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ABSTRACT 

Results of a survey of experimental data on trace element partitioning be­
tween crystals and coexisting liquid and between crystals and coexisting 
a~eous fluid are reported. These studies involve combinations of elements 
such as Cs, Rb, K, Na, Li, Ba, Sr, Ni, and Sm dissolved in minerals such as 
feldspars, micas, feldspathoids, garnets, pyroxenes, amphibole, and olivine. 
It is shown that the concentration ranges of these elements in minerals with 
solution behavior according to Henry's law appear to extend to less than 1 
wt.% and often to less than 100 ppm of the element in the crystalline phase. 

The available data indicate that the concentration ranges of solution in 
minerals according to Henry's law can be positively correlated with the dif­
ference of ionic radii between trace element and the host element for which 
the tracer is assumed to substitute. Furthermore, studies involving crystals 
and coexisting aqueous fluid have been used to determine whether Henry's law 
or Raoult's law adequately describes the solution. Based on the assumption 
that the aqueous fluid solution can be considered ideal, models have been pro­
posed stating that if the difference between the ionic radii of the tracer and 
the host element in the crystaJline phase is less than about 10% (relative to 
the host element), the solution is ideal (Raoult's law). With larger differ­
ences between the ionic radii, there is an excess free energy of mixing, al­
though Henry's law is still obeyed in the concentration ranges where crystal­
liquid or crystal-fluid partition coefficients are independent of element 
concentration. 

INTRODUCTION 

Elements that occur in trace amounts in rocks have been used extensively to 
model the formation and evolution of igneous rocks (e.g., GAST, 1968; PHIL­
POTTS et al., 1972; MINSTER et al., 1977). Such elements are considered 
particularly useful because theY-tend to discriminate strongly between indi­
vidual minerals and coexisting partial melts, and between melts and potential 
liquidus and near-liquidus minerals during the evolution of igneous rocks. 
FUrthermore, because of the assumption that the thermodynamic laws of dilute 
Solution (NERNST, 1891) may apply to the solution of these elements in the 
~hases involved (MCINTIRE, 1963), the partition coefficients may be considered 
lndependent of the trace element concentration for a given bulk composition, 
temperature, and pressure. These considerations may be tested experimentally, 
~rovided experimental and analytical tools are available to determine elements 
In the concentration ranges of their natural abundance. 

EXperiments to determine partition coefficients of trace elements and to 
determine the concentration ranges of constant partition coefficients have 
been carried out at pressures corresponding to the upper portions of the crust 
(~< 2 kbar) during the past 23 years (e.g., EUGSTER, 1954, 1955; IIYAMA, 
1968). Under such pressure conditions, separation of the individual phases in 
an experimental charge could be obtained after quenching of the experiment. 
The pressure range has recently been extended to that of the mantle (P > 10 kb). 
Thus, evaluation of trace element partitioning between minerals and melts 
during partial melting and fractional crystallization in the upper mantle has 
become possible. 
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DATA 

Trace element partition coefficients (D) are usually defined as D(i)a/b = 
C(i)a/C(~)~, where ~ and ~ are the two phases, i is a given element and 
C is-concentration in weight percent. Sometimes, a modification of this par­
tition coefficient, K(i)a/b = C(i)a/C(host)a/C(i)b/C(host)b, is used, where i 
is the trace element and-host is-the element for whic~is supposed to sub-­
stitute. In the latter case it is assumed that the trace element i substi­
tutes for a given element or group of elements in the phases under-considera~ 
tion. Thus, the concentration ratio, C{i)a/C(host)a, is proportional to an 
atomic fraction of the element i on a given crystallographic site. This 
notation is therefore useful for thermodynamic considerations. The weight 
ratio of concentrations, D(i)a/b, on the other hand, is often more convenient 
for geochemical calculations.- Both ratios will be used in this review. 

Exchange of alkali metals and alkaline earths between feldspars and an aqueous 
fluid phase has been extensively studied (e.g., EUGSTER, 1954, 1955; I IYAMA. 
1968; LAGACHE and SABATIER, 1973; IIYAMA and VOLFINGER, 1976). Exchange of 
two elements (tracer and host in this case) between feldspars and an aqueous 
fluid is useful from both a theoretical and an experimental point of view 
because (1) the two phases can easily be physically separated before analysis 
(2) the aqueous fluid may be considered an ideal solution with the ionic ' 
strengths used in the experiments (ORVILLE, 1963; IIYAMA, 1964; DELBOVE, 1971) 
and (3) there is only one crystallographic site in the feldspars where the ' 
tracer under consideration can substitute. Feldspars are also petrologically 
important, as they constitute more than 50% of all crustal rocks. 

The first results of such exchange experiments were reported by EUGSTER (1954). 
He used radiometric methods to determine Cs partitioning between K-fledspar 
and an H20-rich fluid at 1000 and 2000 bars in the temperature range 500 0

-

800°C with CS/K (wt ratio) in the fluid varying from 2 x 10- 4 to 10- 2 . 
EUGSTER (1954) found that the partition coefficient, K(i)K-feldspar/Fluid. 
began to deviate from a constant value at CS/K in the vapor near 10-~ 
accurate value of the Cs-K ratio of the vapor was not determined, however. The 
value of the partition coefficient ranged from 0.48 at 500°C to 1.2 at 800°C 
in the concentration region of thermodynamically dilute solution of Cs in ~ 
K-feldspar. Inothe light of the large difference of ionic radii of Cs and K~ 
(1.67 and 1.33 A, respectively), it is likely that the activity coefficient ~ 
(y) of the Cs component in the K-feldspar differs from unity (LAGACHE and P 
SABATIER, 1973). Thus, the (K,Cs)-feldspar is a nonideal solution, but may be 
described with Henry's law in the Cs concentration range of constant crystal~ 
fluid partition coefficient. With a crystal-fluid partition coefficient 
between 0.48 and 1.2, the data of EUGSTER (1954) indicate that less than about 
1500 ppm Cs can dissolve in K-feldspar according to Henry's law if it is as-~ 
sumed that the ratio of activity coefficients in the fluid, (yCs/yK) fluid. 
remains constant to greater Cs concentrations than about 1500 ppm in the f1uri.d. 

The work of EUGSTER (1954) was modified and extended by LAGACHE (1971) and 
LAGACHE and SABATIER (1973). They studied the partitioning of Cs, Rb, and K 
between albite and chloride solution and the partitioning of Cs, Rb, and Na 
between K-feldspar and chloride solution at pressures and temperatures near 
1 kbar and 600°C, respectively. For the K-feldspar and coexisting fluid, tb! 
partition coefficient, K(i)K-feldspar/fluid, remained constant until the value 
of (Cs/K)fluid was near 10 2, in apparent agreement with the data of EUGSTER~ 
(1954). The fluid phase in the experiments by LAGACHE (1971) and LAGACHE ani 
SABATIER (1973) differed from that of EUGSTER (1954), however, in that it ~ 
a slightly acidic (0.5 N) chloride solution whereas EUGSTER (1954) used a 
hydrous vapor. The value of the partition coefficient, K(~)K-feldspar/fluid. 
was given by LAGACHE (1971) as 0.025 at 600°C and 800 bars. This value is 
about 4% of that reported by EUGSTER (1954), suggesting that addition of RCl 
to the fluid enhances the solubility of Cs in the fluid. With a value of ~ 
partition coefficient near 0.025 and a concentration of Cs equivalent to 
CS/K = 10- 2 in the fluid, the data of LAGACHE (1971) lead to the conclusion 
that about 60 ppm Cs can dissolve in K-feldspar without affecting the crysuU­
fluid partition coefficien. LAGACHE and SABATIER (1973) considered albite ~ 
well as K-fledspar. They determined upper bounds of concentration limits of 
Henry's law for Na, K, Rb and Cs in several feldspars. Accurate values were 
not reported. In a few cases, no upper limit was found in the concentration 
range considered by LAGACHE and SABATIER (1973). These bounds are shown in 
Table 1. 
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Limits of solution of trace elements 

Table 1. Concentration limits (ppm) of dilute solution Na, Rb, K 
and Cs in alkali feldspars at 600°C and 800 bar* 

Element Mineral Limit 

K albite 150 

Rb albite 1,600 

Cs albite 500 

Na K-feldspar 8,500 

Rb K-feldspar 10,000 

Cs K-feldspar 480 

Na Rb-feldspar 4,000 

K Rb-feldspar 12,000 

Cs Rb-feldspar 400 

Data from compilation of LAGACHE and SABATIER (1973). 
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The experimental technique of exchange of elements between an aqueous fluid and 
L954). a crystalline phase may be extended to include two crystalline phases and an 
ir aqueous fluid to measure partition coefficients between the two minerals di­

rectly. No information on the mixing properties of the fluid is necessary for 
such experiments. This technique was used by IIYAMA (1968) to study the par­
titioning of Cs, Rb, Ba, and Sr between coexisting alkali feldspar and plagio-

1 clase at 1 kbar and 600°C. It was found that the concentration ranges of 
The constant D(~)alkali feldspar/plagioclase depended on both the feldspar composi-

)OC tion and the trace element involved. The data for pure K-feldspar (or) and 
anorthite (an) are reproduced in Fig. 1. It can be seen that there is a 
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Figure 1. Partition coefficient, 
D(i) an/or, versus element content 
of-a;;rthite at 600°C and 1 kbar 
(from IIYAMA, 1968). Run dura­
tions, 7-30 days. IIYAMA (1968) 
reported that 4 days was suffi­
cient to attain equilibrium, but 
no description of the method used 
to ascertain equilibrium was pro­
vided. Element analysis by 
radiometric method using 86Rb, 
134Cs , 8S±80sr , and 133Ba as 

source of beta and gamma activ­
ity. Quoted relative uncertainty 
of individual analysis is 10%. 
Short dashed line is the parti­
tion coefficient for Cs with un­
Certainty of points a, band c 
greater than 10%. 
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definite upper limit to the Ba content (20-30 ppm in an; 40-60 ppm in ~r) ab~ve 
which the value of D{Ba)an/or decreases in an apparently stepwise fashion as a 
fUnction of the Ba content of the system. There also appears to be an upper 
limit of Sr concentration that occurs in the range 50-100 ppm Sr in anorthite. 
The cesium partition coefficient appears to pass through several steps of de­
creasing D{Cs) an/or with increasing Cs content. IIYAMA (1968) claimed 10% 
relative uncertainty in the data with the radiometric technique used in these 
eXperiments. with that uncertainty, the two steps in the D{Cs)an/or versus 
Concentration of Cs in anorthite, C(Cs)an, are real variations even-though 
!lYAMA (1968) suggested only one step: ~n alternative curve to accommodate 
~he latter suggestion leads to the conclusion that the data points marked ~, 
_, and c (Fig. 1) are somewhat more uncertain than 10% (relative). In view 
Of this-uncertainty, the data reproduced in Fig. 1 lead to the conclusion that 
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between 0.5 and 5 ppm Cs can dissolve in anorthite coexisting with orthoclase 
before D(Cs)an/or becomes dependent on the Cs content of the anorthite or the 
orthoclas~ or both. 

According to the data reproduced in Fig. 1, more than 150 ppm Rb can dissolve v 
in anorthite (corresponding to nearly 10,000 ppm Rb in orthoclase) without R 
affecting D(Rb)an/or. w 

It appears from the data of IIYAMA (1968) that as albite is dissolved in both 
anorthite and K-feldspar the concentration ranges of Cs, Rb, Ba, and Sr in the 
low concentration plateaus in the coexisting feldspars of constant D values 
increase. There is no clear relation between Na content of the system and 
the value of the partition coefficient within the concentration ranges of 
constant partition coefficient (Table 2). 

Table 2. Partition coefficients, D(!)plag/K-feldspar, of Cs, Rb, Ba, 
and Sr at 600°C and 1 kbar as a function of albite content 
of coexisting phases* 

Composition Cs Rb Ba Sr 

An3 oAb 7 O/Or7 sAb 2 5 0.239 0.104 1. 28 1. 25 

AnsoAbso/OrssAbl5 0.333 0.040 1. 25 1.18 

Anloo/Orloo 0.213 0.025 1. 92 1.18 

* Data from IIYAMA (1968) . 

In the data discussed above, variations of the partition coefficient 
element between two crystalline phases as a function of element 
indicate deviation of solution behavior from Henry's law in at least one IO>f'; 
the coexisting phases. The data of IIYAMA (1968) cannot be used to dete~ne 
whether plagioclase or alkali feldspar first shows deviation from Henry's law 
with increasing element concentration, however. It may be inferred, by C~­
bining the data summarized in Fig. 1 and Table 2 with those of LAGACHE aL~ 
SABATIER (1973), that less Cs, Rb, Sr, and Ba can dissolve in anorthite tbari' 
in orthoclase to form a solution that behaves according to Henry's law. ~e' 
concentration ranges of solution according to Henry's law become extended : 
with solution of an albite component in both feldspars. Data summarized Ib:!ifi' 
ROUX (1971) indicate, however, that the concentration range of solution off ,~, . .;"" 
these four elements in albite is even narrower than in K-feldspar as indicated 
by the data summarized in ·Fig. 2. Thus, this extension of the concentratia)fl ;", 
ranges of solution according to Henry's law in plagioclase and alkali fel<r3.spar 

~~df~~d~~/~:l~~~~~r;;:;o~!n~~~ feldspar solid solutions, not those of tie fk 
:~,-" 

By using a technique similar to that for the feldspar-aqueous fluid exch.a.qej::: 
experiments described above, VOLFINGER (1969, 1970, 1975, 1976) determineffi ~!: 
exchange equilibria involving Cs, Rb,and Na between aqueous fluid and m~= 
vite at 1 kbar in the temperature range 400°-600°. He found that both the Cs 
and Na isotherms pass through an inflection in the concentration range 4C~ 
ppm Cs and 100-200 ppm Na in the muscovite (Fig. 3). The data shown in ~s 
figure have been recalculated to weight proportions of the trace element 
muscovite. IIYAMA and VOLFINGER (1976), in replotting these data as 
(Cs/K) fluid versus (Cs/K) muscovite, suggested that the curves may have 
S-shape such as reproduced in Fig. 4. It seems questionable, however, 
such anS-shaped curve is warranted by the data • 

. '" 
Exchange of Cs, Rb, and K between nepheline and aqueous fluid was studie~ ~ 
ROUX (1971, 1974) at 1 kbar and 600°C. A summary of his data is shown in 
Fig. 5. The concentration range of constant partition coefficient exten~ to 
1000-2000 ppm K and Rb and 40-60 ppm Cs. ROUX (1974) argued that the ex,~ange 
behavior seen for these elements can be explained in terms of a two-site nodel 
because of the two distinct sites in the nepheline structure (BUERGER et ~., , 
1954). Rubidium, cesilliu, and to a great extent potassium filled the lar9~ of 
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Limits of solution of trace elements 

Figure 2. Comparison of Cs contents of 
albite and orthoclase as a function of 
compound partition coefficient (crystal­
vapor) at 600°C and 1 kbar. Data from 
ROUX et al., (1971). Analysis by radio­
metri;-technique using 134Cs as radio­
active source. 

Figure 3. Comparison of Cs, Rb, and Na 
contents of muscovite as a function of 
compound partition coefficient (crysta1-
vapor) at 500°C and 1 kbar. Data from 
VOLFINGER (1969, 1970, 1975, 1976). 
Analysis by radiometric technique. 
Other aspects of technique as discussed 
by ROUX et al., (1971). 

FigUre 4. Cs/K of coexisting 
muscovite and hydrothermal fluid 
at 400°c and 1 kbar. Solid curve 
and data points after IIYAMA and 
VOLFINGER (1976). Experimental 
technique as discussed by IIYAMA 
(1968) and briefly summarized in 
Fig. 1. 
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partition coefficients are extended as the temperature is increased. It should 
also be remembered that the compositions of the feldspars were different in 
the two systems. The data of IIYAMA (1968) indicate that the concentration 
ranges of Henry's law solution behavior in feldspars depend on the composition 
of the feldspars. Final conclusions cannot be made, however, until experiments 
are carried out in the same element concentration ranges using the same bulk 
compositions of the feldspars. 

Except for the data of DRAKE (1972) and DRAKE and WEILL (1975), the data sum­
marized thus far have been acquired by exchanging trace elements between an 
aqueous fluid and crystals using run durations of up to several weeks. IIYAMA 
(1968), in describing the technique of cation exchange between crystals and 
aqueous solution, commented, without supplying data, that a run duration of 
about 4 days was necessary to obtain equilibrium. IIYAMA (1974) expanded on 
the experimental techniq~e by commenting that data reported by IIYAMA (1968), 
VOLFINGER (1969, 1970), LAGACHE (1971), and LAGACHE and SABATIER (1973) were 
internally consistent. The data of VOLFINGER (1975, 1976) and IIYAMA and 
VOLFINGER (1976) are also consistent with the earlier work. Thus, it was 
argued that the exchange isotherms were determined under equilibrium condi­
tions. In addition to this argument, IIYAMA (1974) reported that reversal 
experiments had been conducted at 600°C and 1 kbar. In these experiments, 
crystals were first grown from a gel coexisting with an aqueous fluid that 
contained the radioactive tracer. These crystals, containing the radioactive 
tracer, were then subjected to the same pressure and temperature conditions 
together with the same aqueous solution but without the radioactive tracer. 
In these experiments, a run duration of io days was necessary to attain the 
same values of partition coefficients involving Na, K, Rb, Cs, Sr and Ba as in 
the original experiments. Because all the experiments reported by IIYAMA and 
coworkers were for 10 days or more, it would seem that equilibrium partition­
ing of elements between the fluid and the crystals was attained. 

CULLERS et al. (1973) and ZIELINSKI and FREY (1974) studied partitioning of 
rare earth elements between aqueous vapor and clinopyroxene, orthopyroxene, 
and olivine under pressure and temperature conditions that were similar to 
those used by IIYAMA and coworkers. These experiments were conducted by re­
acting the aqueous vapor containing a tracer with materials that were already 
crystalline. The experiments were then reversed by reacting such crystals 
with an aqueous vapor that did not contain the trace element at the beginning 
of the experiment. These studies indicated that a run duration of several 
months was necessary to attain equilibrium compared with only 10 days in the 
experiments of Iiyama and coworkers. This difference in time reported for 
equilibration may be because of different grain size of the minerals (an im­
portant variable, as pointed out by ZIELINSKI and FREY, 1974) and on differ-
7nt diffusivity of the various elements in the minerals involved. Lack of 
lnformation on diffusion coefficients and on the grain size of the run prod­
ucts (with the exception of ZIELINSKI and FREY, 1974) make quantitative 
assessment of these possibilities unfeasible, however. 

Except in the experiments of DRAKE (1972) and DRAKE and WEILL (1975), none of 
the analytical techniques used in the experiments reported above provides a 
means of studying the element distribution within the individual phases. 
FUrthermore, physical separation of the phases involved was necessary. Confi­
dence in the experimental results may be greatly increased if these two aspects 
of the analysis can be evaluated. Autoradiography has recently been employed 
f?r this purpose (SEITZ, 1974; MYSEN and SEITZ, 1975; BENJAMIN et al., 1976). 
Wlth this technique, variations of element concentrations within-individual 
Phases greater than about 5% can be detected over an area of about 5 ~m. 
Furthermore, no physical separation of the phases prior to analysis is neces­
sary. 

WOOD (1976) used this technique (also called beta-track mapping) to determine 
samarium partitioning between pyrope (py) and a water-undersaturated liquid of 
the same composition at 30 kbar as a function of Sm concentration and water 
Content of the melt. The water content was increased from 3.3l.wt % at 1500° 
to 24.2 wt.% at l200°C. WOOD (1976) argued that at constant pressure and tem­
Perature (30 kbar and l500°C) the partition coefficient, D(Sm)EY!liq, decreased 
~s a function of increasing Sm content until about 10 ppm Sm had dissolved in 
he garnet. With higher Sm content, D(Sm)EY!liq remained constant. This ob­

servation contrasts with those summarized above and those of MYSEN (1976a,b, 
1977a,b) in which the partition coefficient remained constant until a certain 
~~ement concentration in the crystals was reached. Then, the partition coef-
lCient began to decrease. As can be seen from the results of WOOD (1976), 
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summarized in Fig. 6, data were reported from about 0.2 ppm Sm to ,about 5000 
ppm. WOOD (1976) chose to draw a curve showing continuous decrease of the 
partition coefficient through the data points with less than 10 ppm Sm (curve 
A). Curve B in Fig. 6 is an alternative suggested by the present author. 
With such a-curve, the data on Sm partitioning summarized by WOOD (1976) would 
be in agreement with those discussed above and those of MYSEN (1976a,b 
1977a,b), as discussed below. 

D.24,----------.-------r-:;---------r------..------, 

0..22 

0.20. 

g 0.18 

~ 0.16 

0..14 

0..12 

t-------t--

D,~':::D-:;-I------,-'-::D·O ------,,~rJ-----~1~O'2 -----~,~ci',-----~ 

Sm in garnet, ppm 

Figure 6. Partition coefficient D(Sm)EY/lig, as a function of Sm content of 
pyrope at 30 kbar and 1500°C from WOOD (1976). Length of error bars equal 
± lao Curve A (solid line) is that of WOOD (1976). Curve B (dashed line) is 
an alternative curve suggested by the present author. 

WOOD (1976) also found that if more than 5-10 ppm Dy was dissolved in the 
garnet, the value of D (Sm) py /liq became similar to that at C (Sm) IT > 10 Wm.! 
even with less Sm than that dissolved in the garnet. Thus, solution of ny in; 
garnet affects the partitioning of Sm between pyrope and hydrous liquid of 
pyrope composition in the same manner as Sm itself! This observation m~Iks 
the first documentation of a dependence of trace element partitioning on 
presence of another trace element. 

Beta-track mapping was also used by MYSEN (1976a,b, 1977a,b) to measure 
Tm, and Ni partitioning between hydrous silicate liquid and garnet 
minerals and between hydrous silicate liquid and amphibole at high 
and pressures. For REE partitioning, studies of chemical homogeneity 
vidual phases, time studies, and reversals were utilized to ascertain thc-t 
equilibrium was reached. The studies of nickel partitioning were condu~J:d 
similarly to those of the rare earth elements, except that because of t3e tech­
nique used to overcome problems with Ni loss to the (Au, Pt) sample co::::ziners, 
rigorous reversal experiments could not be carrie·d out. A summary of t::l= nick­
el partitioning data is given in Figs. 7 and 8. There is a limited co::==ntra~ 
tion range starting from the lowest nickel concentrations wi thin which t::::e ;(~<f 
D-values are independent of the nickel contents of the system. At highe= con~ 
centrations, the partition coefficients decrease rapidly with increasing nickel 
content and sometimes approach a new and lower value. The magnitUde 0= ~.e~~ .. ~.~ 
decrease is less than at the higher temperature.':-<~rf 

i!C~a;fb~s~~;;~~ :~:ili~:i~:v~:t~~~=U!~O~fc~~~~:~~l~~~a~~e~h:r~p~~c~~~e~~f~;l 
tainers used in the experiments. Data and discussion of MYSEN (1977a) =:pear; 
to negate such arguments, however. For a detailed discussion of these e=tects, 
the reader is encouraged to consult MYSEN (1977a). 

After discussing the possible role of a water-saturated liquid in con~~lling 
var~ations of crystal-liquid partition coefficients, MYSEN (1977a) ar9'~e= that 
the cause of the deviations from constant D(Ni)crystal/liq was to be fc~ in 
the solution behavior of Ni in the crystalline phases. Therefore, the ~l2eri­
ments of MYSEN (1976a, 1977a) are analogous to those reported by Iiyama End 
coworkers. Nickel partitioning data for coexisting olivine and liquid ~-a 
shown in Fig. 7. More than 500 ppm Ni can dissolve in olivine under all phys­
ical conditions studied before the olivine-liquid partition coefficien~ ~came 
dependent on the nickel content of the olivine. Increasing temperature zppears 
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to result in less abrupt deviations from constancy of D(Ni)ol/liq. Similar 
. o~servations were made by VOLFINGER (1969, 1970, 1975, 1976r-on Na-K and Cs-K 

Je exchange between muscovite and an aqueous fluid. Increasing pressure appears 
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Figure 7. D(Ni)ol/liq as a function of nickel content of crystal under vari-
)f our pressure and temperature conditions. Data from MYSEN (1967a). Length of 
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to cause a reduction of the range of nickel concentration in olivine with con­
stant D(Ni)ol/liq. Plots similar to Fig. 7 are presented in Fig. 8 for coex­
isting clinopyroxene and liquid, garnet and liquid, amphibole and liquid, and 
orthopyroxene and liquid. It can be inferred from the data in these figures 
that in all the phases considered by MYSEN (1976a, 1977a) nickel behaves in a 
qualitatively similar way but that the concentration ranges of constant par­
tition coefficient depend on the mineral. 
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Figure 8. D(Ni)crystal/liq as a function of nickel content of the system. 
Data from MYSEN (1976a, 1977a). Length of error bars equals ± 10. 

LINDSTROM and WEILL (1978) studied nickel partitioning between diopside and 
liquid under conditions similar to those of DRAKE and WEILL (1975). They did 
not observe a low nickel concentration range of constant partition coefficient, 
in apparent conflict with the data of MYSEN (1976a, 1977a). The experimental 
conditions and bulk compositions of the experiments of LINDSTROM and WEILL 
(1978) were quite different from those of MYSEN (1976a, 1977a), making a di­
rect comparison between the two sets of data difficult. 

MYSEN (1977b), in studying Ce, Sm, ~nd Trn partitioning among hydrous silicate 
liquid and the same crystalline phases as reported by MYSEN (1977a) for nickel 
Partitioning, again found limited concentration ranges of constant partition 
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million Sm 
Henry's law, 

coefficients (Figs. 9 and 10). In fact, only several parts per 
dissolves in orthopyroxene, olivine, and pargasite according to 
whereas perhaps a few tens of parts per million Sm dissolves in garnet and 

Figure 9. Same as Fig. 7 but 
with Sm instead of Ni. Data 
from MYSEN (1976b, 1977b). 
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clinopyroxene with constant D(Sm)crystal/liq. By comparison with the results 
of MYSEN (1977a), it can be seen that whereas the concentration range of con­
stant D(Ni)crystal/;iq decreases in the order 01 > amph > cpx ~ ga > opx, the 
order for Sm is ga ~ cpx > amph > opx > 01. As was the case for nickel, it 
was found that the concentration range of constant D value is extended with 
increasing temperature. MYSEN (1976b) also noted that the rate of change of 
partition coefficients with increasing Sm content is more rapid the smaller 
the crystal-liquid partition coefficient and the narrower the Sm concentration 
range of constant partition coefficient. 
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Figure 10. Same as Fig. 8, but with Sm instead of Ni. Data from MYSEN 
(1977b) • 

DISCUSSION 

LAGACHE and SABATIER (1973) attempted to evaluate which of the thermodynamic 
laws of dilute solution (Henry's law or Raoult's law) best describes the ele­
ment solubility within the concentration ranges of constant partition coeffi­
cients involving crystals and an aqueous fluid. It was assumed that the trace 
element substituted for a specific major element in the mineral. Furthermore, 
it had to be assumed that the ratio of activity coefficients of tracer and 
host element in the aqueous fluid was unity. Experimental support for the 
latter assumption was found in ORVILLE (1963), IIYAMA (1964), and DELBOVE 
(1971). The elements considered by LAGACHE and SABATIER (1973) were Cs, Rb, 
K, and Na, which were exchanged between aqueous solution and alkali feldspars. 
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The experimental data thus obtained were used to calculate excess free energy 
functions (LAGACHE and SABATIER, 1973) for the solid solutions. When such 
functions differed from zero, they would indicate deviation from ideality in 
the solid solution. LAGACHE and SABATIER (1973) concluded that a critical 
parameter that determines whether the thermodynamically dilute solution range 
could be described as that of an ideal solid solution was the differenc'e of 
ionic radii between the trace element and the host for which the tracer sup­
posedly substituted (see Fig. 11). If this difference exceeded about 10%, the 
solution would be non ideal (but could obey Henry's law) at low concentrations. 

Figure 11. Excess free energy 
(kcal/mol) of solution of Cs, 
Rb, K and Na in alkali feld­
spars of different ionic radii 
(after LAGACHE and SABATIER, 
1973) . 
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Even though thermodynamic formulations can be used to describe the solubility 
behavior of trace elements in minerals such as reviewed here, such formulations 
do not provide information pertinent to the substitution mechanisms either 
inside the ranges of solution according to the thermodynamic laws of dilute 
solution or at higher element concentrations. 

Before these alternatives are considered, possible effects of experimental 
design on the crystal-liquid and crystal-fluid equilibria should be discussed. 
Minerals may contain metastable defects. WRIEDT and DARKEN (1965) found, for 
example, that nitrogen solubility in cold-pressed steel containing well-de­
scribed defects depended on the defect concentrations. The nitrogen solubil~ 
ity curves puqlished by WRIEDT and DARKEN (1965) have certain similarities to 
the solubility curves discussed here. If these similarities are due to the 
presence of defects in the crystal structure, possible means of generating 
defects need to be discussed. WEI and WUENSCH (1977) suggested that point 
defects could be created in ionic crystals by decay of radioactive isotopes 
that emitted charged particles. These authors argued that there is a corre­
lation between specific activity of the isotope and the 'defect concentration 
in the crystal structure. In the light of this argument, it could be sug­
gested that because all the experimental studies on partitioning of trace ele­
ments in their natural abundance range were conducted by means of radioactive 
tracers, the apparent changes of partition coefficients as a function of ele­
ment concentration could be related to artificially generated defects in the 
crystal structures. Data from MYSEN (1977a) covering a specific activity 
range of about a factor of 10 for nickel-63 are reproduced in Table 3. The 
olivine-liquid partition coefficients determined with this nickel-63 method, 
however, do not change within this specific activity range. Thus, it is 
argued that possible defect generation by radioactive transmutation is not the 
cause of the concentration dependence of the crystal-liquid and crystal-fluid 
partition coefficients. 
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Table 3. Partition coefficient, D(Ni)ol/liq, at 20 kbar and 1075°C 
(data from MYSEN, 1977a) 

Nickel concentration 
in olivine (ppm) 

41 

115 

273 

399 

* Uncertainties are ± 

Specific activity of 
63 Ni in olivine (mCi/mg) D(Ni)ol/liq 

5.4 x 10-4 13.1 ± 0.8* 

1.5 x 10-3 14.9 ± 0.9 

3.6 x 10-3 14.2 ± 0.7 

5.3 x 10-3 15.0 ± 0.8 
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Defects in the crystal structure could also be formed as a result of the mech- t~ 
anism of growth during an experiment. Under such circumstances, the type and tH 
number of defects in a crystal formed at a given temperature and pressure by 
would depend on the run duration.. The time studies of crystal-liquid part i- de 
tioning of nickel and samarium (MYSEN, 1977a,b) indicate that this process is uil 
not responsible for the solubility behavior because the value of the partition co'. 
coefficients is independent of the run length. rei 

It is concluded, therefore, that the deviations of solution behavior from 
Henry's law at low element concentrations (ppm range) are not caused by exper­
imental design. Conclusive data as to the site occupancies of trace elements 
in their natural abundance ranges in minerals are scarce. X-ray techniques 
are insensitive in these low concentration ranges. Therefore, doping tech­
niques to attain haigher element concentrations have been utilized. Extra­
polation of such structural data to the ppm concentration range is uncertain 
for two reasons. First, site assignments rely on accurate chemical analysis 
of the phase involved. The uncertainty of such analysis is on the order of, 
or greater than, the natural abundance of the trace elements in the phase. 
Second, it is assumed that only regular crystallographic sites are occupied 
by the trace element (thus excluding interstitial sites and defects). Also, 
as pointed out by BURNS (1973), for example, conventional X-ray techniques 
provide only average structural parameters even though it is known that the 
majority of the sites in rock-forming minerals are deformed to varying degrees 
in individual crystals and have varying metal-oxygen distances (e.g., MEGAW 
et al., 1962; CLARK et al., 1969; WENK and RAYMOND, 1971). 

Electron paramagnetic resonance measurements are sensitive to element distri­
bution within crystals in the ppm concentration range, and may therefore be 
useful to study site occupancies of trace elements in minerals and glasses. 
Unfortunately, only a few measurements are+available on systems relevant to 
rock-formtng processes. These include Mn 2 in Mg2SiO~ (MlCHOULIER+et al., 
1969) Fe 3 in Mg2SiO~ (CHATELAIN and WEEKS, 1973) and Eu 2 and Gd 3 in feld­
spars and ferromagnesian minerals (MORRIS, 1975). Although there are, some­
times, ambiguities in the interpretations, the possibility exists that Fe 3 + on 
the ppm level may enter both octahedral and tetrahedral sites in forsterite, 
for example (CHATELAIN and WEEKS, 1973). MORRIS (1975) commented that REE 
may enter enstatite and forsterite structures in interstitial sites, and that 
clusters of elements are sometimes observed, whereas Ca-bearing minerals (e.g •• 
diopside) may accept REE on the Ca-site or sites. 

All available data with exception of those of WOOD (1976) and HARRISON (1977) 
indicate the existence of a low-concentration range where the activity coeffi­
cient of the trace element is independent of element concentration. Thus, no 
interaction between the individual trace element atoms in the structure is 
indicated. The rapid decrease of the partition coefficient at higher element 
concentration indicates that either the element begins to fill another site 
or sites in the structure at this concentration level, or the presence of the 
element at such a concentration causes sufficient distortion of the structure 
around the atoms so that the activity coefficient of the trace element is af­
fected. The former possibility is consistent with a multi-site model involv­
ing crystallographic sites with low concentration substitution occurring in 
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unexpected sites such as indicated by the studies of CHATELAIN and WEEKS (1973) 
and by MORRIS (1975). Alternatively, the trace element at low concentration 
enters dispersed defects in structure as suggested by MYSEN (1977b) and WOOD 
(1976). The other possibility is suggested by IIYAMA and VOLFINGER (1976) in 
their "Local Lattice Deformation Model". Neither model is tested with inde­
pendent measurements. It is suggested, however, that careful high-resolution 
electron microscopy such as indicated by BUSECK (1977) may help disprove or 
prove the validity of the suggested mechanism.. 

BETA-TRACK VERSUS ELECTRON MICROPROBE MEASUREMENTS 

Direct comparison between partition coefficients' obtained at the concentration 
levels of the natural abundance of trace elements with those measured at high 
element concentrations (doped to utilize the electron microprobe) is difficult 
at present because the physical conditions of the experiments and the bulk 
compositions used are quite different. The only elements where such compar­
ison could be made at present are Ce, Sm, Tm and Ni. It should be remembered, 
however, that WATSON (1976) showed, for example, that REE crystal-liquid parti­
tion coefficients could vary by at least a factor of five depending on whether 
the coexisting liquid was basaltic or dacitic. Similarly, ARNDT (1977) showed 
that olivine-liquid partiion coefficients decrease by nearly a factor of ten 
by changing the liquid composition from tholeiite to komatiite, a feature also 
demonstrated by WATSON (1977) for Hn partitioning between forsterite and liq­
uid. The effect of pressure on transition metal crystal-liquid partition 
coefficients is to lower the coefficient by more than a factor of 2 as the 
result of pressure-induced liquid structural changes (KUSHIRO and MYSEN, in 
preparation). MYSEN (1977c) speculated that volatiles dissolved in silicate 
melts at high pressure would affect the partition coefficients. For example, 
it was suggested that transition metal partition coefficients would decrease 
and those of REE would increase by dissolving H20 in the liquid. Solution 
of C02 in the melt may cause partition coefficients to change in the opposite 
direction. 

In view of the fact that all the work done with electron microprobe analysis 
has been conducted at low pressure, and with different bulk compositions than 
the work carried out with beta-track mapping, and that the beta-track mapping 
results have been carried out at high pressure and often with volatiles in 
solution in the silicate melt, a comparison of the results obtained with dif­
ferent techniques seems unjustified at this time. IRVING (this Volume) has 
summarized available data determined with different analytical techniques and 
with different extensive and intensive variables. 

At present, there appear to be several arguments against doping experimental 
charges with trace elements to concentration levels where electron microprobe 
analysis can be carried out. Some of these arguments are summarized in the 
discussion above of possible site occupancy of trace elements. On the other 
hand, it should also be remembered that the partitioning data obtained in 
the concentration range of natural abundance (using radioactive tracer tech­
niques) were conducted in synthetic systems. These systems, with the ex­
ception of some data by WOOD (1976), only contained the trace element to be 
determined. The possibility of several different trace elements filling the 
same site exists. Thus, the low concentration range of constant partition 
coefficient seen in the synthetic systems may disappear if several trace ele­
ments were added simultaneously. If so, one must determine which element in 
which phase and under what physical conditions may be affected. Careful eval­
uation of experimental techniques are also needed. Only then can experimen­
tally'determined trace element partition coefficients be applied quantita­
tively to rocks. 
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