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Abstract

The K/Cs ratios of K-feldspars from granitic pegmatites are compared to models derived
from the Rayleigh equation. The K/Cs and K/Rb ratios of K-feldspars and micas exhibit
decreasing values when plotted against their Cs or Rb contents across cogenetic suites of granites
and pegmatites, and from margin to core of individual bodies. The trends in elemental ratios
conform to Rayleigh fractionation for the crystallization of feldspars and micas from a silicate
melt. Within two individual pegmatite bodies, the K/Cs ratio of K-feldspar initially falls more
rapidly than the Rayleigh model predicts. That might reflect a local increase in the concentration
of Cs relative to K due to the pile-up of incompatible elements in a boundary layer of melt
adjacent to the crystal growth front. The addition of an aqueous solution to the Rayleigh model
(i.e., the simultaneous crystallization of K-feldspars from melt and from aqueous solution)
predicts high and increasing K/Cs ratios of K-feldspars that are not observed in natural rock
suites, except when K-feldspars crystallize in miarolitic cavities or when primary K-feldspar
recrystallizes to microcline perthite in an open hydrothermal system. In those cases, the Cs
content of K-feldspars falls to nil because of the high solubility of Cs in aqueous solution and

low compatibility of Cs in K-feldspar. Otherwise, the observed patterns of K/Rb or K/Cs in K-
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feldspar and micas in pegmatites conform to crystal-melt fractionation in which an aqueous
solution plays no part. From the viewpoint of the geochemistry of Cs in pegmatites, these
observations give support to the model proposed by Cameron et al. (1949) and endorsed by Jahns

(1953a,b).

Key words: cesium, Rayleigh fractionation, pegmatite, K-feldspar

Introduction

Ever since early work by Cerny (e.g., Cerny et al., 1985), the K/Rb and K/Cs ratios of K-
feldspars (reported as a ratio of weight) and of micas have been widely used as monitors of the
extent of fractional crystallization of granites and the pegmatites they produce. When graphed as
K/Rb versus Rb, K/Rb versus Cs, or K/Cs versus Cs, the resultant patterns exhibit exponentially
decreasing trends (e.g., Roda-Robles et al., 2011; Hulsbosch et al. 2014, Marchal et al., 2014,
Brown et al., 2017), or decreasing linear arrays in log-log plots (Cerny et al., 1985).

Shearer et al. (1992) utilized the K, Rb, Ba, and Cs contents of K-feldspar samples from
Harney Peak granite and surrounding pegmatites and compared a Rayleigh model to the
fractionation trends across the pegmatite district. Their results are mostly compatible with
Rayleigh fractionation, though they note that the rare-element pegmatites are displaced from the
trends in trace-element content that link the Harney Peak granite to the tens of thousands of
common pegmatites that emanate from it. Kontak and Martin (1997) observed that trace-element
variations in K-feldspar from the South Mountain batholith, Nova Scotia, closely fit modeled
Rayleigh fractionation trends, though the results for Cs in K-feldspar were erratic. They

attributed this variability to the volatility of Cs in an aqueous solution (Carron and Lagache,
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1980), implying that the scatter of data reflected variable degrees of recrystallization of the
primary K-feldspar and loss of Cs in an open hydrothermal system. Roda-Robles et al. (2012)
demonstated that the K/Rb and K/Cs ratios of K-feldspars and micas in the granite-pegmatite
system of Pinilla de Fermoselle, Spain, conform to a Rayleigh fractionation trend. Hulsbosch et
al. (2014) plotted their analytical data for a field of pegmatites in Rwanda against modeled
curves calculated by the Rayleigh equation, and they concluded that the good fit between
modeled and actual values was evidence that the crystallization of K-feldspar from melt followed
a Rayleigh fractionation process (Figure 1). London et al. (2012, 2020a) likened the pattern of
K/Cs in K-feldspar versus distance from pegmatite margin to core to a Rayleigh fractionation
process. London et al. (2012, 2020a) observed outliers with anomalously high K/Cs ratios that
were attributed to the recrystallization of K-feldspar in an open hydrothermal system.

In their summary of pegmatite geology, Cameron et al. (1949) concluded that zoned
pegmatite bodies crystallize from their margins to center as essentially closed systems. If that
zonation is fully symmetrical about the central plane of the body, then the distance from margin
(F =1 in the Rayleigh equation) to center (F = 0) is a proxy for the fraction of melt (F) that has
crystallized, or 1-F, in the Rayleigh equation. For this reason, the fraction of melt crystallized, 1-
F, is plotted in the figures presented here where values of K/Cs of K-feldspar are normalized to
1-F based on their distance from margin to center.

In these few studies to date, the Rayleigh models and their close correspondence to observed
trace-element patterns in K-feldspar apply only to fractionation between minerals and melt,
because the partition coefficients utilized are derived from natural or experimental mineral-melt
systems. The effects of a coexisting aqueous solution on the K/Cs ratio of K-feldspar have not

been considered.
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Goals and applications

The goal of this study is to utilize the Rayleigh equation more fully, and specifically to
consider the consequences of the separation of an aqueous solution from melt on the K/Cs ratio
of K-feldspar at any stage in the formation of a pegmatite body or a pegmatite group. This study
models the evolution of the K/Cs ratios of melt, with and without aqueous solution equilibrated
with the melt, and of K-feldspar (Kfs) crystallized from the melt only, from the melt in
equilibrium with an exsolving aqueous solution, and from an aqueous solution that has exsolved
from the melt. The form of the equation used is Cj = Co*F®, where C; is the concentration of
the trace element i in melt, C, is the initial concentration of that element at the onset of
crystallization (F = 1), F is the fraction of melt remaining, and D is bulk distribution coefficient
for that element in the crystallizing assemblage.

The results of this study apply to two contrasting models for the internal evolution of
pegmatite bodies: the essentially igneous model of Cameron et al. (1949) and the fundamentally
aqueous model of Jahns and Burnham (1969). The models are different in another respect:
Cameron et al. (1949) advocated a model of sequential fractional crystallization, which included
the precipitation of pure quartz cores, the last primary unit to form in common granitic
pegmatites, directly from a pegmatite-forming melt. Jahns and Burnham (1969, Jahns, 1982) fit
pegmatite consolidation to a model of mineral-melt equilibrium that entailed the simultaneous
crystallization of all major minerals in their eutectic proportions in the hydrous granite system.
As an economic application, the utility of the K/Cs ratio of K-feldspars to exploration for rare-
element deposits in pegmatites is also assessed here. Among those ores, pollucite, nominally
CsAlSi,0g, 1s highly sought today.

Background
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Because of its large ionic radius (mean 1.88 A with a coordination number of 12: Shannon,
1976) and low charge (+1), Cs is one of the most incompatible elements (incompatibility defined
as CX/C;melt = pimett < 1) in all of the common rock-forming minerals, including those in which
potassium is an essential structural constituent (e.g., London, 2005). Partition coefficients for Cs
between the common rock-forming minerals of granites and pegmatites (quartz, sodic
plagioclase, K-feldspar, muscovite, and biotite) and their granitic liquids (melt) have been
measured (e.g., Table 10-2 of London, 2008, and sources therein), and all are less than unity. It is
feasible, therefore, to calculate a bulk distribution coefficient, D™ ™", for the purposes of
Rayleigh modeling that is applicable to the crystallization of typical “two-mica” (biotite-
muscovite) granites and the pegmatites they spawn (Table 1).

There are few reported values of DCSKfS/melt because of the very low concentrations of Cs in
K-feldspar and hence the difficulty of measuring it. Icenhower and London (1996) cite D¢<™™"
= (.13 for K-feldspar synthesized from peraluminous rhyolitic melt. Partitition coefficients for
sanidine-glass pairs from natural peraluminous rhyolite vitrophyres range from 0.02-0.24 with a
mean (n = 12) of 0.16 (Ren, 2004). Nash and Crecraft (1985) reported comparable values (0.11-
0.16) for another peraluminous rhyolite. The single value of D¢~ = 0.13 is employed for
this model.

Cesium is highly compatible in silica-rich melts (e.g., Roy and Navrotsky, 1984), where it
can accumulate to weight-percent levels before achieving saturation in pollucite (London et al.,
1998), the only significant and rare Cs mineral. Because of the incompatibility of Cs in minerals
and the high solubility of pollucite at liquidus temperatures, Cs remains unbuffered to any

appreciable extent throughout the fractional crystallization of granite-pegmatite bodies, whereas

the K component of melt is constrained to a nearly constant value by the near-eutectic

5

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2021-7855. http://www.minsocam.org/

Revision 2

compositions of the granitic liquids. As a result, the K/Cs ratio of melt decreases over the course
of fractional crystallization. The same is true of the principal K-bearing minerals, K-feldspar and
micas, in the proportion of their crystal-melt partition coefficients.

Cesium is exceedingly incompatible in K-feldspar in equilibrium with a saline aqueous

3K — 40 come from two

solution (aq) at elevated pressure and temperature. Values of D¢
relevant experimental studies (Volfinger, 1969, Carron and Lagache, 1980). Because of its
incompatibility in minerals, cesium is also widely regarded as a volatile component in aqueous
solutions that might coexist with granitic liquid, but confirming data from experimental
measurements are sparse. Two sources that utilized different flux-bearing high-silica liquids at
moderate pressures (200 MPa) and temperatures (650°-800°C) yielded similar values, D 4™ ~
0.2, at < 0.2 molal CI salinity of the aqueous solution (London et al., 1988, Webster et al. 1989).

aamelt s twice the value as for K. Values of

Even in solutions of such low ionic strength, D¢,
D™l pige rapidly with increasing chloride salinity of solution, from Dc24met =2 3 4t 2.0
molal CI to ~ 4-7 at 3-7 molal Cl (Webster et al., 1989). For the purposes of this model, two
values of D¢ ™" = 0.2 and 6.0 illustrate the Rayleigh trends when Cs is highly compatible or
highly incompatible in silicate liquid relative to aqueous solution.
Methods of this study

Numerical modeling

A necessary condition for applying the Rayleigh equation is that equilibrium exists among
melt, aqueous solution, and the surfaces of crystals, such that the chemical potential gradients of
all components, including isotopes, throughout the fluid media are zero. That condition is

mandated by the reliance on partition coefficients that are, or are meant to be, as close to the

equilibrium of the liquidus as is possible, and by constancy of partition coefficients anywhere in
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the system. In order for that to be the case, the diffusivity of all ions through a fluid medium
must be rapid in relation to the rate of transfer of those ions to another medium, e.g., from melt
to crystals or melt to aqueous solution. The diffusivity of ions through aqueous solutions in
response to chemical potential gradients at elevated pressure is believed to be nearly
instantaneous, though experimental confirmations of this behavior are almost nil (e.g., [ldefonse
et al., 1979). The issue pertains to chemical equilibrium between melt and the surfaces of
crystals. At their undercooled conditions of crystallization (e.g., Morgan and London, 1999,
London et al., 2012, 2020a,b), pegmatite-forming melts possess exceedingly high viscosities on
the order of 10’-10°* Pa-s (London, 2008). High viscosity correlates with low diffusivity of most
elements (e.g., Mungall, 2002), leading to boundary layer pile-up of incompatible elements
(when the accumulation of excluded elements in melt due to crystallization exceeds the rate at
which they diffuse away from the crystal-melt interface) and transient gradients in their chemical
potentials across the melt volume.

One assessment comes from experiments in which the chemical diffusivity of alkali ions has
been measured. Acosta-Vigil et al. (2012a) have observed that the diffusivity of Na and K
through melts at high temperature (800°C, 200 MPa) is essentially instantaneous in response to
gradients in their own compositions or to gradients imposed by other cations with which the
alkalis interact. Morgan and London (2005) found that the diffusion of Na and K through
undercooled granitic melt or glass was instantaneous (i.e., equilibrated with aqueous solution and
crystals at least on the scale of minutes) down to 515°C at 200 MPa. In a comparison of crystal-
melt partitioning in natural glass-mineral pairs, Acosta-Vigil et al. (2012b) ascertained that the

distributions of the alkalis, including Cs, came closest of all elements to their published
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equilibrium partition coefficients. These results would justify a Rayleigh model for alkalis in
natural granite-pegmatite systems.

However, the diffusivity of Cs through melt is the lowest of all the alkali ions, which
Roselieb and Jambon (1997) attribute to the large ionic radius of Cs. London and Morgan (2012)
documented a pronounced boundary-layer pile up of Rb, Cs, and other incompatible ions (B, F)
along a crystallization front that was achieved by liquidus undercooling of a hydrous melt that
was derived from the Macusani obsidian. In that case, the Cs content of K-feldspar that
crystallized from the melt will reflect the elevated concentration of Cs in the boundary layer
liquid, not that of the bulk melt (see Smith et al., 1955). The result would be that the K/Cs and
K/Rb ratios of the K-feldspars fall more rapidly than the Rayleigh model would predict, but
approach the Rayleigh trend toward the end of crystallization as the system reacts toward the
equilibrium of the liquidus. For this scenario, the values of K/Cs and K/Rb ratios in K-feldspar
might cross over (i.e., exceed) the Rayleigh trend at the end of crystallization as required by the
conservation of mass.

The individual partition coefficients for some mineral-fluid pairs change with the
composition of the mineral, of the nutrient solution (melt or aqueous), or with temperature. Bulk
distribution coefficients may vary as a mineral assemblage evolves. These factors place
additional and well-known limitations on the application of the Rayleigh equation to chemically
and mineralogically complex systems. Mineral assemblages and mineral compositions, however,
change only slightly from the “two-mica” biotite-muscovite granites to their more fractionated
pegmatite bodies. Cesium is so incompatible in rock-forming minerals that its partition
coefficients are unlikely to vary over the course of cooling and crystallization. It is for these

reasons that the K/Cs ratio of K-feldspar offers a useful test of the applicability of the Rayleigh
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fractionation model for pegmatites, and a meaningful assessment of the roles of melt and
aqueous solution in the internal evolution of granitic pegmatites. The Rayleigh models developed
here with their input parameters are available as Electronic Appendix I. Details of the parameters
used are given below where appropriate.
New analyses of K/Cs in K-feldspar

A reconnaissance study included here reports the K/Cs ratio of K-feldspars in three
subsurface drill intersections from margin to margin across the General Electric Southeast
pegmatite on Hodgeon Hill, near Buckfield, Oxford County, Maine. Inclined drill holes
intersected the pegmatite at an angle of ~ 45° to the pegmatite contacts at three different depths
(Figure 2). A surface adit into the pegmatite to a distance of ~ 20 meters provides wall-to-wall
exposure across the dike. The body strikes east-west with a nearly vertical dip and a thickness of
~ 5 meters. Wall zones on both margins consist of massive medium-grained (2-3 cm) granitic
pegmatite with minor biotite. A thin and sporadic band of aplite was exposed along the northern
contact of the dike. Symmetrical intermediate zones possess strongly unidirectional solidification
texture (UST) in which muscovite crystals up to 60 cm in length form linear ribbons oriented
perpendicular to the contact. The core margin is marked by an abundance of tourmaline crystals
that exhibit UST and expand toward the core. The core consists of blocky white-beige perthitic
K-feldspar with interstitial smoky quartz and minor lenses of pure smoky quartz. Mining by
Freeman Resources LLC encountered pods of pollucite, each ~ 0.1-0.3 cubic meters in volume,
with minor montebrasite (LiAIPO4OH) and Cs-rich beryl along the center line of the pegmatite at
approximately every 3 meters of mining distance into the adit. Other than traces of montebrasite
and rare lepidolite rims on muscovite at the core, the pegmatite contains no lithium-rich

minerals.
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The pegmatite was sampled by recovering chip composites on 10-foot (~ 3 meter) intervals
of percussion drilling. The recovery method resulted in a thoroughly mixed sample at each
interval of collection. Samples of each interval were split and hand-picked for K-feldspar
fragments. Each K-feldspar sample consisted of ~ 15-30 fragments weighing ~ 15-230 grams in
total. These were submitted for analysis by Actlabs (Ancaster, Ontario, Canada) using their “4
Litho-quant” analytical package. In that 20-sample set, the average feldspar composition is
Org1 AbssAng,, with a uniform phosphorus content of 0.26 (1o = 0.06) wt% P,Os (Electronic
Appendix II). The standard deviations were 1.1 wt% for Na,O and 1.7 wt% for K,O. In contrast,
electron microprobe analyses (Electronic Appendix II) that were restricted to the perthitic
portions only yielded an average composition of Org3Abg;Ang and standard deviations of 0.25
wt% for Na,O and 0.33 wt% for K,O (N =450). Comparison of the two data sets indicates that
the hand-picked sample was contaminated to various degrees by admixed albite as accidental
grains and as inclusions within perthite, as this is the norm for pegmatitic K-feldspars (London et
al. 2020a,b). Therefore, the K/Cs ratios of the feldspars represent a close approximation to their
true value in K-feldspar because albite is not a host for either element. The individual
concentrations of K and Cs in the hand-picked sample, however, are not representative of K-
feldspar.

The K/Cs ratio of K-feldspar crystallized from melt
Granite to pegmatites

The granite-pegmatite system of the model is a “two-mica” muscovite-biotite granite, for
which the bulk distribution coefficient for Cs is 0.05 (Table 1 and Electronic Appendix I). The
bulk distribution coefficient for K is derived by dividing the wt% K elemental in each end-

member mineral by the concentration of K in the melt. That value is 41489 ppm K for a typical
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granitic liquid of metasedimentary (S-type) origin (equivalent to the average of 5 wt% K,O cited
by Chappell and White, 2001). The resulting bulk distribution coefficient for K is 0.92, which
reflects the nearly invariant composition of crystals and melt for liquids that crystallize close to
their eutectic temperatures. For the Rayleigh model, the initial Cs content of melt is 20 ppm. This
is high in relation to subduction-related rhyolite obsidians (average 6 ppm Cs: Macdonald et al.,
1992), but appropriate for partial melts that are derived from originally muscovite-rich schists
(average 23 ppm Cs: Acosta-Vigil et al., 2010).

With these parameters, the Rayleigh equation was run for the evolution of K and for Cs in
melt. The K/Cs of melt is the quotient of these two values at each interation of the Rayleigh
equation. The Cs content of K-feldspar is 0.13*Cs in melt. The K/Cs ratio of the feldspar is the
quotient of a constant K content (119245 ppm K, which corresponds to a typical composition of
Orgs) divided by the product of the calculated Cs content of the K-feldspar.

Figure 1 is a plot of K/Cs versus Cs of K-feldspar using these modeled parameters. Plotted
against that are analyses from the Rwandan pegmatites that were the source data for Figure 2B of
Hulsbosch et al. (2014). Despite small differences in the input parameters of initial Cs content,
modal mineralogy, and partition coefficients, the correspondence of modeled and actual values
affirms that the compositions of K-feldspars in the Rwandan pegmatites closely approached a
Rayleigh fractionation trend for crystallization from the melt, as Hulsbosch et al. (2014)
concluded.

Within pegmatites

For the pegmatitic system modeled (Table 1, Electronic Appendix I), the bulk distribution

coefficient for Cs is 0.05. With a slightly different modal assemblage, the bulk distribution

coefficient for K, D™ = 1.01, the value of unity that follows from eutectic crystallization.

11

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2021-7855. http://www.minsocam.org/

Revision 2

The composition of the K-feldspar is adjusted to Orgy, which is more representative of
pegmatites than of granites. As before, an aqueous solution is not present in the model.

Values of K/Cs of K-feldspar come from two thin subhorizontal pegmatites, cited as the
Swamp and Phantom dikes, from Ramona, California (London et al., 2012, 2020a). Both dike
sections are ~ 40-50 cm across from the footwall contact to or near the center of each dike.
Neither dike is visibly miarolitic. Other than feldspars and quartz, the pegmatites contain
accessory tourmaline and trace amounts of muscovite and garnet. The average Cs content of the
Swamp cross section is 8 ppm Cs. The average Cs of the Phantom cross section is 20 ppm Cs. In
the Rayleigh model, however, the initial concentration of Cs in melt is set at 75 ppm to scale the
modeled values to those of the actual pegmatites. It is possible that the footwall portions of the
dikes do not represent the bulk compositions of the pegmatites because the hanging wall portions
along the center line of each dike contain an appreciable fraction of the K-feldspar in each dike
(Figure 4 of London et al., 2012). Compositions of garnet and of plagioclase indicate that
crystallization up from the footwall preceded and advanced faster than did crystallization down
from the hanging wall contact, which explains why the dike center lines are displaced toward the
top of these and similar thin, layered pegmatite bodies (Morgan and London, 1999, London et
al., 2012). In that case, crystallization from margins to the dike center was more sequential than
contemporaneous, and the portions of dikes above and below the center line are not mirror
images of one another (e.g., see Figure 26 of London, 2014).

In Figure 3, the modeled values for K/Cs of melt and of feldspar as calculated above are
plotted along with the K/Cs of K-feldspars from the Swamp and Phantom dikes against the
fraction of melt crystallized, which is proportional to the distance from margin to center of each

dike on the premise that the dikes are fully crystallized from both margins at their centers. The
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plot for the Phantom dike terminates at 1-F = 0.8 because this cross section ended ~ 10 cm short
of the true dike center. The K/Cs ratios of K-feldspars in the two dikes initially fall more rapidly
than the Rayleigh model predicts. The tails of the curves for the pegmatitic K-feldspars approach
the final values of the Rayleigh trend or cross over it.
The K/Cs ratio of K-feldspar crystallized from melt and aqueous solution

The additional effect of an aqueous solution in equilibrium with melt and crystals is modeled
as follows. In the Rayleigh model, the initial Cs content of melt is 100 ppm. First, the Rayleigh
equation is solved for Cs in melt versus 1-F, wherein the bulk distribution coefficient is the same
as D™ ! (values of 0.2 and 6.0 in this study). In this first step, the value 1-F corresponds to
the fraction of aqueous solution in the system of melt-aqueous solution and to the fraction of
melt crystallized, as the mass of exsolved aqueous solution increases in response to
crystallization of the melt. The resultant values of Cs are those of the melt. The melt composition
is then adjusted for the small fraction of Cs that is removed by crystallization. Following this
step, the Cs content of the aqueous solution is the product of Cs in melt times the value of
D¢* ™! (0.2 or 6.0) at each iteration of 1-F in the Rayleigh equation. The K/Cs ratio of K-
feldspar crystallized from the melt is the constant K content for Orgy (126259 ppm) divided by
the Cs concentration in K-feldspar, which is 0.13*Cs in melt. The concentration of Cs in feldspar
crystallized from aqueous solution is the product of the Cs content of aqueous solution times the
reciprocal of the published partition coefficient (Volfinger, 1969; Carron and Lagache, 1980),
i.e., D™ = 0.025. The elemental K content of the feldspar is again held constant at Orgy. The
K/Cs ratio of K-feldspar crystallized from aqueous solution is that K value divided by the
concentration of Cs. The resultant values are plotted against 1-F as described above. By this

sequence of steps, the Rayleigh models simulate the K/Cs ratios of K-feldspars that crystallize
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simultaneously from melt and from aqueous solution as the fraction of crystallization and the
fraction of aqueous solution increase with 1-F.
In Figure 4a, the fractionation trend for K/Cs of K-feldspar crystallized from melt in

equilibrium with a low-salinity solution and D¢,*¥™"

= (.2 is similar in slope and form to the
aqueous solution-absent case (e.g., the modeled values in Figure 3) because the loss of Cs to
aqueous solution is negligible over the course of crystallization. The K/Cs ratio of K-feldspar
crystallized from aqueous solution, however, is exceedingly and unrealistically high in relation to
the values that are reported from natural samples in this study and the others cited.

In Figure 4b, the K/Cs ratios of K-feldspar crystallized from melt and from aqueous solution

aq/melt

of high salinity, with D¢ = 6.0, increase exponentially as crystallization proceeds. This is
because the large partition coefficient, D tmelt depletes the melt in Cs as the mass fraction of
aqueous solution increases. The concentration of Cs in aqueous solution also falls as the mass of
that solution increases. The feldspars crystallized from melt or from aqueous solution, therefore,
record a progressive increase in their K/Cs ratios, as most of the Cs winds up in the aqueous
solution.
Discussion

The record of K/Cs in pegmatitic K-feldspar

The high incompatibility of Cs in nearly all of the principal rock-forming minerals (except
cordierite: Evensen and London, 2003) means that its concentration in partial melts is unbuffered
by subsequent crystallization. It is, therefore, a useful diagnostic of the parental source of
pegmatites, which are the products of protracted fractional crystallization of larger igneous
bodies (e.g., Cerny et al. 1985; Cerny 1991; London, 2008, 2019). Cerny (1991) rightly

associated the Cs-rich pegmatites (his LCT family, for Li-Cs-Ta) with granites that are sourced
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from previously unmelted metasedimentary rocks, which are mostly marine deposits of black
shale and arkosic turbidite. The Cs-enriched signature of this source arises from the adsorption
and incorporation of Cs in the micaceous minerals, including clays, sericite, and chlorites (see
London, 2016, 2018 and citations therein). Anomalously high concentrations of boron and
phosphorus in the LCT family of pegmatites also originate with their inclusion in marine
sediments.

Gordiyenko (1971) made the initial observations that the Rb and Cs contents of K-feldspar
increase inward within zoned pegmatite dikes. Petr Cerny demonstrated that the plot of K/Cs or
K/Rb versus Cs of K-feldspars follows an exponentially decreasing trend from the granites to
their most evolved and distal rare-element pegmatites (Cerny, 1994, Cerny et al., 1985). As is
evident from this study, that trend is a result of the fractional crystallization of K-feldspar from
the melt, and the K-feldspars mostly preserve it faithfully, even as recrystallized perthitic
microcline. It is for this reason that London et al. (2012, 2020a,b) concluded that feldspar solvus
thermometry can be a valid record of the original temperature of crystallization of primary
feldspars once the compositions of the perthitic K-feldspar are properly analyzed and integrated.

To be sure, not all K-feldspars in granites and pegmatites preserve their initial igneous
compositions, but the K/Cs ratio and total Cs contents are sensitive monitors of alkali loss in an
open hydrothermal system. London et al. (2012a) pointed to outliers (light blue diamonds of
Figure 3) of high K/Cs as indicative of feldspars that have lost Cs, and therefore have
recrystallized to some extent in an open system. In Figure 3 of Parsons et al. (2009), two
populations of alkali feldspar — one with elevated Cs contents, the other with values below
detection limits — from the Klokken granite intrusion in South Greenland, reflect their igneous

and hydrothermal origins, respectively.
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The observed patterns of K/Cs and K/Rb in K-feldspar are mirrored by the micas from
granites and pegmatites. The partition coefficients for Rb and Cs are nearly identical in K-
feldspar and micas over a range of compositions of melt and aqueous solution (Volfinger, 1969).
The primary-appearing coarse-grained micas record the same exponentially decreasing K/Rb and
K/Cs ratios that reflect their crystallization from silicate liquid in the pegmatites studied to date
(e.g., Cerny, 2005, Canosa et al. 2007; Roda-Robles et al., 2012; Marchal et al. 2014, Neiva,
2014). What holds true for the K-feldspars holds true for the micas, as Hulbosch et al. (2014)
demonstrated for K/Rb and K/Cs ratios in primary K-feldspars and micas in pegmatites from
Rwanda: they follow Rayleigh fractionation trends for their crystallization from the silicate melt.
An assessment of case studies

Several of the pegmatites mentioned here deserve some discussion. The Tanco pegmatite,
Manitoba, is included because it is an archetype of the LCT family of rare-element pegmatites
and their associated ores, its feldspars are well studied, and it is essentially flat-lying. The K/Cs
data set for the General Electric Southeast pegmatite, Maine, is unique because it spans a vertical
pegmatite from border to border. The Swamp and Phantom dikes, California, are among the very
few for which K/Cs ratios are available from margin to core, and for which the temperatures of
their crystallization are well constrained (London et al., 2012, 2020a). Feldspars that crystallize
in miarolitic cavities and that recrystallize with the formation of perthitic microcline bear upon
the role of aqueous solutions in the late stages of pegmatite consolidation.

Tanco pegmatite, Manitoba. On average (Table 2 and Figures 2 and 7B of Brown et al.,
2017), blocky K-feldspars in the Tanco pegmatite, Manitoba, exhibit the decrease in K/Cs from
border to late units that follows upon chemical fractionation and crystallization from a melt. That

trend begins to reverse itself in zone 90 (from K/Cs = 50 to K/Cs = 775, Figure 2c of Brown et
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al., 2017), which is dominated by fine-grained lepidolite and is regarded as the last mappable
unit to have crystallized in the pegmatite after the pollucite zone 80 (Cerny, 2005; Stilling et al.
2006). Brown et al. (2017) identified five textural-paragenetic types of what they term
“metasomatic” K-feldspars at Tanco, implying that these feldspars formed by replacement of a
previous mineral or mineral assemblage through chemical exchange in an open hydrothermal
systerm. Similar generations of chemically complex and heterogeneous late-stage K-feldspar
have been described elsewhere (e.g., Teertstra et al. 1999). The “metasomatic” feldspars are fine
grained and exceedingly rare. In a few samples, the concentrations of Rb and of Cs in such
feldspars are among the highest measured, but most of the reported analyses are below detection
levels and reported as zero values (Table 3 of Brown et al., 2017). Their phosphorus contents
include a few values similar to those of the primary blocky perthitic microcline found in these
and other peraluminous pegmatites, most of which possesses > 0.3 wt% P,Os (London et al.,
1990). However, the large majority of the analyses of “metasomatic” feldspars yield undetectable
phosphorus, which is also characteristic of K-feldspars from miarolitic cavities in otherwise
phosphate-rich pegmatites (London et al., 2012b). Hydrothermal K-feldspar of adularia habit
(Type 6 of Brown et al., 2017) in small and rare vugs is extremely depleted in Cs relative to the
primary perthitic microcline in the late-forming zones (Cerny et al., 1984; Brown et al., 2017).
The reversal in the decreasing trend of K/Cs can be explained if some K-feldspar from zone (90),
the “metasomatic” feldspars, and adularia in late-stage vugs reflect the imprint of increasing
K/Cs that results when the feldspar crystallizes or recrystallizes from an aqueous solution.
General Electric Southeast pegmatite, Maine. The K/Cs ratios of K-feldspars (Figure 2)
exhibit increasing fractionation from both margins of the dike to its core, as might be expected

from the bilateral symmetry that is evident in the surface adit of the pegmatite. The symmetry of
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the curves in Figure 2 is consistent with the model proposed by Cameron et al. (1949), wherein
crystallization of the melt proceeds more or less simultaneously from both margins to the centers
of dikes. Such zonation is typical of steeply dipping pegmatite bodies, which formed a large
proportion of the pegmatites studied by Cameron et al. (1949). The study also demonstrated that
exploration based on percussion drilling, which is much less costly than core drilling, can
recover samples that reflect the spatial chemical variations in pegmatites.

Swamp and Phantom pegmatites, California. Plots of K/Cs in K-feldspar versus distance
from margin to center for the Swamp and the Phantom pegmatites deviate from the Rayleigh
model with ratios that are initially lower (more fractionated) than predicted. These might result
from the pile-up of Cs in a boundary layer liquid, as has been observed in experiments, leading
to lower K/Cs ratios in the feldspars. The K/Cs values of both dikes approach the Rayleigh trend
toward the dike centers, which could be interpreted as an approach to crystal-melt equilibrium as
crystallization proceeded. The feldspars also evolve from non-perthitic mixed orthoclase-
microcline to coarsely perthitic maximum microcline, and from graphic intergrowths to
monophase feldspars from margins to core (London et al., 2012, 2020a). The final K-feldspars
from the Swamp dike possess slightly higher K/Cs than the Rayleigh model. This is a necessary
consequence of the conservation of mass in the pegmatite body, as more Cs was removed,
relative to the Rayleigh model, at early stages of crystallization. The trend in the Phantom dike
does not cross the Rayleigh plot, but that dike was not fully sampled to its center line.

The Rayleigh model also can be utilized to calculate the initial concentration of Cs of the
melt that would be necessary to achieve the observed K/Cs ratios of the first-formed K-feldspars
if those feldspars crystallized from an aqueous solution rather than a melt. In that case, the bulk

distribution coefficient, DCSXIS/aq, for Cs is 0.004 (partition coefficients for micas from Volfinger,
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1969). With a bulk distribution coefficient that is approximately an order of magnitude lower
than that between crystals and melt, the consequent Cs content of melt needed to reproduce the
compositions of the initial feldspars in the Swamp and Phantom dikes is ~ 800 ppm Cs, about an
order of magnitude greater than the modeled value in Figure 3. Starting with that initial
concentration of Cs, and the miniscule value of D¢¥®, that melt would reach 2600 ppm Cs, the
concentration of Cs in the bulk composition of the pollucite-rich Tanco pegmatite (Stilling et al.,
20006), at just 70% of crystallization. Were this case true, a great many of otherwise common
pegmatites would contain pollucite. This conclusion is neither plausible nor consistent with the
unfractionated compositions of the Swamp and Phantom dikes (Table 2 of London et al., 2012).

The plot of K/Rb in K-feldspar versus distance from margin (1-F) for the Phantom dike
(Figure 14 of London et al., 2020a) more closely approaches the quasi-linear plot of a Rayleigh
model than does Cs. Two factors might influence this trend: (1) the higher compatibility of Rb
compared to Cs in K-feldspar (Icenhower and London, 1996), and (2) the higher diffusivity of
Rb compared to Cs in melt (Roselieb and Jambon, 1997).

Miarolitic pegmatites. The Cs content of K-feldspars in miarolitic cavities is practically
unstudied. As noted above, K-feldspar of adularia habit in small and rare vugs at Tanco has
essentially no Cs (Cerny et al., 1984). Miarolitic K-feldspars from two pegmatites in Argentina
were at or below a detection threshold that was reported as 0.01 wt% Cs,O (Cerny et al., 2003).
A global survey (London et al., 2020b) found the Cs content of K-feldspars from 12 miarolitic
pegmatites to lie below detection by electron microprobe analysis (0.05 wt% Cs,O calculated at
36 above mean background). This suite includes samples from the pegmatites of the Little Three
mine, Ramona, California (the same locality as the Swamp and Phantom dikes), where quartz

and topaz from miarolitic cavities contain daughter minerals including pollucite, ramanite
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(CsBsOg(OH)4-2H,0), and an unnamed Cs arsenate (London et al., 2012) in fluid inclusions of
low ionic strength (see column Tmj in Table 10 of London et al., 2012). Other than its
occurrence as a daughter mineral within fluid inclusions, pollucite has not been documented in
any of those dikes.

Subsolidus recrystallization to perthite. London et al. (2012, 2020b) noted that although
much of the blocky K-feldspar in the southern California pegmatites is perthitic microcline, that
recrystallization mostly occurred without the loss of Cs to an aqueous solution. That is not to say
that an aqueous solution was not involved in the transformation to perthitic microcline, but that
the recrystallization of the original K-feldspar occurred in a closed system in which the mass
fraction of aqueous solution to K-feldspar was negligible.

Pegmatites retain their original igneous compositions and structures of K-feldspars more
faithfully than do granites because pegmatites possess too little thermal mass to circulate
aqueous solutions through solidified rock (e.g., Neves and Godinho, 1999; London, 2008),
whereas granites can sustain prolonged hydrothermal interaction. The proportionately large
population of Cs-depleted feldspars in granite reported by Parsons et al. (2009) and noted by
Kontak and Martin (1997) can be understood on this basis. Such Cs-depleted feldspars are rare in
pegmatites, except at the latest, miarolitic stage, and where noted as outliers in the overall trend
of chemical fractionation of the blocky, primary K-feldspars.

The occurrence of Cs-rich aqueous fluid inclusions with Cs-poor feldspars within miarolitic
cavities of pegmatites, intense Cs metasomatism adjacent to pollucite-bearing pegmatites
(discussed below), and the complete loss of Cs in K-feldspar that has recrystallized in an open
hydrothermal environment attest to the high solubility of Cs in aqueous solution (i.e., D Y™ >

1, De™¥ ® % 1) . To that extent, the evidence indicates that if a pegmatite-forming melt
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crystallizes with a coexisting and increasing fraction of aqueous solution, then the K/Cs ratios of
all K-feldspars should follow an evolutionary path like that of Figure 4b. It is the reverse of the
solely magmatic trend that the primary K-feldspar records.

The K/Cs ratio of K-feldspars as a prospecting tool

Cesium in the form of a Cs-formate solution is in high demand as a component of the dense
mud used in deep drilling for petroleum and natural gas (e.g., Sassen et al., 2002). At present,
pollucite represents the only commercial source. Even in pollucite-bearing pegmatites, the
mineral constitutes less than one volume percent (Stilling et al., 2006). The demand for ore and
the rarity of its occurrence creates a rationale to discriminate those few pegmatites that might
contain pollucite from the many that do not. The K/Cs ratios of K-feldspars might be one means
of assessment.

The K/Cs ratios of K-feldspars associated with the pollucite zone 80 of the Tanco pegmatite
cluster close to ~ 50 (Brown et al., 2017). The K/Cs ratios of K-feldspars in the outer zones 10,
20, and 40, are higher, but they mostly span the full range of values from ~ 1600 to 50 (Brown et
al., 2017). At the General Electric Southeast pegmatite, all three drilled intersections yield a
K/Cs ratio of K-feldspar that is ~ 183-474 at the core of each pegmatite transect. The highest
value, 2177, lies at a margin of the dike. These values are about an order of magnitude greater
than those from the Tanco pegmatite. Nonetheless, both pegmatites — Tanco and General Electric
Southeast — are equally enriched in pollucite (Stilling et al., 2006, and author’s unpublished field
data). The K/Cs ratios are meaningful, however, only in relation to the K/Cs ratio of K-feldspar
in pegmatites that are less fractionated and that lack pollucite. As examples, the K/Cs ratios of K-
feldspar at the interior ends of the Swamp and Phantom dike sections are ~ 500 and 2100

respectively.
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The Cs concentration that is necessary to saturate hydrous granitic melt in pollucite falls
sharply with decreasing temperature (London et al., 1998). This variable — the temperature of
crystallization of the pegmatite-forming melt — adds another measure of uncertainty to the
significance of the K/Cs ratios of the K-feldspars as indicators of the probability of finding
pollucite in a pegmatite body. Though the ratios among K, Rb, and Cs in alkali feldspars and
micas point in the direction of increasing fractionation across a pegmatite field or within a body,
they are not yet definitive for distinguishing pollucite-bearing pegmatites from those that lack it.

At Tanco, the late-stage feldspars and the ensuing hydrothermal alteration of host rocks point
to the involvement of an aqueous solution toward the end of crystallization in the pegmatite, and
to high solubility and high mobility of Cs in that aqueous solution. Morgan and London (1987)
observed that the metasomatic alteration that surrounds the Tanco body mirrors the distribution
of the latest-formed primary units within the pegmatite. They concluded that all of the primary
units, including the pollucite bodies, were solidified before the egress of an aqueous solution out
of the pegmatite. A pervasive alteration of host metagabbro to Rb- and Cs-rich zinnwaldite is
pronounced wherever large masses of pollucite are concentrated in the pegmatite. Cesium
concentrations averaged 1.46 wt% Cs;0 in the metasomatic zinnwaldite (Morgan and London,
1987). Approximately 13% of the original Cs content of the pegmatite was conveyed to the
adjacent host rocks (Morgan and London, 1989). The late-stage metasomatism of host rocks,
which carries the chemical signature of the last-formed mineral assemblages, mirrors the reversal
in the K/Cs ratios of the latest, hydrothermal feldspars in the pegmatite (Brown et al., 2017).

An equally large and fractionated pegmatite (Lower Tanco) beneath the main upper one
possesses no known pollucite except traces along its western extremity. A broad (10s of meters)

and pervasive zone of exceedingly Cs-rich metasomatic dark mica that has replaced metagabbro
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extends off the east end of the body. The aqueous solution responsible for the metasomatic
alteration emanated from or through a brecciated aplite within the pegmatite. The Lower Tanco
pegmatite appears to have achieved H,O saturation of melt earlier than the upper body, prior to
the crystallization of pollucite, with the result that most of the Cs was transferred from the
pegmatite to the reactive host rocks. Other examples of intense wallrock metasomatism in which
Cs has been conveyed by aqueous solution to host rocks, where is it sequestered by the
crystallization of Cs-rich “biotite”, are well documented (e.g., Royzenmen et al., 1982). The
spatial correlation of an aureole of Cs-rich mica might augur the location of pollucite
mineralization more reliably than do the pegmatitic feldspars. Conversely, a large aureole of Cs-
rich mica might signify that the loss of Cs is so extensive that pollucite is not likely to be present
in the source pegmatite.

Implications

The Rayleigh models presented here, together with the ratios among K, Rb, and Cs in alkali
feldspars and micas, have these implications for understanding the internal differentiation of
pegmatites:

(1) Variations of K/Rb and K/Cs versus Rb or Cs generally follow Rayleigh fractionation
trends for the crystallization of K-bearing minerals from silicate liquid. Both ratios decrease from
source granites to their most fractionated pegmatites, and from the margins of pegmatites to their
innermost primary unit. The K/Cs ratio of K-feldspar initially decreases more rapidly than the
Rayleigh model predicts for two dikes in California (London et al., 2012, 2020a), which can be
attributed to the accumulation of Cs relative to K in a boundary layer of liquid along the
crystallization front. The K/Cs ratios of those K-feldspars converge on the Rayleigh fractionation

trend and one crossed over that trend as crystallization advanced toward the centers of the dikes.
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Both results can be interpreted to mean that K-feldspar and melt more closely approached a state
of chemical equilibrium as crystallization advanced inward. The textures of the feldspars are
consistent with this interpretation.

(2) If Cs is not volatile in a system of melt-aqueous solution (Figure 4a), then the values of
K/Cs versus Cs for K-feldspar that crystallizes from the melt are essentially those of the aqueous
solution-absent model. In that case, however, K-feldspar that crystallizes simultaneously from a
coexisting aqueous solution will have essentially no Cs and exceedingly high K/Cs because of
the large partition coefficient, D VK,

(3) If K-feldspar in the two dikes from California crystallized from melt components via their
dissolution into and through an aqueous solution that wetted the surfaces of crystals, then the Cs
content of the bulk melt needed to reproduce the K/Cs ratios of the first-formed feldspars are
implausibly high.

(4) If Cs is volatile in a system of melt-aqueous solution (Figure 4b), then all K-feldspars,
whether crystallized from the melt or from the aqueous solution, will exhibit trends of increasing
K/Cs (depletion in Cs) as the small quantity of Cs partitions into an increasing mass of aqueous
solution. None of the sources of data for feldspars or micas cited here conforms to this trend,
except in the very late stages of pegmatite consolidation when miarolitic cavities form and when
subsolidus recrystallization occurs in an open hydrothermal system.

Pegmatite paradigms in the context of Cs geochemistry

Cameron et al. (1949) remains as the most comprehensive and authoritative publication of
pegmatite geology, That summary, which included R.H. Jahns as the second author, attributed
the internal features of zoned pegmatites to the fractional crystallization of granitic melt from the

margins of a body to its center. Their evidence for fractionation crystallization included the
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highly directional growth of minerals from margins to center and systematic changes in mineral
habits and mineral assemblages with position within a pegmatite body. They recognized fracture-
controlled replacements of minerals in the outer zones of pegmatites as reactions between early-
formed minerals with later, more fractionated melt with which the outer pegmatite zones were
not in equilibrium.

Cameron et al. (1949) also cited a systematic decrease in the anorthite content of plagioclase
(p. 101-102) in support of a fractional crystallization model, but their data were not published.
Detailed profiles of the anorthite content of plagioclase with distance from margin to center are
now available (London et al., 2012, 2020a), and they bear out all of the trends mentioned by
Cameron et al. (1949).

Cameron et al. (1949) hypothesized that the increasing size of crystals from margin to center
arose from a reduction in the viscosity of the melt as “hyperfusibles” (p. 105) — incompatible
components that act as fluxes in the melt — became concentrated in the “rest-liquid”. As such,
they viewed the giant crystals found in the innermost zones to be the products of crystallization
from a melt. Cameron et al. (1949) relegated an aqueous solution to a minor role in the
subsolidus alteration of primary minerals, which they and others (e.g., Jahns, 1953b, Heinrich,
1953) put at generally less than 1 vol% of any given pegmatite body. Jahns (1953a,b) advocated
these conclusions, taking text verbatim from Cameron et al. (1949) in his first academic
publications.

Jahns (1955) subsequently invoked an aqueous fluid as the principal agent that promoted the
formation of pegmatites as opposed to granites. That hypothesis, which was fully presented by
Jahns and Burnham (1969; Jahns, 1982), relegated the silicate melt to a mass that was

redistributed via diffusion through and buoyant ascent of the aqueous solution. Ever since, the
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occurrence of pegmatites has been generally regarded as a priori evidence that an aqueous
solution has exsolved from an H,O-saturated granitic liquid, and the pegmatitic stage marks the
onset of exsolution of that aqueous solution.'

Jahns and Burnham (1969; Jahns, 1982, and R.H. Jahns, personal communication, 1982)
envisioned that the melt dissolves into an aqueous solution that forms an interconnected and
continuous film along crystal surfaces. Chemical fractionation occurs between the melt and
aqueous solution, such that the crystals that grow via “nourishment” (Jahns and Burnham, 1969,
p. 856) from the aqueous solution become progressively enriched in normally rare and
incompatible elements (see Figure 2 of Jahns, 1982). This is precisely the scenario that is
captured by the Rayleigh models of Figure 4, wherein the aqueous solution might be regarded as
an interface between the melt and the crystals that grow from it, whose values of DCSKfS/ M are
those of the crystal-aqueous solution equilibrium. Those Figures 4a,b indicate that the K/Cs
ratios of K-feldspars that crystallize from an aqueous solution will be unrealistically high.
Conversely, the Cs concentration of the melt would have to be unrealistically high to reproduce
the observed K/Cs ratios of K-feldspars if these were crystallized from the aqueous solution.
Rather than enriching K-feldspar in Cs as Jahns and Burnham (1969) envisioned, crystallization
from an exsolving aqueous solution would cause depletion of Cs in the K-feldspar.

Based on what is evident from field and experimental data, Cs behaves as a volatile
component, meaning it is concentrated in aqueous solution over crystals or melt. The Rayleigh

modeling presented here shows that if Cs were partitioned in favor of the aqueous solution

! Jahns and Burnham (1969) regarded the converse as true: the typical plutonic texture of granite arises from the
crystallization of the melt alone in the absence of an aqueous solution. Burnham (1979) proposed a model for the
generation of subduction-related base-metal deposits in which an aqueous solution separated early in the
crystallization of a granitic magma body, but quartz veins, not pegmatite dikes, were generated in the process. The
contradiction between this model and that of Jahns and Burnham (1969) has not been addressed. Cerny et al. (2012)
observed that pegmatites are absent from these subduction-related base-metal granitoids unless they contained an
added fluxing component, such as boron, from marine sediment or altered oceanic crust.
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(D™ > 1), then all feldspars, whether grown from melt or aqueous solution, would become
progressively depleted in Cs as crystallization proceeds (Figure 4b). That is not the case: the
patterns of K/Rb or K/Cs in the primary, coarsely crystalline K-feldspar and micas in pegmatites
conform to crystal-melt fractionation in which an aqueous solution played no part. The negligible
Cs contents of K-feldspars that form in miarolitic cavities and by the subsolidus replacement of
blocky primary crystals are consistent with feldspar precipitation from an aqueous solution in
which Cs is highly compatible and mobile. Those Cs-depleted feldspars, however, appear only in
the very latest stages of primary and subsolidus crystallization of pegmatites. From the viewpoint
of the geochemistry of Cs in pegmatites, these observations give support to the model proposed
by Cameron et al. (1949) and endorsed by Jahns (1953a,b).
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Captions to figures
Figure 1. A Rayleigh model of the K/Cs ratio of K-feldspars versus Cs in K-feldspar, and data
for individual pegmatites in Rwanda from Hulsbrosch et al. (2014). The labels for the types of
pegmatites are from Hulsbosch et al. (2014). Modeled curves (green) show the K/Cs ratios in K-
feldspar and in melt. The fraction of melt crystallized, 1-F, is denoted at three values on the
curve for K/Cs in feldspar. See the text for the parameters of the Rayleigh model.
Figure 2. A plot of K/Cs in K-feldspar versus depth in the holes that represent three oblique
intersections from margin to margin across a single dike, the General Electric Southeast, near

Buckfield, Maine.
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Figure 3. A Rayleigh model (green) of K/Cs in melt and in K-feldspar, and K/Cs ratios of
feldspars from two pegmatite dikes near Ramona, California, plotted against 1-F, fraction of melt
crystallized. See the text for details of the Rayleigh model. For the Swamp dike, two outlier
values are illustrated in lighter blue.

Figure 4. (a) Rayleigh models of the K/Cs ratio of K-feldspars crystallized simultaneously from
melt (blue) and aqueous solution (green) versus the fraction of melt crystallized for the condition
of D¢*™! = (0.2, wherein Cs is highly compatible in melt compared to aqueous solution. (b)
Rayleigh models of the K/Cs ratio of K-feldspars crystallized simultaneously from melt (blue)
ag/melt

and aqueous solution (green) versus the fraction of melt crystallized for the condition of D¢

= 6.0, wherein Cs is highly compatible in aqueous solution compared to melt.

36

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2021-7855. http://www.minsocam.org/

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2021-7855. http://www.minsocam.org/

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2021-7855. http://www.minsocam.org/

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2021-7855. http://www.minsocam.org/

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2021-7855. http://www.minsocam.org/

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.

The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2021-7855. http://www.minsocam.org/

Table 1. Rayleigh model parameters

Granite Bulk Distribution Coefficients

mode D(K) fraction'
Qtz 0.33 0.00 0.00
Pl 0.36 0.50 0.18
Kfs 0.24 2.38 0.57
Bt 0.02 247 0.05
Ms 0.05 2.40 0.12
D= 0.92

Pegmatite Bulk Distribution Coefficients

mode D(K) fraction
Qtz 0.34 0.00 0.00
P 0.32 0.50 0.16
Kfs 0.28 2.52 0.83
Bt 0.00 2.40 0.00
Ms 0.06 2.40 0.02
D= 1.01

Qtz
Pl
Kfs
Bt
Ms

Qtz
PI
Kfs
Bt
Ms

mode D(Cs)® fraction
0.33 0.00 0.00
0.36 0.00 0.00
0.24 0.13 0.03
0.02 0.30 0.01
0.05 0.20 0.01
D= 0.05
mode D(Cs) fraction
0.34 0.00 0.00
0.32 0.00 0.00
0.28 0.13 0.04
0.00 0.30 0.00
0.06 0.20 0.00
D= 0.05

! the weighted contribution of each mineral to the bulk distribution coefficient, D

% from Table 10-2 of London (2008).
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