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Introduction:  The laboratory evaporation experi-

ments reported here were motivated by the elemental 
and isotopic composition of Type IA and Type IIA 
chondrules from Semarkona.  The main focus is on the 
volatile components potassium and sodium and how 
they could have been affected by the high-temperature 
events that melted the precursors of these chondrules.  
The question of whether significant amounts of iron 
could have been lost by evaporation as well is also 
addressed. 

Figure 1 shows the range of K2O/Al2O3 and 
Na2O/Al2O3 in two sets of Type IIA and one set of 
Type IA chondrules from Semarkona.  In these con-
drules there is a strong correlation between the wt % 
K2O and Na2O. However, when the wt% of the alkalis 
is normalized to wt% Al2O3, the data do not indicate 
significant differences in K2O and Na2O that can be 
attributed to evaporation (Fig. 1). The Type IA chon-
drules are clearly depleted in K2O/Al2O3 and 
Na2O/Al2O3 relative to the solar ratio and relative to 
the Type IIA chondrules.  They are also depleted in the 
wt% FeO (typical values of at most a few %) com-
pared to about 15 wt% in the Type IIA chondrules.   

 
Figure 1. K2O and Na2O normalized to the Al2O3 (all 
in wt%) in two sets of Type IIA [1], [2] and one set of  
Type IA [3] chondrules from Semarkona. The shaded 
circles are used to indicate that within each set of 
chondrules there is little if any evidence of systematic 
depletion of alkalis. 

Another common argument against significant 
evaporative loss of potassium from either Type IA or 
Type IIA chondrules is that they are not fractionated in 
potassium isotopic composition.  In fact, as shown in 
Fig. 2, when one takes the reported isotopic composi-
tion of chondrules from Semarkona at face value they 
are often isotopically fractionated by much more than 
the claimed analytical precision. A more proper char-

acterization of the potassium isotopic composition of 
the Semarkona chondrules is that they show small and 
variable  enrichments in 41K/39K. 

 
Figure 2.  Potassium isotopic composition as per mil 
41K/39K and 2σ error bars of Semarkona Type IIA 
square symbols) and Type IA (circles) chondrules as 
reported [4]. 

  Evaporation experiments:  Two types of evapora-
tion experiments using a chondrule-like starting were 
run – one set in high vacuum (P<10-6 Torr) and a sec-
ond set in a one-bar gas-mixing Deltech vertical tube 
furnace.  Both sets of experiments were run at 1470˚C, 
which is below the liquidus and thus some olivine was 
present at the conditions of the experiments.  However 
since potassium is effectively all in the melt, our re-
sults should not have been affected by the presence of 
olivine.  The evaporation residues from experiments 
run for different durations were measured for major 
elements using the electron microprobe at the Univer-
sity of Chicago.  The potassium isotopic composition 
was measured using an ISOPROBE multicollector 
ICPMS at the Lawrence Berkeley National Laboratory. 

Evaporation trajectories:  Figure 3 shows that 
when a chondrule-like composition is evaporated un-
der vacuum conditions (P<10-6 Torr), there is negligi-
ble loss of iron while potassium is still present in the 
melt. Figure 4 shows that when the evaporation takes 
place under more reducing conditions (log fO2~ -10 
versus ~ -6 for vacuum evaporations) iron becomes 
more volatile and a significant fraction of iron has 
evaporated while potassium is still present. The reason 
for the increased volatility of iron relative to the alkalis 
under the more reducing conditions is that evaporation 
rates are proportional to the saturation vapor pressures, 
which for iron increases as fO2

-1/2 whereas that of the 
alkalis increases more slowly as fO2

-1/4.  
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Figure 3. Oxide ratio trajectories of vacuum evapora-
tion residues evaporated at a constant temperature 
T=1470˚C, P < 10-6 Torr. When Al2O3, which does not 
evaporate, normalizes the wt% of oxides the ratios 
reflect the true change in abundance of the numerator 
oxide. 

 
Figure 4.  Same as Fig. 3 but now for residues evapo-
rated at T~1470˚C into a one-bar flowing stream of 
gas of fO2=IW+2.5.   Note the loss of iron along with 
that of the alkalis. 

Evaporation rates:  We used the experimentally  
measured  evaporation rate of potassium from a chon-
drule-like melt with about 0.3 wt% K2O together with 
thermodynamic calculations for the dependence of the 
saturation vapor pressure of potassium as a function of 
temperature and fO2 to produce the following param-
eterization for the evaporation rate JK(T,fO2). 

 JK=1x10-8 e-E/R(1/T-1/To) (fO2/1x10-6)1/2 

where Jk is in moles/cm2 s, E=425 kJ, R is the gas con-
stant, and T0=1743K. 

Isotopic fractionation:  Figure 5 is a Rayleigh plot 
of the isotopic fractionation of potassium in residues 
evaporated in vacuum and in a slowly flowing stream 
of one-bar gas at IW+2.5. The fractionation of the vac-
uum residues is slightly less than what one would get 
for a kinetic fractionation factor α=(39/41)1/2. The po-
tassium isotopic fractionation of the one-bar evapora-
tion residues is due to a significant fraction of the po-
tassium being removed from the sample surface by 
diffusion in the surrounding gas.  The magnitude of 
this fractionation depends on both the relative impor-

tance of diffusion compared to advection in the gas and 
the mean molecular weight of the surrounding gas. The 
experiment does show how significant amounts of po-
tassium can be volatilized with a relatively small asso-
ciated isotopic fractionation and it also points to other 
conditions for even smaller isotopic fractionations.  

 

 
Figure 5. Potassium isotopic fractionation of residues 
evaporated in vacuum and in a one-bar flowing 
H2+CO2 gas (fO2=IW+2.5).  f39K is the fraction of the 
original 39K in the residue. 

Diffusion of Potassium in melts: We carried out a 
series of experiments aimed at measuring the diffusion 
of potassium in chondrule-like liquids under conditions 
relevant to evaporation-driven diffusion. We found that 
the rate of potassium diffusion at liquidus temperatures 
is so fast that potassium was homogenized even after 
four minutes. The resulting bound on the diffusion 
coefficient is DK>2x10-4 cm2/s at T=1700˚C. 

Implications: With regards the Semarkona chon-
derules considered here, we would argue:  (1) There is 
little or no evidence that the Type IA chondrules lost 
potassium by evaporation. (2) The depletion of Type 
IIA in alkalis, and even iron, could have resulted from 
volatilization. (3) In order to evaporate significant 
amounts of iron while retaining some fraction of the 
alkali elements requires fO2<IW.  (4) The diffusion of 
potassium in chondrule-like melts is sufficiently fast 
that diffusion-limited evaporation is not an issue. (5) 
The evaporation kinetics and associated isotopic frac-
tionation of potassium (<10‰, see Fig.2) of chon-
drule-like liquids is such that chondrules from Se-
markona must have equilibrated with a slowly flowing 
surrounding gas while still retaining significant 
amounts of sodium and potassium. 
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