.2+ 0.3 to 3.6 £ 1.2. Contrary to zoisite, the data for lawsonite by Martin et al. (2011)
83 indicate that Sr is incompatible in lawsonite with Dg,@¥sme2aueons uid — o 14 + 0,02 to 0.20 +
84  0.02. However, epidote minerals and lawsonite not only incorporate Sr as a trace element but
85 also as minor and even major element leading to extensive Ca-Sr solid solutions series
86 (Dorsam et al. 2007; Liebscher et al. 2010); clinozoisite-(Sr) Sr,Al;[Si04Si,07(O/OH)] has
87  been described by Miyajima et al. (2002) and the Sr-analogue of lawsonite itoigawaite
88  SrAl,Si,07(OH),*H,O by Miyajima et al. (1999). The Nernst distribution coefficient is only
89 applicable where Henry’'s law is fulfilled, typically at low concentrations. Although the
90 Henry's law region may extend to higher concentrations for similar substituents as in the case
91 of Ca and Sr, the fractionation behavior of Sr between aqueous fluids and members of the
92  epidote and lawsonite groups is not adequately described by classical Nernst distribution
93  coefficient. Instead, to describe the fractionation behavior of Sr as minor or even major
94  element and to cover the complete solid solution series fractionation behavior has to be
95 expressed via the equilibrium constant K. This approach then also allows deriving Ca-Sr
96  mixing properties for the solid solution series (e.g., Najorka et al. 1999).

97 The data presented here form part of a larger on-going study on the Ca-Sr fractionation
98 Dbetween solids and aqueous fluids at metamorphic conditions (e.g., Najorka et al. 1999;
99  Dorsam et al. 2007; Liebscher et al. 2009, 2010). The crystal-structural and crystal-chemical

100  aspects of the Ca-Sr substitution along the solid solution series CayAls[Si04Si,0O7(O/OH)] -

101 S Al3[Si04Si,07(0O/OH)] and CaAl,Si,07(OH),*H>O - SrAl;,Si,07(OH),*H,O have been

102 experimentally studied and described in detail by Dorsam et al. (2007) and Liebscher et al.

103 (2010), respectively. Here we present fluid data and the calculated solid-aqueous fluid

104  fractionation of Ca and Sr between zoisite, lawsonite and aqueous fluid for the Dorsam et al.

105  (2007) and Liebscher et al. (2010) data complemented by additional experiments. In addition
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106  to the solid-aqueous fluid fractionation of Ca and Sr, the focus of this contribution lies on the
107  Ca-Sr mixing properties for both solid solution series.
108
109 EXPERIMENTAL AND ANALYTICAL METHODS
110  Detailed descriptions of experimental and analytical methods are given in Dorsam et al.
111 (2007) and Liebscher et al. (2010) and are summarized here only briefly. Table 1 compiles all
112 runs and the respective run conditions. Compositions of zoisite and lawsonite as determined
113 by EMP are listed in Dorsam et al. (2007) and Liebscher et al. (2010), respectively.
114
115  Experimental techniques
116  Solid starting materials were prepared from oxide-hydroxide mixtures of a-quartz (ignited,
117  Fe-free p.a. Merck), y-Al,O; (Aldrich), Ca(OH),, and either SrSiO; or Sr(OH),*8H,0; SrSiO;
118  was derived by heating SrCO; and quartz for =~ 24 h at 1100°C. Depending on P-T run
119  conditions and the targeted stable product phases (zoisite and/or lawsonite), solid starting
120 material was weighed in stoichiometric amounts of the desired composition of either
121 (Ca,Sr),Al3Si304;(0O/OH) or (Ca,Sr)Al,Si,07(OH),*H;0. To account for preferred dissolution
122 of SiO; into the aqueous fluid and to ensure quartz/coesite saturation of the run products, ~
123 3.0 to 10 mol% excess SiO, were added to each run. The Ca-Sr composition is expressed as
124 mol-fraction of the Sr component with Xg; = Ng,/(Ng;+Nc,). The solid starting material had bulk
125  compositions from XSrb“lk = 0.02 to 0.95. To overcome kinetic problems and to allow for
126 simple homovalent Ca-Sr fractionation between solids and aqueous fluid (Zimmermann et al.

aqueous fluid

127 1996), a 1 M (Ca,Sr)Cl, aqueous solution was added to each run; initial Xg; was
128  identical to xs"*. The initial solid-to-fluid ratio (Ng+Hnc) ™ M4/[(ng+ngy) e Mid 4
129  (NgrtNce)* Y] was variable between 0.019 and 0.523.

130  Starting mixtures of solids and aqueous fluid were sealed in Au or Pt capsules of 10 to 13 mm

131 length, 2 mm diameter and 0.115 mm wall thickness and placed in NaCl assemblies with steel
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132 furnaces following Massonne and Schreyer (1986). Using steel furnace assemblies provides
133 larger inner cell space compared to graphite furnaces and allows loading up to 4 capsules (2
134  mm in diameter) in a common assembly for the used % inch design. The steel furnace cell
135  design has been pressure calibrated via the two equilibria albite = quartz + jadeite and quartz
136 = coesite. Experiments were performed at 2.0 GPa/550, 600, and 700 °C and 4.0 GPa/800 °C
137  for zoisite experiments and 2.0 GPa/400 °C and 4.0 GPa/600 °C for lawsonite experiments
138  using a standard piston-cylinder apparatus. Run durations ranged between 4 and 7 days. The
139  temperature was recorded online with a Ni-CrNi thermocouple placed closely adjoining the
140  center of the capsules with an accuracy of £10 °C. Pressure was controlled within £50 MPa
141 by a JUMO controller. The assemblies were first pressurized to either 1.8 or 3.0 GPa, then
142  heated to the desired run temperatures and finally pressurized to 2.0 or 4.0 GPa. Switching off
143  the furnace current quenched the samples to below 200 °C within less than 10 s. After
144  quenching, the capsules were cleaned, weight checked and opened immersed in distilled H,O
145  to recover the run fluid. Solid run products were filtered several times through a filter of 10-16
146  wm porosity until clocking of the filter pores, keeping all the fine-grained material in the filter.
147  The filter was dried at 100 °C for 15 min and the solid products were recovered from the filter.
148  The recovered product fluids were diluted to 50 ml with distilled H,O.

149

150  Analytical methods

151 Solid run products were characterized by scanning electron microscopy (SEM), electron
152 microprobe (EMP), and X-ray diffraction (XRD) with Rietveld refinement. Scanning electron
153  microscopy images of the synthesis products were obtained with a Hitachi-S2700 instrument.
154  The composition of the solid phases was analyzed with a Cameca SX 50 microprobe on
155  polished and carbon coated samples using wavelength dispersive spectrometry, an
156  acceleration voltage of 10 kV, a beam current of 15.2 nA, and a beam diameter of 1 pm.

157  Counting time for all elements was 16 s on the peak position and 8 s on each side of the peak
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158  for the background. The raw data were corrected with the PAP correction program (Pouchou
159  and Pichoir 1984). Using synthetic wollastonite (Si and Ca) and synthetic SrAl,Si,03 (Al and
160  Sr) as standards, AlIK,, SiKp and SrLg were analysed with a TAP crystal and CaK, with a PET
161  crystal. Where possible, multiple analyses were done on single grains to check for
162  compositional homogeneity (see Dorsam et al. 2007; Liebscher et al. 2010).

163  For XRD with Rietveld refinement, sub-samples of the run products were ground in an agate
164  mortar for several minutes, diluted with Elmer’s White glue and then evenly spread on a
165  circular foil. During drying, the powder was stirred to minimize preferred orientation. The foil
166  was covered with a second foil and placed into the transmission sample holder. Powder XRD
167  patterns were recorded in transmission between 20 = 5° and 125° with a fully automated
168 STOE STADI-P diffractometer with CuK, radiation equipped with a primary
169  monochromator and a 7° wide position sensitive detector (PSD). Operation conditions of the
170  normal-focus Cu X-ray tube were 40 kV and 40 mA, using a take-off angle of 6°; detector
171  step size was 0.1° and resolution of 20 was 0.01°. Refinements were done with the GSAS
172 software package for Rietveld refinement (Larson and Von Dreele 1987). The peaks were
173  defined as pseudo-Voigt with variable Lorentzian character. The peak full-width at half
174  maximum height was varied as a function of 20 using the parameters U, V, and W of Caglioti
175 et al. (1958); for the Lorentzian character the parameters X and Y were used. The recorded
176  reflections were highly symmetric due to the geometry of the STADIP diffractometer and no
177  parameters describing the asymmetry of the peaks had to be used. The background was fitted
178  with a real space correlation function. Zoisite was refined in space group Pnma based on the
179  structural data for synthetic iron-free zoisite by Liebscher et al. (2002); lawsonite was refined
180  in space groups P2;/m for monoclinic (Ca,Sr)-lawsonite and Cmcm for orthorhombic (Ca,Sr)-
181  lawsonite, based on the structural data by Pawley and Allan (2001) for monoclinic lawsonite
182  and Libowitzky and Armbruster (1995) for orthorhombic lawsonite. The atomic displacement

183  parameters of lawsonite were fixed at the values from Libowitzky and Armbruster (1995).
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184  Refinements were done in following sequence: scale factor, background, zero-point
185  correction, phase fractions, lattice parameter, preferred orientation, profile parameter Cagliotti
186 W and Lorentz X, atom parameters (excluding hydrogen), site occupancy with fractions of Ca
187  and Sr for Al and A2 positions in zoisite and A position in lawsonite, isotropic displacement
188  parameters for zoisite, and remaining profile parameters Cagliotti U and V and Lorentz Y.

189  Calcium and Sr concentrations in the diluted (to 50 ml) product fluids were determined with a
190 Vista-MPX CCD simultaneous ICP-OES in triplicate on lines 422.673 nm for Ca and 407.771
191  nm for Sr and averaged. Stabilization time applied was 20 s and 10 s were applied for sample
192  uptake delay. Calibration was done with Specpure standard solutions from Alfar Aesar #
193 031852 for Ca and # 013874 for Sr. The relative error of the determined Ca and Sr

194  concentrations is 3 % that of the calculated xg """ ™

is 5 %. Because the capsules were
195 opened “immersed” in distilled water and then filtered, no exact determination of mass of
196  product fluid was possible. Concentrations of Ca and Sr in the un-diluted product fluid can
197  therefore not be calculated. However, the masses [in mmol] of Sr and Ca in the un-diluted
198  product fluid are given in Table 1 to allow for calculation of xg, """ fluid,

199

200 RESULTS

201  Description of run products

202  Zoisite content in the 19 runs, which were used to constrain the Ca-Sr fractionation between
203  zoisite and aqueous fluid (Table 1a) ranges from 12 to 100 wt% of the solid product phases.
204  Additional phases include quartz in 2 GPa runs except for runs Au45 and Pt4 and coesite in 4
205  GPa runs, and variable amounts of clinozoisite, monoclinic and/or orthorhombic lawsonite,
206  strontianite, kyanite, pyrophyllite, slawsonite and walstromite (Table 1a). Zoisite crystals are
207  idiomorphic to hypidiomorphic with a short-prismatic habit of 1 to 10 um width and 10 to 30

208  um length and show typical orthorhombic morphology with {100}, {001}, {101} and {210}

209 (Dorsam et al. 2007). The EMP analyses proved homogeneous zoisite composition within
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210 each individual run as well as within individual zoisite crystals (Ddrsam et al. 2007).
211 However, following Doérsam et al. (2007) we will only refer to the Ca-Sr composition of
212 zoisite determined by XRD in the following because EMP measurements do not distinguish
213 Dbetween zoisite and clinozoisite in runs in which both polymorphs are present. Additionally,
214 the XRD data allow determining the site-specific Ca-Sr composition on Al and A2 sites of
215  zoisite. Runs that lack clinozoisite proved the reliability of zoisite compositions determined
216 by XRD by comparison with the EMP data (Ddrsam et al. 2007). Zoisite composition ranges

zoisite __

217 from Xg; =0.05£0.03 to 0.87 £ 0.02 and covers nearly the complete solid solution series.

zoisite

218  Strontium concentration Xs; shows a clear positive correlation with XSrbulk but tends to be

aqueous fluid bulk

219  slightly smaller than the latter (Fig. 1a), whereas Xs; is generally higher than X,
220 (Fig. 1b).

221 The Ca-Sr fractionation between lawsonite and aqueous fluid has been determined based on
222 16 experiments (Table 1b). In the 2 GPa/400 °C runs lawsonite contents range from 43 to 51
223 wt% of the solid run products whereas in the 4 GPa/600 °C runs lawsonite yields are
224  significantly higher and range from 82 to 99 wt% of the solid run products. All runs contain
225  additional coesite (at 4 GPa) or quartz (at 2 GPa) except for runs Au63 and Au92. At 2
226 GPa/400 °C 13 to 15 wt% strontianite and 12 to 17 wt% diaspore formed. Other additional
227  minor product phases in some runs include kyanite, wollastonite, and grossular. Lawsonite
228  forms small, euhedral crystals typically below 10 um in size. Lawsonite habit changes from

bulk 5 more isometric at higher Xg, UK (Liebscher et al. 2010).

229  more prismatic at low X
230 Refinement of the XRD data shows that lawsonite formed in both the orthorhombic Cmcm
231 and monoclinic P2y/m form depending on P-T conditions and xs™"*. Because EMP data do
232 not distinguish between both polymorphs, we only refer to the Ca-Sr composition of
233 lawsonite determined by XRD, following Liebscher et al. (2010). Strontium contents in

234  orthorhombic lawsonite range from Xgawsonite Cmem — ) 1 1 .01 to 0.62 + 0.05 whereas those

235  in monoclinic lawsonite range from Xg, 2wsonite P2ZUM — ) 51 1+ 0.04 to 0.97 + 0.02. At 2 GPa/400
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236 °C both forms coexist and the data suggest decreasing amounts of orthorhombic lawsonite but

237  increasing amounts of monoclinic lawsonite with increasing XK. At 4 GPa/600 °C

238 lawsonite is exclusively orthorhombic at xs,”"™* < 0.18, exclusively monoclinic at xs,™"* > 0.45

239  and both forms coexist in the compositional range 0.18 < at X" < 0.45. As is the case at 2

240  GPa/400 °C, the data suggest that in this compositional range the amount of orthorhombic

241  lawsonite decreases with increasing at XSrb““‘ while that of monoclinic lawsonite increases. For

242 runs that either contain orthorhombic or monoclinic lawsonite, XRD analyses agree well with
243 the Ca-Sr composition of lawsonite as determined by EMP and proved lawsonite to be

244  homogeneous within the individual runs as well as within individual crystals (Liebscher et al.

245  2010). The Ca-Sr composition of lawsonite corresponds to Xg, ' although the data indicate

than xg ™ (Fig. 1c). Similarly as in the zoisite experiments,

lawsonite

246  overall slightly lower X,
247 xg Ve Mid is oenerally higher than the corresponding Xs™™ (Fig. 1d).

248

249 Intracrystalline Ca-Sr partitioning in zoisite

250  The new additional experiments fit well with the results by Dérsam et al. (2007) and prove the
251  strong intracrystalline Ca-Sr fractionation in zoisite (Fig. 2). Strontium has a clear preference
252 over Ca for the slightly larger A2 site (Liebscher et al. 2002; Dérsam et al. 2007). Up to about

zoisite __

253 Xg = 0.4 Sr substitutes for Ca almost exclusively on A2. The Sr contents on Al are

zoisite Al

254  generally below Xg, = (.1 within this compositional range while Sr contents on A2

255  linearly increase up to xs,”"*'“*? = 0.66 (Fig. 2a). Notable amounts of Sr on A1 are only
256 observed for X5, > 0.4 and x5, 542 > 0.7 (Fig. 2). The calculated intracrystalline
257  exchange coefficient
_ xhloc?
258 K[I)q({srézfja) = xg‘lﬁ*x?cqg (1)
259  is generally > 1 reflecting the preferred substitution of Sr on A2. The calculated K| 54(15;‘326,1)-

260  values slightly scatter between 2 and 26, but most data suggest K [‘,4(15}‘326@ =10 to 20 (Fig. 2b).
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Ca-Sr fractionation between zoisite/lawsonite and aqueous fluid
The Ca-Sr fractionation between zoisite-aqueous fluid and lawsonite-aqueous fluid can be
described by the general exchange reactions
2 Ca?" (aueous uid) 4 g A15[S130,,(0/OH)] = 2 Sr?* @aueews uid) 4 ) AL;[Si30,,(0/OH)] (2)
and
Ca?" (aueous fluid) 4 gr A 1,S1,07(OH),oH,0 = Sp?* Caeous uid) 4 ca A LSi,07(0H),*H,0.  (3)
To account for the two distinct A-positions in zoisite and the significant intracrystalline Ca-Sr
fractionation between A1 and A2, reaction (2) has to be split into the site-specific exchange
reactions
Ca* (aaueous Mid) 4 GALNRYA2A] 1G5 0 (O/OH)] = Sp* (2aueous Muid)
Ca™'(M*HMAL[Si:01(0O/OH)]  (2a)
and
Ca* (eaueous Miid) 4 \ROAIGIA2A| 1S3 0 (O/OH)] = Sp* (@aueous fuid)
MM Ca*AL[Si:01(0/0OH)] . (2b)
The solid-aqueous fluid Ca-Sr fractionation for reactions (2) and (3) can then be described by

aqueous fluid
r

Xs versus Xs, """ diagrams (Figs 3a, 4), the site dependent zoisite-aqueous fluid Ca-

aqueous fluid

Sr fractionation for reactions (2a) and (2b) by Xs; versus X' A'A2 djagrams (Fig.

3b). Zoisite and lawsonite both exhibit overall preferred fractionation of Ca over Sr compared

lawsonite aqueous

to the aqueous fluid (Figs 3a, 4). Only at very high Xs;, the data suggest X, > Xsr

fuid (Fig. 4). Within the precision of our data, fractionation behavior of orthorhombic and
monoclinic lawsonite appears to be similar (Fig. 4). The site dependent Ca-Sr fractionation

between zoisite and aqueous fluid is very strong (Fig. 3b). While the larger A2 site shows

. . . . isite A2 flui zoisite A2—aqueous fluid
practically no Ca-Sr fractionation with X5, 4 ~ x5,"%"*** 1" and K (Sr—ca) 1 fluid
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1, the Ca-Sr fractionation between zoisite Al and aqueous fluid is much more pronounced

zoisite Al—aqueous fluid
and an overall K a r ~0.05.

zoisite Al
r << D(Sr—Ca)

aqueous fluid
r

with Xg Xs
DISCUSSION
Attainment of equilibrium

To derive Ca-Sr fractionation data it is essential to show that the runs reached near-
equilibrium conditions. Unfortunately, in empirical work equilibrium may only be assumed or
judged based on the absence of disequilibrium features and is only valid unless proven
otherwise. Arguments for equilibrium include: 1) within errors the derived data sets for zoisite
and lawsonite, respectively, are internally consistent (for disequilibrium experiments one
would expect scatters or internal inconsistencies within the different data sets), ii) Rietveld
refinements of the XRD data yielded good refinement statistics (for disequilibrium
experiments one would expect scattered or zoned Ca-Sr compositions in the minerals, which
would result in poorer refinement statistics), iii) microprobe data give no hints to any zonation
in individual zoisite or lawsonite grains nor to scattered compositions of zoisite or lawsonite
in individual runs (see Dorsam et al. 2007 and Liebscher et al. 2010 for more details), and iv)
duplicate runs Au31/Pt4, Au29/Pt3, and Au23/Pt2 for zoisite and Au37/Au86 and Au38/Au87
for lawsonite yielded consistent results at least within the precision of our experiments.
However, in some of our experiments additional phases formed, which may put doubts on the
assumption of equilibrium. Nevertheless, in none of the runs the number of phases violates
the phase rule. In run Au29, which was prepared with SrSiO; as starting material, we
observed a large number of phases while in duplicate run Pt3, which was prepared with Sr-
hydroxide instead of SrSiO; as starting material, only zoisite and quartz formed (Table 1a),
indicating metastable phases for Au29. However, additional metastable phases should only
influence the modal amounts of product phases by shifting the effective bulk composition;

additional phases should not influence the Ca-Sr fractionation as long as these additional
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311  phases do not change the physico-chemical properties and speciation in the aqueous fluid.
312 Overall, as we have no hints to disequilibrium (at least within the errors of our data) it is

313  probably reasonable and justified to assume equilibrium conditions at least with respect to the
314  Ca-Sr fractionation. Also, in all our previous studies on solid-aqueous fluid element

315 fractionation determined via the applied synthesis experiments, we did not find any evidence
316  for disequilibrium.

317

318  Thermodynamic evaluation

319 At constant temperature and pressure and assuming thermodynamic equilibrium, homovalent

320 one-site exchange reactions as (2a), (2b) and (3) can be described thermodynamically by

solid .  aqueous fluid

321 AG = 0= Ap® + RTIn%ce _“Osr (4)

solid . aqueous fluid
Asr *Acq

322  where g is the activity of component i in solid solution and aqueous fluid, respectively, and
323 Ap’ the difference in standard chemical potentials between products and educts of reactions
324  (2a), (2b) and (3), respectively. With the definition of activity & = X * ¥ equation (4)

325 transforms into

xsolid *xaqueous fluid ysolid*yaqueous fluid
— 0 Ca Sr Ca SST
326 0= A“ + RTIn solid ,,.aqueous fluid + RTIn solid ., aqueous fluid * (5)
Xsr *Xcq Ysro *Yca

327  For the 1 M (Ca,Sr)Cl, aqueous solutions used in this study one may reasonably well assume
328  that Henry's law applies for the fluid and ¥ = ki. For simplicity and due to the chemical
329  similarity of both species we assume that Henry s constants for Sr** and Ca®" equal each

330 other. Additionally applying the definition for the exchange coefficient

. ., lid,..aqueous fluid
Ksolld—aqueous fluid — xé?ll *xsﬁ s

D(Sr—Ca) xgolid, yaqueous Tuld (6)
a

331

332 equation (5) simplifies to

solid

_ solid—aqueous fluid Yca
333 0= Ap® + RTInK}, (6. coy + RTIn ygglid . (7)
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While the exchange coefficient can be extracted from the experimental data, calculation of the
activity coefficient requires an activity model. The simplest activity model for binary

homovalent one-site mixing is that of a regular solution for which

RTlnysolzd — xgolld Wssrollcda (83.)
and
. .2 .
RTIny§e = xggli®  Wied, . (8b)

Combining and re-arranging equation (7) with equations (8a) and (8b) and formulating

explicitly for exchange reactions (2a), (2b) and (3) yield

zoisite Al1—aqueous fluld 0 zoisite A1 zoisite zoisite
* ..
l KD(Sr Ca) A + WST Ca XsrAl_zoisite CaAl—ZOlSlte) >
(9a)
zoisite A2—aqueous fluld 1 0 zozsu,“e A2 zoisite zoisite
l KD(ST Ca) A + WsrZca (xSr A2_zoisite xCaAZ—zoisite)
(9b)
and
lawsonite—aqueous fluid _ wlawsonite . (. lawsonite lawsonite
_anD(Sr Ca) EAU + Sr Ca (xSr lawsonite — XcCa— lawsonlte) .
(10)
. mineral—aqueous fluid mineral mineral
Diagrams of —InK, 5.~ cq) versus (xSr mineral — XCa— mmeml) therefore should
mineral .

result in linear relations with an intercept of Au and a slope of WST ta "5 within the

precision of our data, the experimental results fulfill this linear relationship (Fig. 5). To
extract Ap® and Wl at P and T of our experiments from equations (9a), (9b) and (10)
we only fitted the data derived at 2 GPa/600 °C for zoisite and 4 GPa/600 °C for lawsonite.
However, within experimental and analytical errors the results from the other runs are
consistent with the derived linear fits. Evaluation of the data yields Ap® = -29 kJ/mol and

Wwgoisite A1 — 5 5 kJ/mol for Ca-Sr fractionation between aqueous fluid and zoisite Al site,

Ap® =-1.1 kJ/mol and WZ0isite A2 — () kJ/mol for Ca-Sr fractionation between aqueous fluid
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358 and zoisite A2 site, Au® =-10 kJ/mol and M(glra_“gsgnite P21/m _ 11 kJ/mol for Ca-Sr

359  fractionation between aqueous fluid and monoclinic lawsonite, and Ap® = -9 kJ/mol and

360  Wjawsonite tmem — () kJ/mol for Ca-Sr fractionation between aqueous fluid and

361  orthorhombic lawsonite. The derived values for zoisite reflect the strong intracrystalline Ca-Sr
362 fractionation between A1l and A2 sites in zoisite. For the A2 site the data indicate ideal
363  behavior of the Ca-Sr solid solution as well as almost identical standard state chemical

bulk

364  potentials for the Ca”*- and Sr**-endmembers. For most natural systems with low xg,™"*, the

365  Sr concentration in zoisite will be exclusively controlled by Sr incorporation on the A2 site.
366  Consequently, due to the ideal behavior of the A2 site, X5, #% can reasonably well be taken
367  representative of the coexisting Xg, "™ fluid For orthorhombic and monoclinic lawsonite the
368  data indicate almost identical energetics of the Ca-Sr substitution.

369

370  Calculation of Nernst distribution coefficients

371  To allow comparison of our data with those published by Feineman et al. (2007) and Martin et
372 al. (2011) we use our data to calculate the corresponding Nernst distribution coefficients for
373  the Sr-partitioning between aqueous fluid and zoisite and lawsonite. The Nernst distribution
374  coefficient is typically used to describe the trace element partitioning between coexisting

375  phases o and B based on the concentration C as Dio"B = ci"‘/ciﬁ . However, one has to be aware
376  thatin a strict sense any D-value is only valid for the P-T-x conditions for which it has been
377  determined. We used the Xs; data derived in this study to calculate the corresponding Sr

378  concentrations in zoisite, lawsonite and aqueous fluid, assuming stoichiometric compositions

379  of (Ca,Sr)-zoisite and (Ca,Sr)-lawsonite and the 1 M (Ca,Sr)Cl, aqueous solution (Fig. 6). The

zoisite aqueous fluid

380  concentrations Cs; and Cs; are linearly correlated up to about €5, ~ 17 wt%

381  (equivalent to Xg,™*"® ~ 0.5) and cg "™ ™9~ 6.6 wt% (equivalent to X """ ™9 ~ 0.8) (Fig.

lawsonite aqueous fluid :

382  6a). For lawsonite, such a linear relation between Cs; and Cg;, 1s observed for a

lawsonite

383  much more restricted compositional range of up to about Cg;, ~ 1.5 wt% (equivalent to
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384 Xg ™M~ 0.06) and Cg " MY < 2.0 wt% (equivalent to xg, """ ¢ < 0.24) (Fig. 6b).

385  Fitting those data for a linear relation between s, ™l and cg29ue0u Mid forced through the
386  origin yields Dg,Zoisite-aqueous fluid _ 5 @ 4 () 7 and Dy avsenite-aqueous fluid _ y ¢ 4 () 2 (Fig. 6¢). The
387  derived Dg/ Ot eons luid ya e fits perfectly with the results by Martin et al. (2011) who

388  determined Dg, 0site-adueous luid — 5 5 4 (.3 t0 3.6 = 1.2, while the derived Dg,@"sonite-aqueous fluid ;¢
389  slightly higher than that derived by Martin et al. (2011) with Dg,2¥onte-aauecus fliid — 14 4+ .02
390 to 0.20 + 0.02. Our data supports the findings by Martin et al. (2011) that Sr is compatible in
391  zoisite and incompatible in lawsonite. The notably higher Dg 2% Mid yalyes of 42 + 18
392 to 170 = 80 determined by Feineman et al. (2007) cannot be explained with the data at hand.
393  Their experiments were performed at slightly higher temperatures of 750 to 900 °C compared
394  to this study. However, these only slightly higher temperatures can reasonably well be

395  excluded as being responsible for the more than 10- to 50-times higher Dg,“s!¢-2aueous fluid

396  values determined by Feineman at el. (2007). The experiments by Feineman et al. (2007) were
397  performed with Fe-bearing zoisite with ~ 1 wt% Fe,O3; compared to the Fe-free system

398  studied here. Incorporation of Fe in the M3 octahedron affects the crystal-structural properties
399  of'the Al and A2 sites (Liebscher et al. 2002) and by this may influence the Ca-Sr

400 fractionation. However, Liebscher et al. (2002) also have shown that the structural changes of
401 Al and A2 with increasing Fe-content are only minor, at least for low Fe contents. So the

402  effect of Fe on Sr incorporation should also be minor.

403

404  Application to natural systems

405  An example of fluid-induced Sr metasomatism was reported by Brastadt (1985) from a

406  retrogressed metaeclogite from Bjerkedalen, Norway. Besides relicts of the eclogitic

407  assemblage, this rock is predominantly composed of hornblende, plagioclase, Fe/Ti oxides
408  and apatite and shows clear evidence of a second alteration stage caused by the infiltration of

409  an external aqueous fluid from the neighboring lithologies. This second alteration stage
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410  essentially resulted in the hydration and breakdown of plagioclase to epidote, thomsonite, and
411  variable amounts of zoisite, clinozoisite, prehnite, sphene, smectite, calcite, paragonite and Sr-
412  feldspar. Whole rock and mineral analyses indicate that the infiltrating aqueous fluid also

413  added Sr to the rock. The different epidote group minerals are characterized by high Sr

414  contents. Maximum Sr contents reported by Brastad (1985) are 8.52 wt% SrO in epidote, 4.73
415  wt% SrO in clinozoisite and 7.42 wt% SrO in zoisite. Assuming exclusive incorporation of Sr
epidote A2

416  on the respective A2 sites as indicated by our data, these concentrations transfer to X,

417 =0.402, xS A2 = 0217, and x5 = 0.333. Applying

Kepidote mineral A2—aqueous fluid _

418 D(sr—Ca) =1 as determined here for zoisite yields minimum molar

419  Ca/Sr ratios in the aqueous fluid of 1.5 based on epidote, 3.6 based on clinozoisite and 2.0
420  based on zoisite. These values agree well with those determined by Najorka et al. (1999) for
421  the Ca/Sr ratio in the Bjerkedalen fluid of 1.8 and 1.7 based on the Sr-contents in plagioclase
422  as given by Brastad (1985) and the plagioclase-fluid distribution data by Lagache & Dujon
423 (1987) and Kotelnikov et al. (1989), respectively. Using the Nernst distribution coefficient for
424 zoisite-aqueous fluid derived in this study the calculated Sr concentration in the Bjerkedalen
425  fluid is 2.2 (1.8 to 3.0) wt%.

426 A detailed mass-balancing of the Sr-cycle in subduction zones is beyond the scope of this

427  paper. However, some general conclusions and speculations can be drawn from the Ca-Sr
428  fractionation behavior determined here. Our data show that Sr is incompatible in lawsonite
429  but compatible in zoisite, consistent with previously published data. In cold, lawsonite-

430  bearing subduction zone settings any upward migrating aqueous fluid will therefore strip-off
431  Sr out of the lawsonite-bearing rock resulting in a progressively Sr-depleted residue. Due to
432 this progressive Sr-depletion, fluids formed at greater depths in such cold, lawsonite-bearing
433 subduction zone settings will exhibit continuously decreasing Sr concentrations. Contrary, in
434  warm, zoisite-bearing subduction zone settings the rocks will act as a sink for Sr and strip-off

435  Sr out of the upward migrating fluid resulting in a progressively Sr-enriched residue. Due to
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this progressive Sr-enrichment, fluids formed at greater depths in such warm, zoisite-bearing

subduction zone settings will exhibit continuously increasing Sr concentrations.
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519  Figure captions

520

521  Figure 1: Ca-Sr composition of run products expressed as Xs; = Ng,/(Ns; + Nc,) versus Xsr ™ for
522  zoisite (A) and coexisting aqueous fluid (B) and lawsonite (C) and coexisting aqueous fluid

bulk

523 (D). Overall the data indicate Xs,**"* < xg,™* and xs; bulk

aqueous fluid and suggest preferred

> Xsr
524  fractionation of Sr over Ca into the aqueous fluid.

525

526  Figure2: Intracrystalline Ca-Sr fractionation between zoisite Al and A2 sites. The data
527 indicate notable intracrystalline fractionation with a clear preference of Sr for the larger A2

zoisite

528  site. Up to Xgr ~ 0.4 Sr is almost exclusively incorporated in the A2 site, only for higher Sr

529  concentrations notable amounts of Sr can be found on the A1 site (A). Most data are

530  consistent with an intracrystalline exchange coefficient K55, 4%,) = 10 to 20 (B).

531
532  Figure 3: Ca-Sr fractionation between zoisite and aqueous fluid (A) as well as the site

533  dependent Ca-Sr fractionation between zoisite A1 and A2 sites and aqueous fluid (B). The site

534  dependent Ca-Sr fractionation shows K ;?Siii_tZ;)l_aqueous fuid o 05 and

Kzoisite A2—-aqueous fluid

535 D(ST—Ca) ~ 1 reflecting the notable intracrystalline fractionation. Due to the

536  preferred substitution of Sr on the A2 site, the data suggest that for low Xgr ', as may be

aqueous fluid _ zoisite A2

537 assumed for most natural systems, Xs; Xsr
538

539  Figure4: Ca-Sr fractionation between monoclinic (A) and orthorhombic (B) lawsonite and
540 aqueous fluid. Except for high Xg; the data indicate preference of Sr over Ca for the aqueous

541  fluid.
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Figure 5: Thermodynamic evaluation of the Ca-Sr solid-fluid fractionation for zoisite-A1 site

(A), zoisite-A2 site (B), monoclinic (C) and orthorhombic (D) lawsonite expressed as

mineral—aqueous fluid mineral mineral . . .
—InK) 5r_ca) versus (xSr_mineml - xCa_ml-neml) diagrams. Linear fits in (A)

and (B) based on data at 2 GPa/600 °C, those in (C) and (D) based on data at 4 GPa/600 °C.
Data indicate ideal behavior of the Ca-Sr substitution on zoisite A2 site. Monoclinic and

orthorhombic lawsonite exhibit comparable Ca-Sr substitution behavior.

Figure 6: Calculated Sr-concentrations in coexisting zoisite and aqueous fluid (a) and
lawsonite and aqueous fluid (b). Concentrations are calculated based on the Xs; values
determined in this study and assuming stoichiometric composition in zoisite and lawsonite

and a 1 M (Ca,Sr)Cl, aqueous fluid. The grey shaded area for low Sr-concentrations is

enlarged in (c) showing only data for zoisite at 2 GPa/600 °C and for orthorhombic lawsonite

at 4 GPa/600 °C. Stippled lines in (a) and (b) are drawn by eye while stippled lines in (c) are
linear fits to the data forced through the origin. The slope of these fits yields the Nernst
distribution coefficients Dsrmineral—aqueous fluid with Dsrzoisite—aqueous fluid _ 2.8+ 0.7 and Dsrlawsonite—

aqueous fluid _ 06+02
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Table la. Experimental conditions, run products, Ca-Sr composition of zoisite and aqueous fluid, and calculated

exchange coefficients Kp for A-site specific Ca-Sr exchange between zoisite and aqueous fluid.

Run Pt84 Pt85 Au32? Pt9 Aud5?  Au3l? Pt4 Y
P[GPq] 2 2 2 2 2 2 2
T[°C] 550 550 600 600 600 600 600
Phase zo+qtz zo+qtz zo+qtz zo+qtz zo+qtz zo+qtz zo+qtz
Xg ™MK 0.10 0.14 0.0625 0.125 0.18 0.25 0.25
Starting material
SiO, [mg] 6.64 6.66 6.43 497 5.63 5.61 5.23
Al,O; [mg] 5.36 5.38 5.16 3.84 4.87 5.10 4.04
Ca(OH), [mg] 468 448 4.69 3.79 3.87 371 2.93
SrSi0; [mg] / / 0.69 1.94 1.88 2.73 /
Sr(OH),-8 H,0 1.86 2.62 / / / / 351
Fluid [mg] 2 2.05 2.49 5.85 5.17 6.29 5.78 5.27
Solid run products
quartz/coesite® 16 07 5 6.4 / 5 /
zoisite 30 17 45 48 53 48 100
clinozoisite 49 74 50 45 47 47 /
lawsonite P2,/m / / / / / / /
lawsonite Cmcm / / / / / / /
strontianite / 0.2 / / / / /
kyanite / / / 0.3 / / /
Total ¥ 99.6 98.9 100 99.7 100 100 100
Composition®
Xg 05 005(3) 019(9) 006(2) 016(5 016(3) 025(3) 0.22(1)
XgOSeAL 003(3) 010(9) 002(2) 007(5 0.03(2) 006(2 0.03(1)
Xg OISt A2 006(3) 027(8) 009(3) 024(5 029(3) 044(3) 0.40(1)
ca® [mmol] 0.0017  0.0016 0.006 0.0037  0.0045 0.0012  0.0044
Sr** [mmol] 0.0005 0.0006 0.0009 00013 0.0025 0.0007  0.0014
XgHeous fluid 023(1) 027(1) 013(1) 026(1) 036(2) 037(2 0.24(1)
K;gii_tzg)l—aqueous fuid e 951 3.38 7.35 4.67 17.96 9.14 10.29
K;gsfii_t;:)z—aqueous fluid 7) 461 1.01 1.52 1.11 1.36 0.74 0.48

(continued)
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Table la(cont.)
Run Au42?  Au29 Pt3Y  Au43?  Au23? pt2Y Au22?
P [GP4] 2 2 2 2 2 2 2
T[°C] 600 600 600 600 600 600 600
Phase zo+qtz zo+qtz zo+qtz zo+qtz zo+qQtz zo+qtz zo+qtz
xg ™K 0.4 0.5 05 0.65 0.75 0.75 0.875
Starting material
SiO, [mg] 5.01 459 5.05 4.02 352 4.66 2.16
Al,05[mg] 5.10 5.08 3.90 511 4.98 3.59 354
Ca(OH), [mg] 2.96 2.46 1.89 1.73 0.91 0.87 0.33
SrSiO; [mg] 4.37 5.44 / 711 8.00 / 6.64
Sr(OH),-8 H,0 / / 6.77 / / 9.36 /
Fluid [mg] ? 5.77 573 5.33 6.05 5.73 5.41 1.27
Solid run products
quartz/coesite® 1 16 2 6 4 1 31
zoisite 41 12 98 33 69 92 59
clinozoisite 58 53 / 40 / / /
|lawsonite P2;/m / 26 / 18 23 / 4
lawsonite Cmcm / 15 / / / / /
strontianite / 12 / 3 2 7 6
kyanite / 43 / / / / /
Total ¥ 100 99.6 100 100 98 100 100
Composition®
Xg S 037(3) 037(10) 042(1) 055(3) 066(4) 063(2) 0.77(2
Xg OSteAL 009(3) 008(8) 013(1) 019(3) 041(3) 0.38(1) 061(2)
XgZOISteA2 067(3) 066(10) 0.72(1) 082(4) 092(4) 089(2) 0.93(3
ca’* [mmol] 0.0019 00007 0.0005 00014  0.0003  0.0003  0.0001
Sr?* [mmol] 0.004 0.0014  0.0023 00063 0.0033 0.0024  0.0006
Xg ueous fiuid 068(3) 067(3) 082(4 082(4) 092(5 0.89(4) 0.86(4)
;g;'i"fg;‘;‘“q“e"“s fluid ) 21.29 23.0 30.78 19.18 15.83 13.05 3.84
zoisite A2-aqueous fluid 7) 1.04 1.03 1.79 0.99 0.96 0.99 0.45

D(Sr—Ca)

(continued)



8

10
11
12
13
14
15
16

17
18
19
20

Table la(cont.)

Run Au33?  Au44?  Auss Pt103 Pt106
P[GPd] 2 2 2 4 4
T[°C] 600 600 700 800 800
Phase zotqtz zo+qtz fsp+tgtz  law+coe law+coe
xg ™MK 0.95 0.95 0.875 0.051 0.14
Starting materia
SO, [mg] 2.69 2.63 5.82 5.84 6.43
Al, 05 [mg] 4.88 478 7.75 472 5.20
Ca(OH), [mg] 0.24 0.23 0.70 3.25 3.25
SrSiO; [mg] 9.93 9.71 10.88 / /
Sr(OH)-8 H,0 / / / 0.63 1.90
Fluid [mg] ? 11.29 6.60 6.56 5.61 5.70
Solid run products
quartz/coesite® 2 2 6.2 20 15
zoisite 56 76 31 58 60
clinozoisite / / 8 438 0.9
|lawsonite P2;/m 39 21 / / /
lawsonite Cmcm / / / 19 11.2
strontianite 3 1 23 / /
kyanite / / 54 14 10
Total ¥ 100 100 99.9 98.7 99.2
Composition®
Xg oS 086(2) 087(2 058(3) 008(3) 0.14(3)
Xg OiSteAL 076(2) 082(2) 0.32(4 001(1) 002(2
Xg OSeA2 096(2) 092(2 0843 015(3) 027(3)
ca’ [mmol] 0 0.0001  0.0003 0.0056  0.0046
Sr?* [mmol] 00112  0.0062  0.0058  0.0007  0.0026
Xg ueous fluid 1.00(5) 098(5) 095(5 011(1) 0.36(2)
[ Zoisite Al—aqueous fluid 6) 13.61 41.08 12.375 27.70
D(Sr—Ca)
Kzaisite A2-aqueous fluid 7) 5.39 3.68 0.71 1.53

D(Sr—Ca)

Note: errorsin parentheses refer to 1 standard deviation
Y runs discussed in Doersam et al. (2007) with respect to the orthorhombic and monoclinic

CaAlL[(O/OH)/Si0,Si,07] — SrAlL[(O/OH)/Si0,Si,07] solid solution series

2 fluid was an agueous 1 M (Ca,Sr)Cl, solution with xg™'% = xg

3 coesitein 4 GParuns

bulk

“ additional phases are pyrophyllite in Pt84 and Pt85, slawsonite in Au4, and walstromite in Pt106

% Ca-Sr composition of zoisite determined by XRD with Rietveld refinement, mass [mmol] of Caand Srin

product fluid determined by ICO-OES ; X = Ng/(Ng: + Ncy)

x *xaqueous fluid
6) Kzoisite Al—-aqueous fluid — call_zoisite = ST

D(Sr—Ca)

zoisite

xzmstte

FAL

x aqueous fluid

according to exchange reaction Ca’

SrAl_zgisite ~Ca_
S,.(Al)M 2+(A2)A|3[S'3Oll(OIOH)] — Sr2+ (agueous fluid) + Ca(Al)M 2+(A2)AI3[SigO]_1(O/OH)]
luid
7 Kzoisite A2-aqueous fluid _ "CaAz_zuisite*x‘slguenqu “

D(Sr—Ca)

zoisite

zoisite
SrA2_zgis,

MZHADGADA| 3[Si301(O/OH)] = Sr o

¢

te
a|

aqueous fluid

Ca
ueous fluid) + M2+(A1)Ca(A2)AI3[Si3011(0/OH)]

+ (agueous fluid) +

according to exchange reaction Ca?* (@ueousiuid)



1

3

Table 1b. Experimental conditions, run products, Ca-Sr composition of orthorhombic and monoclinic lawsonite

and agueous fluid, and cal culated exchange coefficients Kp for Ca-Sr exchange between lawsonite and aqueous
fluid.
Run Pto2 Pto3 Pto4  Au76?  Au77?  Au78?  Au79?
P[GPq] 2 2 2 4 4 4 4
T[°C] 400 400 400 600 600 600 600
Phase law+qtz law+qtz  law+qtz law+coe law+coe law+coe law+coe
xg ™M 0.4 0.6 0.8 0.02 0.03 0.04 0.05
Starting material
SO, [mg] 6.04 5.09 4.86 12.23 12.11 12.36 12.26
Al,O;3 [mg] 488 412 3.92 9.74 9.7 9.94 9.91
Ca(OH), [mg] 2.12 1.19 0.57 6.94 6.83 6.93 6.84
SrSiO; [mg] 5.08 6.43 8.19 0.31 0.47 0.64 0.79
Fluid [mg] ? 2.72 2.98 25 11.01 11.17 9.33 10.96
Solid run products
coesite/quartz® 18 19 18 5 7 5 4
lawsonite P2,/m 29 38 43 / / / /
lawsonite Cmem 13.6 11.3 7.9 95 93 95 96
Total ¥ 60.6 68.3 68.9 100 100 100 100
Composition®
Xg Msonite P21/m 050(2) 0.71(2)
X wsonite Crmem 0.18(1) 0.62(5) 0.02(1) 0.03(1) 004(2 0.02(1)
ca’ [mmol] 0.002 00011 0.0007 0008 0.0077 0.0068  0.007
Sr** [mmol] 0.0019 0.0024 0.0028 0.0008 00012 00013 0.0017
Xg ueousfiuid 049(2) 069(3 0.80(4) 0085 0.135 0.160  0.20(1)
(4) (7 8
lawsoniteP2,/m—aqueousfluid 6) 223 1.67
D(Sr—Ca)
[¢lawsonite Cmem—aqueous fluid 6) 4,36 1.34 5.07 5.22 5.27 11.32
D(Sr—Ca)

(continued)
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Table 1b. (cont.)

Run Au63?  Au62Y  Au37  Au86Y  Au3s  Aus7?  Aus2?
P [GP] 4 4 4 4 4 4 4
T[°C] 600 600 600 600 600 600 600
Phase law+coe law+coe law+coe law+coe law+coe law+coe law+coe
xg™K 0.18 0.249 0.4 0.4 0.45 0.45 05
Starting material
SiO, [mg] 9.57 9.24 5.96 8.47 5.93 8.54 9.51
Al,05[mg] 8.69 8.71 5.78 8.21 5.92 8.53 9.78
Ca(OH), [mg] 5.18 475 2.52 358 2.37 341 355
SrSiO; [mg] 2.51 347 371 5.27 4.28 6.16 7.85
Fluid [mg] ? 5.11 437 5.35 10.77 5.02 10.87 10.77
Solid run products
coesite/quartz® / 1 4.4 7 5.1 5 4
lawsonite P2,/m 57 69 87 87 87 95 96
lawsonite Cmcm 42 28 8.8 6 75 / /
Total ¥ 99 98 100.2 100 99.6 100 100
Composition®
Xg vsonite P21/m 021(4) 032(2 037(1) 036(2 041(1) 041(2) 0.49(1)
X wsonite Crem 011(4) 019(0) 0.61(13) 0.40 (8)
ca®* [mmol] 0.0026  0.0019 0.0007 0.0034 00017 0.0038  0.0024
Sr%* [mmol 0.003 00023 0.0012 00057 0.0035 0.0076  0.0053
X ueous fluid 054(3) 055(3) 063(3) 0633 067(3) 0673 069(3)
[ L@wsoniteP2; /m-aqueousfluid 6) 434 257 2.88 2.98 2.97 2.89 2.27
D(Sr—Ca)
Klawsonite Cmcm—aqueous fluid 6) 9.24 5.06 1.12 3.09
D(Sr—Ca)
(continued)
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10
11
12
13
14
15
16
17
18

19
20

Table 1b. (cont.)

Run Aud7?  Au92?
P [GPd] 4 4
T[°C] 600 600
Phase law+coe law+coe
xg™K 0.65 0.75
Starting material
SiO, [mg] 5.17 5.99
Al,05[mg] 5.85 7.82
Ca(OH), [mg] 1.49 1.42
SrSiO; [mg] 6.11 9.42
Fluid [mg] ? 5.54 4.41
Solid run products
coesite/quartz® 7 /
lawsonite P2,/m 93 82
lawsonite Cmcm / /
Total ¥ 100 82

Composition®

Xsrlawsonite P21/m 0.63 (1) 097 (2)
XeraNsoniteCrmm
ca® [mmol] 0.0008  0.0001
Sr?* [mmol] 0.0025  0.001
Xg ueousfluid 0.77(4) 0.91(5)
Kltg/sogit)ePZ1/m—aqueousfluid 6) 1.86 0.35
D(Sr—Ca
Klawsonite Cmcm—aqueous fluid 6)
D(Sr—Ca)

Note: errors in parentheses refer to 1 standard deviation

Y runs discussed in Liebscher et al. (2010) with respect to the orthorhombic and monoclinic CaAl,[(OH)./Si,O7]-
H,0 — SrAl,[(OH)./Si,0]-H,0 solid solution series

2 fluid was an agueous 1 M (Ca,Sr)Cl, solution with xg™¥ = xg,
3 quartzin 2 GParuns

“ additional phases are kyanite in Au62, wollastonitein Au62, grossular in Au63 and Au92, clinozoisite in Pt92,
and zoisitein Au92; at 2 GPa about 15 wt% strontianite and diaspore each formed in runs Pt92, Pt93 and Pto94

% Ca-Sr composition of lawsonite determined by XRD with Rietveld refinement, mass [mmol] of Caand Srin
product fluid determined by |CO-OES; xs = Ng/(Ng; + Nca)

. . lawsonite aqueous fluid
6) Klawsomte—aqueousfluld _ Xca-lawsonite*Xsr
D(Sr—Ca) ~ ylawsonite . aqueous fluid
r—lawsonite a

S L C
SrAl,[Si,07(OH),]*H,0 = S+ (Eueastiud) . can|,1S,0,(OH),]*H,0

bulk

according to exchange reaction Ca?* (@auecusfiuid)




Liebscher et al., Ca-Sr fractionation
Figure 1
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Liebscher et al., Ca-Sr fractionation

Figure 2
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Liebscher et al., Ca-Sr fractionation
Figure 3
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Liebscher et al., Ca-Sr fractionation

Figure 4
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Liebscher et al., Ca-Sr fractionation

Figure 5
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Liebscher et al., Ca-Sr fractionation

Figure 6
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