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Abstract 

White, A.F., Yee, A. and Flexser, S., 1985. Surface oxidation--reduction kinetics associated with experi- 
mental basalt--water reaction at 25°C. In: Y. Kitano (Guest-Editor), Water--Rock Interaction. Chem. 
Geol., 49: 73--86. 

Distributions of  Fe(II) and Fe(III) during basalt---water interaction at 25°C were experimentally investi- 
gated under open- and closed-system conditions relative to 02 and CO 2 . After reaction, X-ray photoelectron 
spectroscopy analyses detected oxidized Fe on the surface of  basalt, the concentration of which decreased 
as a function of  reaction pH. Concurrent increases in Fe(II) and decreases in Fe(III) in solutions at pH~s < 5 
indicated continued surface oxidation by the reaction: 

1 Z 
(Fe(II)½ M z )basalt + Fe(III)solu~on ~ Fe(III)bamlt + Fe(II)solution + zM solution 

where the electrical charge in solution is balanced by dissolution of a cation of  charge z from the basalt. 
At neutral to basic pH, Fe(II) is oxidized to Fe(III) and precipitated as ferric oxyhydroxide in the 

presence of  02 . Fe(II) is also strongly sorbed on the basalt surface, resulting in low aqueous concentrations 
even under anoxic conditions. The rate of 02 uptake increased with decreasing pH. Diffusion coefficients 
of the order 10 -14 cm 2 s- ' ,  calculated using a one-dimensional diffusion model, suggest grain boundary 
diffusion in Fe-oxides. 

1. Introduction 

Weathering of primary Fe-silicates and Fe- 
oxides in an aquifer may have a strong im- 
pact  on aqueous speciation and on the rates 
of  chemical migration. Aside from acting as a 
major source term for the cycling of  Fe, such 
weathering may also affect aqueous oxida- 
t i on - r educ t ion  reactions, dissolved oxygen 
concentrations and the formation of  second- 
ary Fe-oxyhydroxides.  

High concentrations of  electroactive Fe at 
low pH have been shown to control  the  over- 
all Eh of  geochemical systems such as in mine 

drainages (Nordstrom et al., 1979). The effects 
of  Fe speciation on the Eh of  neutral to 
alkaline pH groundwaters are not  well under- 
s tood in part due to generally low dissolved 
Fe concentrations. However,  such aquifers 
have generally been considered devoid of  
dissolved oxygen (D.O.) because of  oxidation 
of Fe-containing minerals. Recent  data (Wino- 
grad and Robertson,  1982),  showing appre- 
ciable dissolved oxygen in several old ground- 
water systems, may  require re-evaluation of  
kinetic processes associated with Fe oxida- 
tion. 

Finally, t ransport  of  chemical species, in- 
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cluding trace metals and radionuclides has 
been shown to be strongly retarded by  sorp- 
tion and coprecipitat ion with Fe-oxyhy- 
droxides (Hilderbrande and Blume, 1974).  
Based on decreased dissolution rates in 
oxygenated solutions, Siever and Woodford 
(1979) proposed that  Fe-containing rocks, 
such as basalt, become armored with oxy- 
hydroxide precipitates. Such coatings could 
process extremely large surface areas and 
effectively sorb cationic species from solu- 
tion. However,  data on naturally weathered 
amphiboles and pyroxenes  (Berner and 
Schott ,  1982) found no increases in surface 
Fe. Additional data are needed on the effects 
o f  weathering of  primarily Fe-containing 
minerals on rates and morphology of  Fe- 
oxyhydroxide  precipitation. 

The purpose of  the present investigation of  
basalt, as well as other ongoing work on in- 
dividual Fe-silicate minerals, is to define the 
mechanisms and kinetics of  oxidation--reduc- 
tion reactions associated with rock--water  
interaction. Basalt was chosen in this s tudy 
because it is the most  common rock con- 
taining high Fe concentrations.  The basalt 
of the Columbia Plateau, Washington, U.S.A., 
is particularly significant in terms of  ground- 
water interaction because it is a candidate site 
for emplacement  of  high-level nuclear waste. 
The type  of  chemical processes outlined 
above may have a significant impact on po- 
tential radionuclide migration. 

2. Mineralogy 

The Grande Ronde basalt (6--16 Myr. B.P.) 
comprises ~70% of  the total  basalt accumula- 
tion of  the Pasco basin, south-centralWashing- 
ton,  U.S.A. (Meyers and Price, 1979). Samples 
of  two units, the Umtanum and the Cohassett,  
were used in this study. The overall bulk 
chemistries of  these units are presented in 
Table I. Although total  Fe is very similar in 
the two flow units, Fe(III) is higher in the 
Umtanum basalt possibly due to greater high- 
temperature  oxidation of  Fe-oxides (Hagger- 
ty,  1976). 

TABLE I 

Chemical analyses (wt.%) of Columbia Plateau basalt 

Cohassett flow of 
the Grande Ronde 
Formation 

Umtanum flow of 
the Grande Ronde 
Formation 

SiO 2 53.41 54.90 
TiO 2 1.79 2.17 
A1203 15.00 14.34 

F%O~ 4.36 4.81 
FeO 9.42 8.71 

MnO 0.20 0.22 
MgO 4.99 3.48 
CaO 8.86 7.30 
Na:O 2.82 2.66 
K20 1.00 1.48 
P2Os 0.27 0.35 

Total 102.12 100.42 

The mineralogy of  the  Umtanum flow is 
characterized by  Noonan (1980). Dominant  
Fe-silicates in the Umtanum flow include 
augite (20--45 wt.%) and pigeonite (1--10 
wt.%) and relatively rare olivine (0--3 wt.%). 
Titaniferous magnetite is the  dominant  Fe- 
oxide (0--7 wt.%), occurring as dendritic or  
coarsely crystalline grains. An interstitial 
glassy groundmass or mesotasis (15--70 
wt.%) is abundant .  

Petrographic and microprobe character- 
izations of the Cohassett flow were perform- 
ed in the current s tudy due to a lack of  
previously published data. Plagioclase (labra- 
dorite), augite, and rarely olivine occur  as 
phenocrysts  in the Cohassett samples, and 
plagioclase and augite occur as groundmass 
phases as well. Typical composit ions of  these 
phases are given in Table II. Groundmass 
plagioclase appears to be a distinct phase 
(andesine), more sodic than the phenocryst  
composi t ion shown in Table II. Augite spans 
a range in composit ion;  groundmass augite is 
generally higher in FeO (to 17--19% FeO) 
and lower in MgO (to 13--11% MgO) than the 
average given in Table II. Olivine occurs as 
remnants of larger grains now almost entire- 
ly altered to a clay mineral. 



< 
E~ 

0 

D 

o 
m 
z 

o 
m 

o 

o ~ 
o < 

o ? 

• H z ~ ' ~  

o 

o~ 

+1 +1 +1 +1 

~ l l  ~ ~ 

+1 +1 +1 +1 +1 

4 ~ 1  I ~  o o 

0 ~ 0  O 0  0 0 
+1 +1 +1 +1 +1 +~ +1 

+1 +1 +1 

+1 +1 +1 

~.~.q 

+1 +1 +1 

~ 0  ,o  LO 

O 0  0 0 
+1 +1 +1 +~ 

+1 +1 +1 +1 

c~c~ c~ o 
+1 +1 +1 +1 

• . . 

0 
• ° . . . 

0 0 0  O 0  0 
+1 +1 +1 +1 +~ +1 

~ ,  o ~  o 

+1 +1 +l +1 +1 +1 

® = ~ . ~  
~ ,  ~ 

A 
t~ 

,-,4 

0 

< 
E~ 

O~ 

C 

~ 5  

c~ 

C 

0 

~ Z  

V t t t t  

75 



76 

The groundmass of  the Cohassett samples 
is composed of  a dark-brown glassy matrix 
enclosing fine- to micro-crystalline grains of 
plagioclase (andesine}, augite, t i taniferous 

PLATE I 

B 

magnetite, glass and clay minerals. Titanif- 
erous magnetite is a very abundant  constit- 
uent  of  the groundmass, where it occurs as 
narrow cruciform grains typically 5--10 pm in 

i i 50/.~.m j 50/~rn 

C D 

i s 50 ~m I * 0.Smm 

Photomicrographs of Cohassett basalt flow. 
A. Glass (g), smectite alteration (s) and fracture filling (f), and titaniferous magnetite (m) in groundmass. Pheno- 
crysts are plagioclase. Incident light. 
B. Titaniferous magnetite in area outlined in (A). Groundmass plagioclase (p) and immiscible liquid blebs (b) are 
also visible in the glassy matrix. Incident light. 
C. Fibrous smectite alteration (s) surrounding unaltered core of augite (a). Phenocrysts are mainly plagioclase. 
Cross-polarized transmitted light. 
D. Fractured rug filling, with vermicular smectite (v) in a finer smectite matrix. Pocket of clay alteration is at 
lower left. Plane-polarized transmitted light. 
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width and up to 100 pm in length [Plate I, 
(B)]. Their narrow width -- on the order of  
the electron beam diameter -- made accurate 
microprobe determination of  composit ion 
difficult. Table II shows the average of  probe 
analyses closest to the pure phase, as judged 
by highest Fe and Ti counts,  and lowest 
counts of other  elements, particularly Si. 

The glass in the groundmass [Plate I, (A) 
and (B)] is quite variable in composition, 
with FeO concentrations commonly  ranging 
from 4% to 8%. Differences in glass colora- 
tion of ten correlate with compositional 
differences, with darker glass generally higher 
in FeO. Some areas of  nearly opaque glass had 
FeO concentrations up to 10--15%, but these 
concentrations were probably due to inclu- 
sions of  sub-microscopic magnetite grains. 
Glass immediately surrounding grains of  
titaniferous magnetite is usually relatively 
light in color, suggesting adjacent glass was 
depleted in FeO and did not  completely 
homogenize after magnetite crystallization. 
Although the glass phase is generally low in 
Fe relative to several other  phases in this 
basalt, rapid weathering of  glass (White et al., 
1980) may contribute significantly to overall 
reaction rates. 

Smectite is abundant  as both an alteration 
product  and a vug and fracture-filling material. 
It occurs as fine orange or green needles in 
radial or vermicular arrays, or in finer clots of  
sub-microscopic crystals. Areas of  extensive 
smectite growth are usually cut  by fine 
shrinkage cracks, and interconnected by 
fractures, making them readily accessible to 
circulating solutions. Vug-filling smectite 
[Plate I, (D)] is compositionally distinct from 
alteration and fracture-filling smectite [Plate 
I, (C)] as shown in Table II. It is also more 
uniform in composition, and is extremely low 
in A1203 for a smectite mineral. However, 
X-ray patterns, including those of  glycolated 
specimens, confirm a basic trioctahedral 
smectite structure. 

3. Experimental methods 

Fresh samples of  the Umtanum and Co- 
hassett flow units were obtained from drill- 

core and outcrop material, respectively. To 
avoid Fe contamination during processing, 
sawed slabs were buffed on an Fe-free lap, 
crushed with a ceramic disc mill and graded 
using stainless-steel sieves. The 0.42--0.18-mm 
size fraction was ultrasonically cleaned and 
fines decanted off  in a 02-free glove box. The 
basalt was dried and stored under high 
vacuum. 

Experimental conditions of individual 
basalt--water reactions are described in Table 
III. Solutions were buffered by using different 
ratios of  NaHCO3, HC1 and dissolved CO2. 
Under open-system conditions, solutions were 
exposed to a constant flow of  02 and CO2. 
Under closed-system conditions required to 
moni tor  02 uptake, atmospheric interaction 
was excluded. Basalt samples were added to a 
series of 125-ml Erlenmeyer flasks filtered 
with ground glass stoppers in a N2-filled glove 
box. The flasks with added solutions were 
ultrasonically agitated to remove trapped gas 
and sealed with silicone grease. Analysis of  
O2-free blanks, after storage for six months 
in air, indicated negligible 02 contamination.  

Flasks containing basalt were periodically 
opened and dissolved oxygen (D.O.} was mea- 
sured by using an Orion ® electrode (+0.05 
ppm). Experiments using O2-free solutions in- 
dicated that  the minimum measurable D.O.- 
value was ~0.20 ppm due to 02 contamina- 
tion during introduction of  the electrode into 
the flask. The Eh of  the solution was subse- 
quently measured by using an Orion®Pt elec- 
t rode calibrated against a ZobeU solution. An 
aqueous sample was immediately extracted by 
a gas-tight syringe, filtered (0.2 gm),  acidified 
and analyzed for Fe(II) and total Fe. Other 
major dissolved components,  including Na, K, 
Ca, Mg, Si and A1, were analyzed later. 

Aqueous Fe was determined spectrophoto- 
metrically using a ferrozine chromagen 
(Gibbs, 1979) with a lower limit of  detect ion 
of  10 ~g 1-1. Because ferrozine reacts only 
with the ferrous ion, the Fe(II)/Fe(III) ratio 
in solution was conveniently determined by 
reducing a sample split with hydroxylamine,  
measuring total Fe, and calculating Fe(III) 
by the  difference relative to Fe(II). 



78 

Ferrous--ferric iron in the bulk basalt 
samples (Table I) was also determined from 
Fe(II) and total  Fe. Ferrous iron was analyzed 
by  dissolving the basalt in a HF solution con- 
taining V(V) which oxidized Fe(II) as it dis- 
solved into solution (Wilson, 1955). Fe(II) 
was determined by  titration of  excess V(V). 
Total Fe was determined in the HF solution 
by  atomic absorpt ion spectrometry.  

The Fe concentrat ion and oxidation states 
on the composi te  surfaces of  basalt mineral 
grains were determined using X-ray photoelec- 
t ron spectroscopy (XPS). The theory,  instru- 
mentat ion and application of  XPS to geolog- 
ical studies have been reviewed by  Bancroft  et 
al. (1979) and applied to Fe-silicates by  
Berner and Schot t  (1982).  The technique in- 
volves irradiation of  the solid surface in vacuo 
with monoenergetic soft X-rays and sorting 
the emitted electrons by  energy. Since the 
mean free path of  the electrons is very small, 
the electrons which are detected originate 
from 0nly the top  few atomic layers (~ 20 A). 
In this study, the basalt surface chemistry was 
investigated by  using a Physical Electronics ® 
mult iprobe with a Mg X-ray source. 

4. Results 

4.1. Iron release from basalt 

Release of  chemical species into solution 
during experimental  dissolution of  basalt was 
found to be highly incongruent as shown for 
Umtanum basalt in Fig. 1. Relatively rapid re- 
lease of  Na and Si, common for glassy rocks 
(White et  al., 1980),  suggests preferential 
dissolution of the alkali-silica-rich mesotasis. 
Dissolution rates become linear at longer 
reaction times. 

As indicated by  dissolution data in Fig. 2, 
aqueous Fe concentrations are strongly pH 
dependent .  At moderate ly  acidic pH, the 
dominant  Fe(II) species increase initially with 
time and then level of f  in a pattern similar to 
that  reported for basalt by Siever and Wood- 
ford (1979).  Dissolution data for Fe do not  
appear to fit any simple linear or  parabolic 

2,0 

E 
hC 

I I 
______---z 

~ 1  Mg 
1,0 2,0 5,0 

(106s)  

Fig. 1. Release of major chemical species during 
weathering of Umtanum basalt over 75 days at an 
average pH of 5.5 (experiment 2, Table III). 
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Fig. 2. Fe(II) and Fe(III) concentrations in solutions 
during weathering of Umtanum basalt. Open and 
solid points are Fe(II) and Fe(III), respectively. 



79 

rate law. Fig. 2 shows that  the rate of  Fe(II) 
release is only slightly faster at low Po~ than 
at high Po~. No detectable Fe(II) was found in 
solutions below pH 7.0. Fe(III) concentra- 
tions, low over the entire pH range, initially 
increased in solution and then decreased be- 
low detect ion limits at longer times. As shown 
in Fig. 2, detection limits are higher at lower 
pH since Fe(III) is calculated from the differ- 
ence between relatively large but  similar con- 
centrations of  both total  Fe and  Fe(II). Cal- 
culation of  saturation states using the WATEQF 
speciation code (Plummer et al., 1976) indi- 
cates that  above a pH of  5.5 Fe(III) concen- 
trations are generally supersaturated with 
respect to amorphous iron hydroxide Fe(OH)s. 
Declines in aqueous concentrations in this pH 
range may be due to onset of  such oxyhy-  
droxide precipitation. 

As indicated in Table I, appreciable Fe(III) 
is contained in the basalt phase assemblage as 
well as on the mineral surfaces. The absence 
of Fe(III) in solution at low pH implies either 
that  the dissolution of Fe from basalt is high- 
ly incongruent,  i.e. Fe(II) is released and Fe- 
(III) is retained in the mineral assemblage, or 
that  Fe(III) is being either reduced or removed 
from solution by some other process. 

4.2. Surface chemistry 

Surface compositions and Fe oxidation 
states were characterized by XPS. Typical 
spectra for Fe 2Pin and 2ps/4 peaks are shown 

in Fig. 3 for fresh and reacted Umtanum 
basalt. As indicated, progressive decreases in 
peak intensities occur with decreasing pH of  
reaction. 

The electron binding energies of  the spec- 
tral peaks can be used to estimate the surface 
oxidation state of  Fe provided that  correc- 
tions are made for surface charging. Table IV 
lists measured binding energies and corrected 
energies based on charging shifts of  the ad- 
ventitious carbon ls  peak from a standard 
state of  284.6 eV (Wagner et al., 1979). The 
average shift of  2.6 eV in the 2p3 n Fe peak, 
due to charging, is shown in Fig. 3. Corrected 
binding energies for the 2ps n peak correspond 
closely to Fe(III) reported in Fe2Os (712.0-- 
712.2 eV; Allen et al., 1974; McIntyre and 
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Fig. 3. XPS spectra for 2pl/2 and 2p3n Fe peaks show- 
ing decrease in intensity with decrease in reaction pH. 
An average 2,6-eV shift is due to surface charging. 

TABLE IV 

Measured and corrected peak positions for iron based on observed 
shifts in carbon spectra 

Experiment Cis(measured) -- C,s(2,4.6 eV) Fe2ps/2 
No. 

measured corrected 

Blank 2.60 714.9 712.3 
1 2.60 714.7 712.1 
2 2.80 714.1 711.3 
3 2.70 714.5 711.8 
4 2.50 714.7 712.2 
5 2.60 714.5 711.9 
6 2.60 714.0 711.4 
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Zetaruk, 1977), but  are higher than Fe(II) in 
FeO (709.3 eV). The binding energy separa- 
tion of  13.5 eV (Fig. 3) also agrees with that  
reported by  Wagner et al. (1979).  The quanti- 
tative atomic percentage, Cx,  for a given ele- 
ment  relative to other  surface species can be 
obtained from data of  the type  shown in Fig. 
3 by  the relationship: 

A x / S x  
Cx = (1) 

~iAi/Si 
where A and S are the respective peak areas 
and atomic sensitivity factors. Sx  is a function 
of  atomic cross-sections and spectrometer 
detect ion efficiencies. Available Sx-values 
(Wagner et al., 1979) are based on elemental 
standards and may exhibit  deviations for spe- 
cies contained in complex chemical matrix 
such as a silicate. To overcome such effects, 
elemental concentrations are of ten reported 
as ratios relative to a dominant  element such 
as Si (Bancroft  et al., 1979; Berner and 
Schott ,  1982). Data are plotted in Fig. 4 as 
functions of  Cx vs. pH with the atomic ratios 
for Fe/Si given in parentheses. A close correla- 
tion exists be tween the surface Fe percentage, 
calculated by  eq. 1 for the fresh basalt, and 
the mole fraction contained in the bulk basalt 
(Table I). This correlation, in addition to the 
agreement be tween relative Fe/Si ratios, 
justifies the use of  Sx-values in quantitative 
estimates of  surface Fe concentrations in 
basalt. 

As suggested by  the decreases in spectral 
intensities in Fig. 4, decreasing reaction pH 
produces a quantitative drop in surface Fe 
concentrations in Fig. 5. At a pH of  3.5, half 
o f  the total  Fe has been removed from the 
basalt surface. Fe decreases, particularly at 
high pH, indicating that Fe-oxyhydroxide  
coatings do not  form on experimentally 
weathered basalt as postulated by  Siever 
and Woodford (1979).  

The effect o f  oxyhydroxide  precipitation 
from solution on the surface chemistry of  
basalt was investigated by  the addition of  

Fe(II) to solutions at neutral pH. As indi- 
cated in Fig. 4, resulting oxyhydroxide  
precipitation from a 70 ppm Fe(II) solution 
doubled the surface Fe concentrat ion while 
precipitation from a 10 ppm Fe(II) solution 
failed to increase the surface concentration to 
a level initially present on the unreacted 
basalt. The initial Fe(II) solutions were also 
tagged with 0.1 mM CsCI2 and 0.1 mM SrCI= 
to determine if coprecipitation or  sorption 
occurred in oxyhydroxide  phases on the 
basalt surface. In all cases, the 3dsn peaks for 
Cs and Sr were found to be below XPS 
sensitivity levels. The above results suggest 
that  Fe-oxyhydroxides form by  homogeneous 
nucleation in solution rather than as surface 
coatings on Fe-silicate grains, a conclusion 
supported by visual inspection of  suspended 
oxyhydroxide  phases in solution. 
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70 ppm Fe 2+ • (0,45) 

(0,23) Bulk Basalt {0,20) 

--O~To~, ~Oppr. F -2+ o t ( o , , 8  ) 

x ) . . . . . . . . . . ~  (,.~(0,15) 
(0,19) 

(O, ll) 

0 - - ~  I I f I 
9,0 7,0 5,0 3,0 

pH 

Fig. 4. Atomic percentages of Fe on the basalt sur- 
face as a function of pH. Closed circles are composi- 
tions resulting from addition of aqueous Fe(II). 
Numbers in parentheses are Fe/Si ratios. 
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4.3. O x i d a t i o n - - r e d u c t i o n  in solu t ion  

As previously indicated, at low pH Fe(III) 
is absent in solutions reacting with a basalt 
phase assemblage with significant surface and 
bulk Fe(III). To determine the fate of  Fe(III),  
initial solutions containing 2 ppm Fe(III) 
were prepared (experiments 7--10,  Table III). 
As shown in Fig. 5, Fe(III) is stable in blank 
solutions at pH's 3.0 and 4.0, indicating no 
reduction to Fe(II) nor precipitation as an 
oxyhydroxide .  However,  addition of  Cohas- 
sett basalt decreased Fe(III) in solution at a 
rate proport ional  to pH and the basalt surface 
area. During the same time interval, concen- 
trations of  Fe(II) showed significant increases. 
At pH 3.0, the final Fe(II) concentration 
greatly exceeded the initial Fe(III) concentra- 
tion, indicating an Fe contr ibut ion from 
basalt dissolution (Fig. 2). At pH 4.0 the total  
Fe in solution remained nearly constant  over 
time. 

One obvious explanation for  the Fe(III) de- 
crease and Fe(II) increase is that  Fe 3÷ is being 
reduced to Fe 2÷ in solution in the presence of  
basalt. However,  the possibility exists that  

@[@pH 3,0 r 

9 
v 

E 

% 

9 

UO [ 2 3 0  I 2 3 

t/2 10 2 l /2 s • S • I 0  2 

Fig. 5. Trends in Fe speciation with time in solutions 
initially containing 2 ppm FeSO4 and varying amounts 
of Cohassett basalt. Open points are Fe(II) concentra- 
tions and solid and hatched points are Fe(III) concen- 
trations at pH 3.0 (A) and pH 4.0 (B), respectively. 
SgFe(II) is plotted as counts per min. (C). 

corresponding changes are simply coincidental, 
i.e. that  all of  the Fe(II) is contr ibuted from 
the basalt and Fe(III) is being lost by  an in- 
dependent  mechanism such as basalt-induced 
precipitation or sorption. In order to uniquely 
define the mechanism, aqueous SgFe(III) was 
used as a radioactive tracer. If Fe(III) was 
total ly reduced to Fe 2÷ in solution, the count  
rate should remain constant with time. If the 
original Fe(III) was incorporated into a solid 
phase the count  rate should approach zero in 
solution. As shown in Fig. 5C, SgFe concentra- 
tions do decrease with time with increasing 
pH and basalt surface areas. However,  the 
SgFe decrease is less and the rates much slower 
than that  o f  Fe(III),  indicating that significant 
reduction of  Fe must occur in solution. 

At pH's greater than 6.0, Fe(II) is rapidly 
depleted in solution, as indicated by  the lack 
of  measurable Fe(II) in the basalt dissolution 
studies (Fig. 2). Fe concentrations in this pH 
range are controlled by the precipitation of  
oxyhydroxides:  

Fe 2÷ + ~O2 + 2OH- +{H20-*  

Fe(OH)3 (2) 
amorphous hydroxide 

1 Fe 2÷ + ¼02 + 2OH- -~ ~H20 + FeO(OH) (3) 
goethite 

A number  of  studies (Stumm and Lee, 1961; 
Pankow and Morgan, 1981; Davison and Seed, 
1983) have shown that Fe(II) oxidation 
kinetics obey  the rate taw: 

d [Fe(II)] ~dr = k [Fe(II)]Po: (OH-) 2 (4) 

where [Fe(II)] is the measured concentrat ion 
(M); Po~ is the partial pressure of  oxygen 
(atm.); and OH- is the  activity of  the hydroxyl  
ion. When pH and Po~ are constant,  eq. 4 re- 
duces to: 

d[Fe(II)] ~dr = k l  [Fe(II)] (5) 

where 

kl = k(OH-)2Po2 (6) 

Experiments were conducted at a buffered 
pH of 6.5 and at atmospheric 02 to determine 
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the effects of  basalt interaction on oxidation 
kinetics of  Fe(II) at near-neutral pH. As 
shown by the example in Fig. 6, Fe(II) oxida- 
tion rates in blank solutions display a linear 
relationship between log[Fe(II)] and time as 
predicted by eq. 5. The slope of  the line, 
which corresponds to k l/2.3, results in a rate 
constant (k) of  1.64.1014 mo1-2 atm. -1 min. -1 
which falls within the range of  rate constants 
summarized by Davison and Seed {1983). 

The addition of  basalt to solutions at near- 
neutral pH has the effect of greatly accelerat- 
ing the Fe(II) decrease (Fig. 6). The rates be- 
come non-linear with respect to eq. 5 and 
proportional to the total surface area of the 
basalt present, suggesting uptake by the solid. 
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Fig. 6. Oxidation rate of Fe(II) in solution with vary- 
ing basalt surface areas. Data for blank solution are fit 
to first-order rate law (eq. 5). 

4.4. Uptake of dissolved oxygen 

To test the effect of  oxyhydroxide precip- 
itation in controlling both dissolved Fe(II) 
and O2 concentrations at neutral pH, blank 
solutions were saturated at a given Po2, 
Fe(II) was added, and Po~ was measured after 
the system achieved equilibrium. As indicated 
in Fig. 7, the 4 : 1 ratio between total Fe(II) 
consumed (M) and the final dissolved O2 con- 

tent (M) reproduces the stoichiometry of 
reactions (2) and (3). Addition of basalt to 
the solutions decreases the initial Fe(II)/final 
Po~ ratios to less than 4 : 1 .  This decreased 
slope, which is proportional to the basalt sur- 
face area, implies a loss of  Fe(II) from solu- 
tion which is not associated with the forma- 
tion of Fe-hydroxide or goethite. 

Rates of  02 uptake were also monitored in 
the long-term closed-system experiments 
(Table III, experiments 1--4) in which the 
iron chemistry was controlled solely by basalt 
reaction. Examples of O: uptake are shown in 
Fig. 8. While short-term O2 uptake from blank 
solutions containing added Fe(II) can be 
quantified based on the stoichiometry of  reac- 
tions (2) and (3), long-term O2 uptake in solu- 
tions containing basalt cannot be explained 
by the release of Fe to solution and subse- 
quent  oxyhydroxide precipitation. O2 uptake 
rates increase with decreasing pH and increas- 
ing oxyhydroxide solubilities. The fastest up- 
take rate is observed at pH 3.0 (Fig. 8) where 
the aqueous Fe speciation is undersaturated 
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Fig. 7. Relationship between initial Fe(II) and final 
dissolved oxygen concentrations after equilibrium 
with oxyhydroxide. L o w e r  line shows s to ichiometr ic  
relationship for blank solution while progressive 
deviations with increasing basalt surface areas indicate 
Fe sorption as described by eq. 10. 
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with amorphous Fe-hydroxide.  Even at higher 
pH's, where solutions do become saturated 
with Fe(OH)3, the amount  of  Fe(III) precip- 
itated is much less than that  required to 
balance the rate of  02 uptake based on the 
4 : 1 stoichiometry of  reactions (2) and (3). 
For example, total  Fe(II) precipitated at pH 
5.0 is estimated to be 0.2 mM based on the 
difference in dissolved Fe concentrations of  
the oxic and anoxic experiments.  This Fe con- 
centration is much less than the observed O2 
uptake of 0.2 mM at pH 5.0 (Fig. 8). 

The generally parabolic decrease in oxygen 
with time (Fig. 8) suggests a diffusion-con- 
trolled reaction with the basalt. Rates can be 
modeled by  assuming diffusion from a well- 
stirred solution of  finite extent .  Due to 
generally slow solid-state diffusion rates at 
ambient temperature,  the basalt can be 
represented as an infinite one<limensional 
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Fig. 8. O x y g e n  loss in so lu t ion  dur ing  basa l t - -wa te r  
i n t e r ac t i on  a t  d i f fe r ing  pH's .  Dashed lines are f i ts  to  
d i f fus ion  m o d e l  assuming  t he  ind ica ted  d i f fus ion  
coeff ic ients .  

slab. An analytical solution to Fick's second 
law of diffusion with appropriate boundary  
conditions is presented by Carslaw and Jaeger 
(1959) for analogous heat diffusion. The mea- 
sured 02 concentration, C, is related to the  
initial 02 concentration, Co, by  the relation- 
ship: 

C = Co exp(Dt/l) erfc(Dt/l) (7) 

where D is the oxygen diffusion coefficient; 
and t is time in seconds. The solution length, 
l (cm), is the one<limensional representation 
of  solution volume (cm 3) divided by  basalt 
surface area (cm2). The dot ted  lines in Fig. 8 
are solutions to eq. 7 fit ted to the experi- 
mental data. The magnitude of  the diffusion 
coefficients, 10 -t+ cm 2 s -t ,  suggest relatively 
rapid grain boundary  diffusion rather than 
slower solid-state 02 diffusion based on low- 
temperature extrapolation of  the data of 
Giletti and Anderson (1975). 
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Although there was no a t tempt  in this 
s tudy to assess the overall oxidation--reduc- 
t ion kinetics of  basalt relative to individual 
mineral phases, it is interesting to compare 
02 uptake rates be tween basalt and individual 
mineral phases being measured in concurrent  
studies. Such data are plot ted in Fig. 9. As 
indicated, rates of  02 uptake for basalt are 
much faster than for silicate phases. Of 
particular interest is the relatively slow rate 
for O2 uptake in augite, which as shown is the 
dominant  Fe-silicate phase in basalt (Noonan, 
1980). Due to  lower Fe concentrations,  
the slow rate of  O2 uptake of  obsidian glass 
may not  be representative of  the glassy meso- 
stasis in the basalt. However,  Fig. 9 clearly 
shows that  O2 uptake rates for basalt and 
magnetite are comparable,  suggesting that  the 
relatively high concentrations of  t i taniferous 
magnetite are controlling the rates of  oxygen 
consumption.  

5. Discussion and conclusions 

The preceding results indicate significant 
interaction between the basalt mineral assem- 
blage and dissolved Fe(II),  Fe(III) and O2 
during experimental weathering. The loss of  
Fe from the basalt surface with decreasing pH 
corresponds, as expected,  to an increase of  Fe 
in the aqueous solution. In no case does an in- 
crease in surface Fe occur,  indicating the 
absence of  an oxyhydroxide  coating as 
proposed by  Siever and Woodford (1979).  As 
indicated by  XPS binding energies, reduced 
Fe, contained within the basalt, is oxidized on 
the surface of  even the unreacted samples 
stored under atmospheric conditions. Oxida- 
t ion of  Fe on the surfaces of  amphiboles and 
pyroxenes  has also been demonstrated by  
Berner and Schot t  (1982).  

In acidic solutions with pH's less than 5.5 
and undersaturated with oxyhydroxide  
phases, Fe exists predominantly in the  Fe(II) 
state. Addit ion of  Fe(III) species results in 
reduction to Fe(II) in solution. Presumably 
Fe(III) dissolved from the  oxidized basalt sur- 
face in the long-term closed-system experi- 
ments is reduced in the same manner. This 

relationship, coupled with an apparent 
absence of  other oxidizable species in solu- 
t ion, suggests that  an oxidat ion--reduction 
couple exists between Fe(II) and Fe(III) on 
the basalt surface and in solution. Such a 
couple can be writ ten in the form: 

(Fe(II)~MZ)basalt + Fe(III)solution -> 

Fe(III) basal t + ~lvll"'z solut,on" + Fe(II)solution 

(8) 

where the reduction of  Fe in solution is charge- 
balanced by  the dissolution of  a cation of  
charge z from the basalt. As shown by  the 
data in Fig. 1, any number of  cations releas- 
ed into solution during experimental weather- 
ing can fulfill this requirement. The driving 
chemical force behind reaction (8)is  apparent- 
ly the continued oxidation of  Fe(II) beneath 
the already oxidized surface of  the basalt and 
the acceptance of  electrons into solution. 

At neutral to basic pH, reduction of  Fe in 
solution by reaction (8) is countered by  the 
oxidation of  Fe during precipitation of  ferric 
oxyhydroxides  [reactions (2) and (3)]. Based 
on the absence of  Fe(II) in solution of  pH's > 
5.5, the net free energy of  the opposing oxi- 
da t ion - reduc t ion  reactions must  favor oxy- 
hydroxide precipitation over surface oxida- 
tion. 

In blank solutions, kinetic rate data for 
Fe(II) oxidation (eq. 5), as well as closed-sys- 
tem oxygen uptake [reactions (2) and {3)], 
indicate control  by  oxyhydroxide  precipita- 
tion. However in the presence of  basalt, the 
rate of  Fe(II) loss is accelerated and the Fe- 
(II): 02 stoichiometry becomes less than that  
predicted by  precipitation. Such deviations, 
coupled with observed losses of  S9Fe at low 
pH, suggest that  aqueous Fe is being sorbed 
into the basalt surface. Such sorption can be 
separated from concurrent oxyhydroxide  
precipitation at neutral to basic pH based on 
deviations in final 02 concentrations from 
those predicted by  reactions (2) and (3). 
Simple sorption equilibrium can be assumed 
between the basalt surface and the aqueous 
solution: 



[Fe(II)]  solid = kd [Fe(II)]  solution (9) 

The  s t o i c h i o m e t r y  o f  r eac t i on  (2) fo r  e x a m p l e  
can be r e w r i t t e n  as: 

[Fe ( I I ) ]  [ 1 - - k d S ]  + ~02 + 2 O H -  + ½H20-~ 

Fe(OH)3  (10) 
amorphous hydroxide 

w h e r e  S is the  basa l t  surface  area  ( m  21-1). T h e  
dashed  lines in Fig. 7 show the  fits to  the  ex- 
p e r i m e n t a l  d a t a  b y  using a kd o f  4.0 • 10 -3 1 
m 2 . 

Ra te  d a t a  ind ica te  t h a t  o x y g e n  u p t a k e  in- 
creases in basa l t  w i t h  decreas ing  pH.  A l t hough  
o x y g e n  is c o n s u m e d  b y  p rec ip i t a t i on  o f  o x y -  
h y d r o x i d e s ,  02 u p t a k e  is fas tes t  in so lu t ions  
u n d e r s a t u r a t e d  w i t h  such  phases .  Even in 
higher  p H  so lu t ions ,  c o m p a r i s o n s  b e t w e e n  
ra tes  o f  Fe release into oxic  and anox ic  solu- 
t ions  indica te  t ha t  insuf f ic ien t  Fe is precipi-  
t a t e d  f r o m  the  bu lk  so lu t ion  to  a c c o u n t  fo r  
the  quan t i t i e s  o f  O2 c o n s u m e d .  XPS d a t a  in- 
d ica te  t h a t  Fe c o n c e n t r a t i o n s  are no t  increas-  
ing on  the  ex t e r i o r  mine ra l  surfaces  dur ing  
reac t ion .  This  i n f o r m a t i o n  coup l ed  w i th  t he  
exce l len t  da ta  fi t  to  the  d i f fus ion  e q u a t i o n  
suggests t h a t  o x y g e n  con t inues  to  d i f fuse  in to  
in te r io r  p o r e  spaces  and  a long grain b o u n d -  
aries d o m i n a t e d  b y  Fe-oxides .  The  reac t ions  
wh ich  c o n s u m e  02 and  resul t  in t he  in te r ior  
d i f fus ion  g rad ien t  are n o t  de f ined  in th is  
s t u d y  bu t  p r e s u m a b l y  m u s t  involve o x i d a t i o n  
o f  f e r rous  i ron  and f o r m a t i o n  o f  a ferr ic  
o x y h y d r o x i d e .  While no t  d e t e c t e d  on  ex t e r i o r  
surfaces  b y  XPS, such  phases  m a y  f o r m  b y  
h e t e r o g e n e o u s  nuc lea t ion  on  in te r ior  sites due  
to  increased p H  and c o n c e n t r a t i o n  gradients .  
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