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Dynamics of Oxidation of a Fe2+-Bearing 
Aluminosilicate (Basaltic) Melt 

Reid F. Cooper,* John B. Fanselow, J. K. Richard Webert, 
Dennis R. Merkley, David B. Poker 

Rutherford backscattering spectroscopy (RBS) and microscopy demonstrate that the 
~1400°C oxidation of levitated droplets of a natural Fe2+-bearing aluminosilicate (basalt) 
melt occurs by chemical diffusion of Fe2+ and Ca2+ to the free surface of the droplet; 
internal oxidation of the melt results from the required counterflux of electron holes. 
Diffusion of an oxygen species is not required. Oxidation causes the droplets to go 
subsolidus; magnetite (Fe304) forms at the oxidation-solidification front with a morphol
ogy suggestive of a Liesegang-band nucleation process. 

]£ (M,j - M)2WU ]? (Oy - 6): 
'Wu 

and 

2><AM 

XM^./S0^'./ 

where / and / are indices over latitude and pressure, 
Mjj is the model signal, 0/,y designates the observed 
values, and Wu is a weighting field. The spatial aver
age, F, for the model [M) and the observations (6) is 

E ^ , / S w,j 

Where, in either field, a data point was missing, that 
point was not included in the above computations. 

Th e structure and dynamics of silicate melts 
are first-order dependent on the valence 
state of incorporated transition metal cat-
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ions, particularly, in the case of geological 
melts, iron (J, 2). As a consequence, under
standing the chemical diffusion process by 
which a melt comes into redox equilibrium 
with its environment is critical in character
izing its structural and chemical evolution. 
Diffusion studies have emphasized two ap
proaches: (i) oxygen (180) tracer diffusion 
experiments [for example, (3, 4)] and (ii) 
transition-metal-cation redox experiments, 
which are analyzed based on the assumption 
that diffusion of an oxygen species domi
nates the redox kinetics [for example, (5-7)]. 
There is a noted discrepancy between the 
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results of the two twes  of exDerLments: for . 
similarly polymerized melts, the ''0 tracer 
dlff~usion coefficient is found to be l C 1  to 19' 
times snlaller than the diff~lslon coefficient 
determilied in the redox experiments (8) .  
This discrepancy has been attributed to clif- 
ferent mechanisms of oxygen transport t'or 
the two types of experiments: the slo\\-er 
tracer diffi~sioll is ascribed to the niotion of 
moleci~lar O2 or of poly-anionic complexes, 
\\-hereas the redox reactions might occur 13 
nay of lonic dlff~lsion of the smaller 0'- [for 
esample, (5,  7)]. 

.An iron-bear1119 aluminos~licate melt is a 
polaron-type semiconductor (9) ,  lio\vever, 
and thus the dissipation of a redox potential 
need not involve motion of an oxygen specles 
at all: a Inore rapid, parallel kinetic response 
c0111d Instead involve the charge-coupled 1110- 
tlon of fast mov~ng net~vork-modifyin, u cat- 
ions and faster moving electroliic specles 
(electro~is or holes) (1C). Such a response 1s 
noted, for example, in the oxidation of ferro- 
tnagliesiali olivine, in which the inost rapid 
disslpatlon of the osldatlon potential occurs 
hi; the clielnlcal diffusion of Llg2~-  and Fe2~-  
ti? the free surface (tlirough a vacancy mech- 
anism), cliarge-compensate by a conntelflux 
of holes. Tlie result is a characterlstic, meta- 
stable reaction morphology that includes tlie 
formation of a ferrite surface fill11 and the 
internal precipitation of Fe,04 and amor- 
~ ~ I O L I S  SiO, within an irol-i-free h?glSiO, ma- 
trix (1  1 ) .  Coilld such a mechanism be ooera- 
tive 111 the redox dynamics of iron-bearing 
sillcate melts and so e x p l ~ i n  the discrepancy 
In the difi~sioli behavior noted above: There 

is some indlrect evidence that s~rcli is the case: 
the melt reilox experiments descril3ed above 
s h o ~ ~  clielnlcal diff~~sion rates that compare 
\\ell with tlie tracer diffi~sivlty of dlr.alent 
catlons (3, 8, 12).  

W'e report here on a set of experiments to 
evalnate ilualitatively the mechanism of ox- 
idation of a basaltlc melt. R1e use RBS tci 
exalnilie chemical clialige at and near the 
free surface of the melt: a l~uild-LID of net- 
Lvork modifying cations at the surface, and 
e\~ldence of their cle~letlon helav the sur- 
face, is iliagnostic of the catlon iiiff~~sion 
lneclialiisln ( 10, 13 ) .  Because tliere exist 
otlier ways to extract cations frLim silicates 
[for example, having tlie specilnen in con- 
tact with (or In line-of-sight of) platinum 
causes notable extraction of Fe (14)],  we 
used aer~lacoustlc levitation (.4AL), a con- 
tainerless t e c h n ~ ~ u e  in wliich a melt droplet 
is levitated o n  a gas jet, posltloned and sta- 
billzed a i t h  acoi~stlc waves, and heated with 
a laser [see (1 5)] .  Tlie specimen therefore has 
contact only with tlie le\-itating gas. 

Specimens xere originally glass, prepared 
by tlie melting and quenchlng of a neplieline- 
normative ollvlne basalt froln tlie Columbia 
R~ver  plateau (16). Specllllelis were liand- 
ground to an average dialneter of 3 mm. Spec- 
i~nelis \Yere levitated n.ith a preheated 
(259°C) gas let of elther high-purity argon 
[oxygen actlvity (partial pressure) of = 5 
x 1C-7 or dry, bottled air (po. = 6.11). 
Droplet heating invo l~~ed  a split-CO, laser 
beam illuminatll-ig the specilllell on opposite 
sides to pronlote ~ ~ n i f o r m  heatlne; temoera- 

L 

tilre was measured and controlled (CCD feed- 

Fig. 1. Putheriord backscattering Energy (MeV) 
spectroscopy spectra from the bot- 0.8 1.0 12 1.4 1.6 1.8 2.0 
t o ~ n  of basalt melt droplets f o l l ah~  j 4  

ing le\/llat~on-melting-quench cy- - A r 3 0 s i a r 5 s  

cles. The spectra sho'v~n are com- l 2  

pared ro the simulated spectrum for 
the unoxd~zed material (791. The el- 10 - Unoxidzed basalt (smuation) 

elnental labels on the energy-chan- 
nel scale represent the energy of 2 8 
backscatrered n paricles upon en- ,g 
countering a nucleus of the labeled - 

E 6  atom on the surface of the speci- 8 
men. Exam~nat~on of the simulation 
for the unox~dzed basalt (fne sold 4 

line! indcaies that all species are 
present at the surface and the com- 
pos~t~on is unlforln w~ th  depth (the 
uniformity is easily seen as the near- 0 
ly flat y~elds behind the Ca and Na 200 300 400 500 600 700 
energy "edges"). (The peak seen at Channel 
the edge for oxygen IS a non-Rutheriord resonance resulting from the use of 2.5 MeV a pari~ces.) 
Oxidation conditons of 1400°C. '~h~~th Ar, for 30s (dotted spectrum) causes a peak n the backscattered 
yield for Fe at the specmen surface: the source of t h~s  iron is at depth in the droplet, as ev~denced by the 
drop in backscatterng yield between 1.4 and 1 3 MeV. The additon of 1400°C ~ 4 t h  air for 5 s oxidation 
(heavy-line spectrum) resc~lis In a substantial amount of iron oxide on the surface, as 'v~ell as some 
calciilm oxide. The SI edge, still at the backscattered energy characterist~c of its surface presence, is 
notably lowered In yield: par ia  coverage of the suriace by Ca and Fe oxides is thus ndcated. Again, the 
source of Fe and Ca now at the silriace is from depth in the specimen, Indicated by the drop in 
backscattering yield belo'v~ 1 4 MeV. 

hack) ~vitli t ~ v o  optical pyrometers. Specinlens 
were initially melted for a duratlon of -3C s at 
a temperature (T) of -1499°C nhile levitat- 
ed on tlie .Ar jet. These (T, p,,,) conditions 
were slightly osidi:ing: the fayallte-mayne- 
tite-cluart: (FhlQ) oxygen hnffer at 1499°C 1s 
p,,! ;-- 5 x la-; (17). Tlie q ~ ~ e n c h e d  droplets 
lvere again levltated and lnelted on air at 
-14CC°C for -5 S. Tlie droplets formed 111 

passlet levitation have flattened bottoms. <- , 
After levitation in Ar, the quenched 

droplets had a black, specular (metallic) 
l~lster,  notably different iron1 tlie vitreous 
surface finish of tlie startint! basaltlc ulass. 
Upon the secLind levltatlon 111 alr, tlie bot- 
to111 surface ( tha t  IS, the  silrface 111 contact 
wit11 the  levitation gas) Jeveltiped a specu- 
lar flnlsh n.lth brlght brown-to-blue colora- 
tlon, and f n e  ( 5 1  I*m) crystallites formed 
tliere. T h e  relnaillder of the droplet re- 
tained the  black snecular finish. 

Rutherforii backscattering spectroscopy 
spectra (18) reveal that the  reaction mor- 
phology was assc3ciated \vith catton diffu- 
sion-domlnateil o s d a t i o n  kinetics. In Fle. u 

1, tlie spectra from the 13otti~ms of droplets 
levltated in A r  and .4r + air are compared 
witli a spectral slmillation for the original 
(unoxiiii:eil) basalt glass (19) .  Le~, i ta t ion 
~llelting in A r  produced a distinct peak in 
the spectrum at the characterlstic energy for 
encountering Fe at the free surface and a 
loss of overall backscattering yield at finite 
depth (energy of 1.4 to 1 .3  XleV). Further- 
more, the Si energy edge becalne slightly 
tllted. This spectral sionature indicates that 
the small oxidation potential created a thin,  
discL)ntinuous surface fill11 o t  L ~ O I I  oxide 011 

top of a s ~ l ~ c a t e  composition depleted in 
iron. Although the surface iron oxlde fill11 is 
tliin, it is jufficient to produce tlie black 
specular luster on tlie iluenc1ieL1 droplet. 

T h e  effect of the 5-s alr lei-itation o n  the 
RBS spectrilm 1s dramatic: a large peak for 
Fe appeared at the jpecimen jurface, al- 
tlio~igli its max~ll-iurn value waj slightly be- 
low the  jurface. Calcium, too, was concen- , , 

traced at the  surtace ( the  C a  edge is only 
sllglitly larger than ~ t s  or~gilial size; tlie ap- 
Liarentlv large C a  peak in the spectrLim is 
prlmarlly a result of tlie C a  yield lying on 
top of that for Fe). T h e  source at depth of 
tlie Fe and C a  o n  the  surface is easlly e n  
dent in the lo\veriiig of i~ackscattering yield 
for energies below -1.4 MeV. Sllicon re- 
inalils at tlie free surface but a t  a lower 
concentration. T h e  etfects of oxldatlon o n  
K a  and LIo  as a result of the  oxlilat~on 
cannot be resolved. T h e  RAS spectrLuil1 
from the  top of an  air-oxidized droplet, 
ho\\.ever, is little different from that .;eel1 for 
the hottom of an  Ar-only levitated droplet. 

LL~croscopic ohjervatlc)l-is of air-ox1dl:ed 
droplets (Fig. 1 )  revealed two distlnct lnterllal 
reaction fronts, points 5"' and c. Point 5"' 1s 



an oxidation-crystallization front (Fig. 2, B 
and C). As shown by transmission electron 
microscopy, the crystalline phase between the 
two fronts is magnetite (Fe30,); hematite (a- 
Fe203) and pseudo-wollastonite (P-CaSiO,) 
are present below 5". Iron has been extracted 
from the melt at the oxidation front (Fig 2B): 
the tan color has been lost, in bands, imme- 
diately above 5'". Color is returned in the 
region containing hematite (between the 
droplet bottom surface and F: dark brown in 
Fig. 2B: a liehter reddish brown in Fie. 2D). 

labeled location. For each 2 moles of elec- 
tron holes reaching F, 1 mole of magnetite 
is formed, 1 mole of divalent cations is re- 
leased to diffuse to the free surface, and the 
residual melt is almost entirely depleted of 
iron; as a consequence, each mole of magne- 
tite formed represents many moles of melt 
reacted (on the order 10) and so the depth to 
5" grows much faster than does the layer of 
surface oxides. Divalent cation diffusion 
from 5 = r to 5 = 0 thus becomes rate- 

limiting for the reaction. Another ramifica- 
tion of the iron depletion from the melt at 5" 
is the chemical potential created for divalent 
cation interdiffusion beyond F: this inter- 
diffusion contributes to the apparent forma- 
tion of Liesegang bands. The formation of 
pseudowollastonite between 5" and 5 = 0 
most likely occured during the rapid cooling 
of the droplet, suggesting that hematite is a 
more efficient substrate for heterogeneous 
nucleation of pyroxene than is the ferrite. 

" . -  " .  
The presence of hematite between the 

near-surface and reaction front indicates 
that the reaction temperature near the bot- 
tom of the droplet could not have exceeded 
-1380°C; above this temperature magnetite, 
and not hematite,, is the stable form of iron 
oxide in air (20). The greater extent (depth) 
of the overall reaction near the center (verti- 
cal axis) of the dro~let indicates that the 

Fig. 2. Microstructure of 
basalt droplet after levita- 
tion-ding-quench cycles 
at 1400°C in Ar for 30 s plus 
at 1400°C in air for 5 s. (A) 
Cross-sectional schematic 
of the levitated, oxidiied and 
quenched droplet. Two in- 
temal reactions fronts, 5" 
and em, are identified in the 
droplet. (6) Transmitted op- 
tical micrograph of the drop- 
let region noted in (A). The 
extraction of color in bands 
beyond 5" suggests that a 
Liesegang nucleation pro- 
cess is operative at the oxi- 
dation-c~ystallization front 
(scale bar. 250 q). (C) De- 
tail at reaction front P. The 
opaque phase, seen here 
having cubic symmetry, was 
identified by electron diffrac- 
tion as magnetite (Fe,OJ 
(scale bar: 25 km). (D) Detail 
at reaction front r. The loss 
of omaue maanetite is evi- 

t t tlevbtion 
gas jet 

droplet interior was warmer than the exterior, 
which was cooled by the levitation gas jet. 
The concentration of the reaction where the 
levitation gas jet impinged on the specimen, 
and the relative lack of reaction on the sides 
and top of the droplet confirm that flow of the 
jet was laminar: a low-pressure, low-pol wake 
envelope was produced immediately down- 
stream (that is, bevond the horizontal center 
plane) i f  the drop'let. The color removal in 
bands at the oxidation front 5" is clearly 
suggestive of a Liesegang-band-type nucle- 
ation process for the magnetite (21 ); the phe- 
nomenon occurred for two reasons: the ex- 
traction of iron from the melt kected both 
the transport rate of electronic defects (via 
the drop in concentration) as well as de- deni, ~lectrondiiaction in this region identified two crystalline phases, hematite (a-Fe20.J and 
creased the local concentration of Fe3+ in the pseudowollastonite (p-CaSi0.J (scale bar: 25 ~ m ) .  
glass such that the thermodynamic barrier to 
nucleation cannot be satisfied until additional 
Fe diffuses to from depth. 

Our quantitative studies of oxidation dy- 
namics in Fez+-bearing aluminosilicate 
glasses (8, 19) and these data imply that the 
oxidation Drocess in the levitated basalt melt 

Fig. 3. Oxidation dynamics in the 
molten basalt at -1 400"C, consis- 
tent with the RBS and microstruc- 
tural evidence. Oxidation involves 
chemical reactions at two intemal 
fronts and at the free surface of the Ca & Fe 
droplet, as well as chemical diffu- surface 
sion through the product, oxidized Oxides 

and nucleated partial d .  (Vari- 
able j denotes diisive flux, with the Exterior 
subscript denoting the species.) At P02= 

the intemal oxidation-crystallization 
front 5"'. in-fluxing electron holes 
(h ' ) react with the unoxidiied melt 
to produce magnetite (the liquidus 5' Q 5" 5"' 5 

reaction for the oxidized material) and to release F$+ and Ca2+ ions to diffuse to the free surface. These 
divalent cations subsequently react with environmental oxygen to produce surface oxide phases that 
partially cover the free surface. The surface reaction also produces the h ' for inward dision. Because 
the mobility of divalent cations is much lower than that of the h' , oxidation is rate-limited by cation 
diision. The formation of magnetite extracts most (but not all) of the F$+ from the melt, creating the 
interdiision potential for F$+ and other divalent species (Me2+) in the otherwise unreacted melt 
beyond g"; one result is the apparent formation of Liesegang nucleation bands at the front. Mass 
balance considerations require that the depth to 5'" be more than an order-of-magnlude greater than 
the average thickness of the discontinuous Fe and Ca oxides that form on the free surface. The second 
intemal reaction front, Y, sees the magnetite oxidized to hematite. Because of the amount of Fe 
extracted from the d to produce the original magnetite, the second oxidation requires a greater 
contribution of outward flux from Ca2+ (x has a magnitude close to unrty while y is near zero). 

can be described as an isothermal undercool- 
ing phenomenon. Temperatures of 1350" to 
1400°C are above the liquidus for the Fe2+- 
bearing composition we used. Oxidation 
caused a shift of the liquidus such that mag- 
netite nucleated (2) (Fig. 3). The physics 
involves the chemical diffusion of divalent 
cations to the free surface, the fluxes of 
which are charge-compensated by a counter- 
flux of rapidly mobile electron holes (22). 
Internal nucleation of magnetite at r ,  trans- 
formation of magnetite to hematite at F ,  
and the growth of Ca-Fe oxides at the free 
surface (5 = 0), as diffusing cations react 
with environmental oxygen, results. The 
growth of each layer (that is, the relative 
motions of C', F ,  and r )  is proportional to 
the sauare root of ela~sed time as the chem- 
ical potential for oxygen is fixed at each 
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These results demonstrate tliat redox 
chemical cliffusion experiments do not a 
priori allon. character1:atlon o t  the i l l t f~~slon 
coedicient of an  oxygen species in a Fe- 
l~earing a luminos~l~cate  melt. D~fferences 111 

values o t  i l i t t~~slon coefficients extracted 
from a reidox esperiment and a n  oxygen 
tracer d i f f~~s ion  experiment on the same 
melt conlposition \vii~~lLl therefore reflect 
that the tnlo procedures are illeasurlllg dif- 
ferent thlngs. Our  esperllnents additionally 
demonstrate tliat tlie cation-diffilslon re- 
s17onse to a reidox driving h r c e  allows tor 
relatively rapid chemical segregation in a 
melt; the  mechanism s l i o ~ ~ l d  perhaps he 
cons~i{ereil as con t r ibu t~~ ig  to the conceli- 
trlc segregation microstructures ti-ecluently 
describeL{ for primiti~-e chonilrules (23) .  
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The Edge of Time: Dating Young Volcanic Ash 
Layers with the 40Ar-39Ar Laser Probe 

Yanshao Chen, Patrick E. Smith, Norman M. Evensen, 
Derek York, Kenneth R. Lajoie 

Argon-40-argon-39 single-crystal dating of young (5000 to 30,000 years ago) volcanic 
ash layers erupted from the Mono Craters, California, shows that the method can yield 
meaningful ages in Holocene tephra. Because of ubiquitous xenocrystic contamination, 
the data do not form isochrons but plot in wedge-shaped regions on an argon isotopic 
diagram. The upper boundary of the region is an isochron matching the '"C-derived age 
of the eruption. Such contamination-related patterns may be common in dating young 
materials by the single-crystal method. Argon dating by this method can help refine the 
time scale of physical and biological evolution over the past 100,000 years. 

N a t u r e  11,is enilon.eL3 the  potassium-;lrgon 
geochronometer with great power. T h e  1.3- 
l>illion-year half-life of the parent, "'K, al- 
lows the eeochronometer to he used to date 
events back to the creation of the solar 
system, while the  etficlency ~ v i t h  ~vh ich  
lllinerals typically esclude ambient argon a t  
their formation makes it a sensiti\-e tool for 
dating the recent past. T h e  '%r-'"Ar 
method o t  readine the K-Ar clock and the 
1, aser - step-heating - procedure for the analysis 

of single grains add to its versatility and 
resolution ( I ) .  Argon dating of the last 
li?i?,L?L?i? years, rvhile techllically difficult, 
can comnlement '"C and other dating 
tools, anci c o ~ ~ l d  he in\-aluable in resol\-ing 
uncertainties and ambigu~t~es  in other 
methods. 

Dating of saniiilne crystals separated from 
rhvolitic laws frolvl the hlono Craters. Cal- 
ifurnla, ~ l e ~ n ~ n s t r a t e d  the feasihillty of ~ ~ s i i l g  

Y. Chen, P E. Sm~th N. M Ebensemi, D York, Depari- 
merit of Physcs, Unbersty of Toronto, 60 Sant George 
Street, Toronto Ontario M5S IAT, Cznzda 
A P. Lajo~e, U S Geolog~ca Su?!ey 345 Midd1ei1eld 
Rotd. MS-977. Meno Ptrk.  CA 9:025-3591 USA. 

'"41-'"iir single-crystal laser-Probe analysis 
to date sultable Illaterial as young as 12.5 , ,- 

tho~~sanci years ago (ka) with approximately 
j o b  precision (3). Howel-er that stu~ly d ~ d  
not rule out the possihle presence of escess 
radiogenic '$4~ (4) at a unifi~rm concentra- 
tion in the san~iiine crystals, corresponding 
to a quantuill of erroneous excess age, be- 
cause n o  illdependent measurement o t  the 
eruptive age was available. W e  have there- 
fore analvzed sankiine crvstals fronl three 
teChra layers, also in the hlono Craters area, 
h r  1~11ich "C age control exists. 

T h e  Moilo Craters, a string of volcanic 
domes, flonrs, and exalosion craters in cen- 
tral Californ~a, erupted episodically in the 
late Quaternary, depositing layers o t  ash in 
adjacent hlono Lake and In nearby meail- 
oas .  W e  analyzed trvo ash layers (WCr l -8  
and WCri-15)  in the late Pleistocene \Vil- 
son Creek Forlllation (\YCF), a lacustrine 
sllt deposited during the  last deep-water 
phase of blono Lake (5). W e  also dated an  
ash laver (CMrl-13)  in a seouence of Ho- 
locene peat deposits 111 Crooked bleado\v, 
directly southeast o t  hlono hasln (6) .  Inter- 

SCIENCE n \'OL. 274 * 15 NOL'EhlBER 1996 


