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a b s t r a c t

In order to investigate the interactions between spent nuclear fuel, corroding iron waste packages, and
water under conditions likely to be relevant at the proposed repository at Yucca Mountain, six small-scale
waste packages were constructed. Each package differed with respect to water input, exposure to the
atmosphere and temperature. Two of the packages contained 0.1 g UO2. Simulated Yucca Mountain pro-
cess water (YMPW) was injected into five of the packages at a rate of 200 ll per day for up to 2 years, at
which point the solids were characterized with X-ray powder diffraction, scanning electron microscopy,
wet chemistry and electron microprobe analysis. Fe(II) is abundant in the corrosion products that form,
and the dominant crystalline product in all cases according to X-ray diffraction is magnetite or the struc-
turally similar maghemite. Minor phases included akaganeite (b-FeOOH) and possibly also hematite
(Fe2O3), lepidocrocite (c-FeOOH) and green rust (Fe(II)1�xFe(III)x(OH)2Yx/n). Under these conditions, UO2

is expected to alter to the uranyl silicate uranophane (Ca[(UO2)SiO3(OH)]2�5H2O). Neither oxidation of
the UO2 nor any oxidized (uranyl) solid was observed, suggesting that conditions were sufficiently reduc-
ing to kinetically hinder U(IV) oxidation.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Corrosion of iron metal in an enclosed environment is an impor-
tant phenomenon in both preserving and understanding archeo-
logical sites containing iron artifacts (e.g. [1]) and in nuclear
waste disposal scenarios, such as those proposed by the United
States and Spain, involving a waste package composed primarily
of steel. The focus of this paper is the nature of corrosion products
of steel waste packages planned for use at the proposed nuclear
waste repository at Yucca Mountain (YMR), the local redox and
pH conditions inside these waste packages, and the resulting ura-
nium mineralogy and mobility.

Steel and steel corrosion products may play an important role in
limiting radionuclide release [2–4]. Uranyl ions ðUO2þ

2 Þ, typical
products of the oxidative dissolution of spent nuclear fuel (SNF),
may be sorbed by a variety of Fe-bearing minerals including hema-
tite (Fe2O3) [5], lepidocrocite (c-FeOOH) [6], and goethite (a-FeO-
OH) [6,7] and perhaps also reduced to a less labile form by
magnetite (Fe3O4) [3,8–13] and green rust (Fe(II)1�xFe(III)x(O-
H)2Yx/n) [14]. Aqueous Fe(II) and steel corrosion products may also
immobilize other radionuclide species such as TcO�4 [15–17], I�

[18] and NpOþ2 [19].
Corroding steel inside of these waste packages may also influ-

ence the redox potential (Eh or pe) and pH, two variables that will
strongly influence the degradation behavior of the spent nuclear
ll rights reserved.

: +1 734 763 4690.
fuel and the subsequent mobility of radionuclides. Current concep-
tual models [20] assume that once the waste package has been
breached, the system, defined here as the inside of the package,
will be flooded with oxygenated water and highly oxidizing air.
This situation is unfavorable because oxidizing conditions typically
lead to the formation of potentially mobile ions such as TcO�4 ,
NpOþ2 and UO2þ

2 . The availability of electrons from corroding steel
may be an important factor in establishing and maintaining overall
reducing conditions. Although the measured system Eh is typically
not useful for quantitative predictions [21–25], an overall decrease
in redox potential may, depending on water chemistry, stabilize
spent nuclear fuel (SNF), kinetically hinder SNF oxidation, or influ-
ence the nature of any SNF alteration products.

2. Experiment

2.1. Miniature steel waste packages

Six small-scale (�1:40 by length) miniature waste packages
were constructed using 316 stainless steel (nominal composition:
Fe62.0Cr18.0Ni14.0Mo3.0Mn2.0N0.08Si0.75P0.045S0.03C0.02 [26]), the same
material as the proposed Yucca Mountain waste packages [20], for
the body, end-caps and fittings (Fig. 1). This steel corrodes less rap-
idly under most conditions than the A-516 carbon steel (nominal
composition: Fe97.87C0.31Mn1.3P0.035S0.035Si0.45 [27]) proposed for
use as guides for spent nuclear fuel inside the waste packages.
The A-516 steel and 316 stainless steels were obtained from Labo-
ratory Testing, Inc., a DOE-approved supplier, and are certified to
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Fig. 1. Schematic of miniature waste package viewed from two angles.

Fig. 2. Secondary electron image of polished cross-section of UO2 grain prior to
crushing for use in miniature waste packages. SEM/EDS of all areas showed only U
and O.
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meet the ASTM standards for those materials. Electron microprobe
analysis showed that the A-516 steel also contained 0.19 wt% Cr
and 0.29 wt% Cu.

In order to maintain the same ratio of body-interior surface area
to guide surface area, 25 1 � 10 � 0.1 cm strips of A-516 carbon
steel (mass 7.9 g each) were inserted into each waste package,
and inert polytetrafluoroethylene (PTFE) balls with a diameter of
9.53 mm were used to separate the steel strips and fill some of
the excess void space. Each package had an internal diameter of
38.1 mm, an internal length of 123 mm, two upper ports (diameter
0.32 mm) and one lower port (diameter 16.0 mm) with an Ultra-
torr� fitting and a heavy-gauge glass test tube for effluent sample
collection. The caps on both ends of each package were sealed
using Viton� O-rings and parafilm to prevent higher corrosion
rates on the straight-threaded end-caps.

The six packages differed with respect to water input, exposure
to the atmosphere, temperature and the presence of uranium (Ta-
ble 1). In most cases, the upper port on the opposite side from the
lower port was covered by a rubber septum for the introduction of
the aqueous phase. The exception was package C, which was not
injected with water but was left entirely open to an atmosphere
with near 100% relative humidity and partial pressures of oxygen
and carbon dioxide of 10�0.7 bar and 10�3.4 bar, respectively. The
second upper ports of packages A, D and E were sealed using a
Swagelok snubber, which limits airflow, but allows sufficient ex-
change to avoid pressurization, while those of packages B and F
were left open to the same atmospheric conditions as that of pack-
age C. No effort was made to seal the edges around the rubber sep-
tum in the upper port. Because of their increased exposure to the
atmosphere, the open packages B, C and F were more likely to sim-
ulate conditions for a breached waste package at Yucca Mountain.
Humid conditions were maintained by enclosing the package setup
in a sealed plastic bag and pumping air, which had been saturated
Table 1
Test matrix for waste package experiments.

Package Atmosphere YMPW volume

A Closed 200 ll/day (�50 ml total)
B Open 200 ll/day (�50 ml total)
C Open –
D Closed 1 ml/week YMPW-2
E Closed 200 ll/day–6 months (�25 ml total)
F Open 200 ll/day–7 months (�30 ml total)
with water vapor by bubbling through deionized water, through
the bag. A Traceable� digital hygrometer was used to check these
conditions. Package D was maintained at 60 �C using a hot plate,
and all other packages were allowed to corrode at room tempera-
ture. Package D is significantly different from the other three pack-
ages because it was initiated as a scoping study, a short test to
determine if the steel would corrode quickly under the chosen con-
ditions. Ideally, other packages would be run at elevated tempera-
tures and high relative humidity in order to better gauge the effect
of changing these variables.

The uranium in packages E and F was present as synthetic UO2

prepared from large crystal boules grown from an arc-fusion melt
[28] (Fig. 2). The mineral uraninite (naturally occurring UO2) is
considered an excellent analogue for commercial SNF, having the
same structure, dominant composition and similar abundant
impurities [29]. Although a less appropriate analogue for SNF than
uraninite because of a relative lack of impurities, synthetic UO2

was preferred in this study both in order to simplify the system
and to minimize radiation levels associated with decay products
such as radon. A small mass (0.1 g) was used in order to further
minimize associated radiation, and the UO2 was crushed using a
mortar and pestle, creating sand and silt-sized grains (0.005–
2 mm in diameter) to increase available surface area.

2.2. Yucca mountain process water

A simulated Yucca Mountain process water (YMPW) was in-
jected into packages A, B, E and F at a rate of 200 ll per day five
days a week using a calibrated needle syringe. Scaling by volume,
this rate is equivalent to the introduction of 1.3 ml of water per
minute in a full-size waste package. YMPW consists of 50 mg/l sil-
ica, 38.3 mg/l Na, enough hydrochloric acid to lower the pH to 7.6,
Temperature (�C) Relative humidity UO2 present

25 100% None
25 100% None
25 100% None
60 Environmental None
25 100% 0.1 g
25 100% 0.1 g



Table 2
Saturated zone (J-13) [31] and selected pore water compositions [32] compared with initial concentrations in YMPW and YMPW-2.

Component Unit J-13 Ca pore water Na pore water YMPWa YMPW-2

pHb pH 7.4 (7.8) 7.6 (8.1) 7.4 (8.3) 7.8 7.9
SiO2(aq) mmolar 0.95 0.66 0.66 0.83 0.90
HCO�3 mmolar 2.34 6.51 5.93 0.45 1.95
Cl� mmolar 0.20 0.59 0.68 1.00 0.02
Na+ mmolar 1.99 1.70 5.22 1.66 2.00
Ca2+ mmolar 0.32 2.35 2.02 5.02 0.87

a All but pH are calculated values given known Na and Si inputs, atmospheric carbon dioxide levels and calcite equilibria. Actual values produced may vary slightly.
b Values given in parentheses for J-13 and pore waters assume the solution is equilibrated to log fCO2 = �3.0.
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and an excess of powdered calcite. The solution was equilibrated
with the atmosphere for five days, filtered, and allowed to equili-
brate with the atmosphere for an additional five days. The final
pH for different batches stabilized between 7.5 and 7.9. J-13 well
water [30,31], pore waters from the unsaturated zone near Yucca
Mountain [32] and various calculated waters have been used to
approximate the composition of fluids entering a breached waste
package. However, there is no universally accepted optimal fluid
composition for use in studies of the release of radionuclides at a
proposed nuclear waste repository (source term work) because of
large uncertainties in, for example, breach time, fluid sources and
the extent of prior fluid-rock interactions. The waters currently
found at Yucca Mountain are typically highly supersaturated with
respect to quartz and approximately saturated with respect to cal-
cite [32], and the major element chemistry of YMPW is similar to
these waters (Table 2). Another fluid, YMPW-2, a pH 7.9 dilute
Na–Ca-bicarbonate silicate water with approximately 0.8 ppm
chloride and 1.0 ppm fluoride, was injected into package D at a rate
of 1 ml per week.

2.3. Characterization of solids

Non-radioactive packages were handled primarily at Sandia Na-
tional Laboratories (SNL), and all work with the U-bearing package
(E and F) was performed at the University of Michigan (UM). The
surfaces of the A-516 steel and UO2 were examined using scanning
electron microscopy with energy dispersive spectroscopy (SEM/
EDS; Hitachi S3200N at UM; JEOL JSM-5900LV at SNL) prior to
being placed in the packages. Packages A, B, E and F were allowed
to corrode at room temperature and 100% relative humidity until
the test tubes in the lower port were nearly full of effluent. Package
C was opened at the same time as packages A and B, and package D
was sampled at 30 and 90 days. During sampling, the packages
were disassembled under inert atmosphere (N2-filled glove bag
at SNL; Coy Laboratories glove box containing a mixture of N2

and 5% H2 gas, a desiccant and a catalyst for O2 combination with
H2 at UM).

Characterization of corrosion products included powder X-ray
powder diffraction (XRD, Scintag X1 at UM and Bruker D8-AD-
VANCE at SNL, Cu Ka radiation), SEM/EDS, electron microprobe
analysis (Cameca SX100) with wavelength dispersive spectroscopy
(EMPA/WDS), and wet chemical analysis. XRD samples from pack-
ages A, B and D were prepared as smear mounts and analyzed
within 2 h after the packages were opened. Due to a catastrophic
XRD failure at SNL, the original XRD data for package D was lost ex-
cept for a graphical image, and the samples were analyzed again
3.5 years later at UM. Corrosion products from the U-containing
packages E and F were scraped onto a glass slide with a plastic
scraper and allowed to dry under inert atmosphere for two hours
prior to being analyzed. Strips from packages E and F with rela-
tively high levels of corrosion but low levels of radioactivity were
cross-sectioned, given a diamond polish, and examined with
SEM/EDS and EMPA/WDS. SEM analyses were conducted at an
accelerating voltage of 20 kV, and EMPA/WDS analyses used
25 kV, a beam current of 40 nA and typical counting times of
30 s, except for U La, which was run at 50 nA and 300 s to obtain
comparable precision to U Ma. The standards used for the calibra-
tion were: UO2 for U Mb (count time 200 s) and U La (count time
300 s), Cu metal for Cu, andradite for Fe and Si and manganotanta-
lite for Mn.

Fe(II)/Fe(III) ratios in the corrosion products were measured
using a method combining the standard Pratt and ferrozine wet
chemical methods [33,34]. The samples were dissolved in H2SO4

and HF rather than HCl [35], and the resulting solution was ana-
lyzed using the spectrophotometric agent ferrozine. Two potential
weaknesses of all wet chemical methods are: (1) a very small sam-
ple may not be representative of the whole, and (2) the Fe(II) can
be easily oxidized during sample digestion. In this study, as in
the traditional Pratt method, oxidation was prevented by immedi-
ate and continuous boiling of the acid mixture during digestion. Gi-
ven the likelihood of oxidation, the numbers reported for all Fe(II)/
Fe(III) ratios are minimum values.
2.4. Water chemistry

Total U and Fe were measured in the effluent of packages E and
F using inductively coupled mass spectrometry (ICP-MS, Thermo
Fisher Finnigan Mat Element at UM). Effluent pH was analyzed
using a Ross electrode with a Symphony SB70P meter, and Fe(II)/
Fe(III) values were measured using the ferrozine method [33].
These values, along with initial YMPW water chemistry, were used
as input in the software package EQ3NR [36] to calculate specia-
tion, solution-mineral equilibria, pe and oxygen fugacities using a
thermodynamic database developed specifically for application to
the Yucca Mountain project [37]. The major assumptions that went
into these calculations were (1) the concentrations of elements
other than Fe (Table 2) remained constant throughout the experi-
ment, (2) K+ and Al3+ are also present due to the groundwater
interaction with the surrounding tuff at Yucca Mountain and (3)
all aqueous and gas phases have reached thermodynamic equilib-
rium. Assumption three is rarely correct in natural waters [21–25]
and is almost certainly incorrect here. Aqueous Fe(II)/Fe(III) ratios
may have been controlled primarily by the rates of Fe corrosion,
precipitation and sorption. The calculated oxygen fugacities and
pe’s determined and reported here based on the Fe(II)/Fe(III) redox
couple should be considered only estimates of a theoretical system
pe that may bear little resemblance to the actual potential of the
U(IV)/U(VI) couple.
3. Results

3.1. Fe speciation and pe–pH conditions

Fig. 3 shows the pe–pH conditions inside of the packages deter-
mined from the measured pH and Fe(II)/Fe(III) ratio in the effluent



Fig. 3. pe–pH diagrams showing package chemistry (letters explained in Table 3)
and dominant aqueous Fe phases in the effluents.

Table 4
Activity (mM) of aqueous Fe species in packages calculated by EQ3NR.

Species A (closed) B 0.5 year B 1.5 year E (U-closed) F

HFeO2(aq) 5.04E-07 7.85E-06 1.05E-05 2.77E-06 7.67E-06
FeO�2 1.17E-07 Negligible 1.54E-06 1.29E-05 6.59E-06
FeO+ Negligible 5.48E-06 Negligible Negligible Negligible

FeCO3(aq) 1.45E-06 1.79E-07 8.04E-07 8.53E-06 8.61E-06
Fe2+ 3.61E-07 1.22E-05 3.09E-07 2.77E-07 6.76E-07
HFeO�2 Negligible Negligible Negligible 4.77E-06 Negligible
FeOH+ 1.01E-07 Negligible 5.43E-08 1.51E-06 7.02E-07
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(Table 3) and superimposed on the pe–pH diagrams for aqueous Fe
species in the effluent. Over time, the internal chemistry becomes
both more basic and more reducing as the steel corrodes, releasing
more electrons from the iron. The open packages are more oxidiz-
ing than similar closed packages. Aqueous species were chosen for
the pe–pH diagram based on the results of EQ3NR speciation calcu-
lations (Table 4). Calculated aqueous Fe species include HFeO2(aq),
FeO�2 , Fe2+, HFeO�2 and FeOH+, and in most packages, FeCO3(aq) is
the dominant aqueous Fe species after 1.5 years. Siderite (FeCO3(s))
has extremely sluggish precipitation kinetics [38] and was not
observed.

3.2. Metal corrosion products

The extent of metal corrosion varied from virtually nothing,
most notably in package C, which was not injected with water,
to up to 50% on some strips. Typically 5% or less of an individual
strip appeared corroded. EDS analysis showed a major chemistry
of Fe or Fe–O in all areas, but Cu, S, Si and Mn were also noted in
Table 3
Measured solid corrosion product Fe(II)/Fe(III) ratios, effluent Fe(II) and Fe(III) valuesa an
modeling tool EQ3NR.

Package Sample time Solidsb Fe(II)/Fe(III) [Fe(II)(aq)] (l

A (closed) 1.5 years 0.72 11
B (open) 1.5 years 0.60 (±0.05) 6.4 (±3.6)
B 0.5 years NDc 38 (±2)
D (heated) 90 days 0.04 ND
E (Uclosed) 2 years 0.90 (±0.3) 88
F (Uopen) 2 years 1.5 (±0.4) 62

a When enough material for multiple samples was available, error estimates were ma
b These are minimum values in all cases. Because of a delay in transferring the sample d

oxidation.
c ND stands for ‘not determined’.
corrosion products. EMPA/WDS results of the corrosion products
also show a high level of heterogeneity (Fig. 4). This variability in
chemistry suggests that solid samples taken for XRD (a few tens
of mg) and wet chemical analyses (about 5 mg) may not be repre-
sentative. To minimize this problem, multiple analyses were per-
formed when a sufficient mass of corrosion products was available.

The major corrosion product identified by XRD in packages A, B,
D, E, and F was either magnetite, Fe3O4, or the structurally similar
maghemite, Fe2O3 (Fig. 5). Wet chemical analyses of corrosion
products from all of the packages (Table 3) confirmed the presence
of Fe(II), which suggests the dominant corrosion product is magne-
tite rather than maghemite. However, given that the Fe(II)/Fe(III)
ratio in the bulk solids is greater than that of magnetite (0.5) at
least one other reduced Fe phase must be present. Because no
other significant peaks appeared in the XRD spectra, this phase is
probably amorphous. It is also possible that maghemite is the dom-
inant corrosion product, and all of the Fe(II) was present in poorly
crystalline phases.

There is XRD evidence for akaganeite in packages A, B and F.
Akaganeite is nominally b-FeOOH but is perhaps better described
as b-FeO1�2x(OH)1+xClx because Cl� or F� ions are typically present
[39]. Formation of akaganeite is associated with corrosion pro-
cesses induced by Cl� ions [40]. Small lepidocrocite (c-FeOOH)
peaks were observed in packages E and F after 2 years, and one
peak suggesting the presence of hematite (Fe2O3) was observed
in package D after 90 days. An unidentified phase with a large d-
spacing of 13 Ångstroms was noted in the initial survey of package
D, the high temperature study. This mineral may correlate with a
platy Fe–O–Cl phase that was noted using SEM/EDS (Fig. 6). The
layered structure, high Fe(II) to Fe(III) ratio, Cl-content, and evi-
dence of lepidocrocite formation in packages E and F suggest the
presence of the layered Fe-oxyhydrate green rust [41], which has
also been noted as a corrosion product of zero-valent iron reactive
barriers [42].

The results of this study are in general agreement with previous
studies of Fe and steel corrosion, in which magnetite is typically
the dominant phase. Maghemite, goethite, lepidocrocite, hematite,
siderite and green rust may also be present, depending on experi-
mental conditions, such as relative humidity, water chemistry,
d pH, as well as pe and log oxygen fugacity (fO2) calculated using the geochemical

g/l) [Fe(III)(aq)] (lg/l) pH pe Log fO2

3.1 8.9 �1.4 �53.0
60. (±6) 8.7 0.63 �45.6
58 (±2) 6.6 5.21 �35.7
ND ND ND ND
77 10.2 �4.39 �59.7
70 9.5 �2.16 �53.7

de.
uring preparations for titration, package D is particularly likely to have experienced



Fig. 4. BSE images of corroded steel from package E showing iron corrosion products. Bright areas in A are largely uncorroded steel, and the darker phases consist of Fe oxides,
most likely magnetite. The boxed area of A is shown magnified in B. Electron microprobe analysis with WDS was used to create elemental maps of the boxed area in A. These
are shown labeled by element. Map scale bars show total counts per pixel.

Fig. 5. X-ray diffraction spectra (Cu Ka radiation) of corrosion products in packages A, B, D, F, and E showing magnetite/maghemite (mag), hematite (hem), akaganeite (akag),
lepidocrocite (lep), and an unidentified mineral (?). All patterns were obtained within 6 h of opening the packages except D-2008, which was obtained 3.5 years after the
initial analysis. The original data for the high temperature study (D-2005) has been lost, and all peak positions for that pattern should be treated as approximate values.
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steel composition, time and temperature [12,43–56]. Bench-top
experiments, even those such as the current study that were run
over a series of years, are short-term compared to the life of a
repository. Corrosion studies of archeological artifacts suggest that



Fig. 6. Backscattered electron micrographs of Package D corroded steel of at 90
days. The polished cross-section shows oxidized areas along the steel surface and
loosely consolidated fibers or plates of a Cl-rich phase.

Fig. 7. Backscattered electron images of a steel strip cross-sections from package E.
The bright phases in the boxed area of A are shown magnified in B. Electron
microprobe analysis was used to generate an elemental map of Cu, shown in C.
Elemental map scale bar shows total counts per pixel.

Fig. 8. Back-scattered electron image of a typical small UO2 fragment (circled and
identified by EDS) found in the package E after 2 years. No other solid uranium
phases were detected using SEM/EDS, XRD, or EMPA.
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magnetite, goethite and maghemite are the most important long-
term corrosion products, although akaganeite, lepidocrocite and
siderite have also been found as corrosion products of iron artifacts
in certain environments. Unfortunately, these studies are not suffi-
ciently well developed to be useful for quantitative long-term cor-
rosion modeling [57,58].

Under anoxic conditions, the reduction of H+ becomes impor-
tant [59], and the corrosion of Fe is typically thought of as a trans-
formation first to Fe(OH)2 followed by oxidation to magnetite via
the Schikorr reaction [60]:

3FeðOHÞ2 ! Fe3O4 þH2 þ 2H2O ð1Þ

Given the very low redox potentials, it is possible that there may
also have been some accumulation of hydrogen, but the lack of
XRD evidence for Fe(OH)2 formation suggests that the Schikorr
reaction was of minor importance.

Copper, which was observed to be a minor constituent of the
original A-516 steel strips used in this study, migrated out of the
steel during corrosion and formed distinctive small balls highly en-
riched in Cu (Fig. 7). While the Cu balls are very common in the
cracks and crevices throughout the corroded steel, they do not ap-
pear to be interacting with the U directly. The potential effects of
Cu and other minor components in the steel on the corrosion of
UO2 under these conditions were not evaluated.

3.3. Corrosion of UO2

Several particles containing U and O were found with SEM/EDS
associated with the corrosion products. Most of these were only a
few lm wide (Fig. 8), although one 20 lm-wide grain was located.
Because of the small size of the grain, microscale characterization,
for instance with transmission electron microscopy, could not be
carried out, but elemental maps and line scans were generated
around the grain using EMPA/WDS (Fig. 9). Measured wt% UO2

for points on the grain were close to 100, and lower wt% for certain
points on the UO2 corresponded to low total measured wt% (holes).
These pores on the surface of the grain are similar to those ob-
served in original grains (Fig. 2) and may have increased in size
during the polishing process. The broken areas of the grain along
an otherwise sharp boundary may also be a result of polishing.

Weight percentages of 0.3–0.1% UO2 were observed with EMPA/
WDS up to 15 lm from the grain. These results may have been
caused by (1) secondary fluorescence of the U in the grain by Fe,
(2) the remainder of the grain being buried just below the surface,
(3) poor resolution of spot size during EMPA measurements, or (4)
migration of U from the grain and association with iron corrosion



Fig. 9. Secondary electron (SE) and back-scattered electron (BSE) image of UO2 grain surrounded by steel corrosion products (most likely magnetite) in package E with
associated EMPA/WDS line scans and elemental maps of U focused at different levels of total counts per pixel.

Fig. 10. EMPA/WDS line scans of U La and Mb taken near line 1 of the UO2 grain shown in Fig. 9. Vertical error bars represent one standard deviation in the measured wt% U.
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products. If the U Mb lines were being fluoresced by Fe, weight per-
cent U measured using Mb lines should be higher than weight per-
cent U measured using La lines. A comparison of quantitative
results for U La (25 kV, 50 nA, 300 s count time) and Mb lines
(20 kV, 20 nA, 20 s count time) indicates that this is not the case
(Fig. 10), and therefore secondary fluorescence is not an important
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phenomenon in this system. The similarities in line scans on two
different sides of the grain and fairly sharp grain boundary suggest
that either the buried grain is highly symmetrical or counts from
buried UO2 are negligible. Because the grain may not be well an-
chored in the corrosion products, the sample was not polished an
additional 1 lm for a definitive test. Resolution of the spot size
could not be determined without modeling software or compari-
son to a similar sample known to have a very sharp grain bound-
ary. If EMPA/WDS measurements do correctly indicate the
presence of U surrounding the original grain, the U may be present
as (1) a reprecipitated uranium mineral such as UO2, as was ob-
served in a recent study with iron nanoparticles [61], (2) uranyl
ions absorbing to magnetite or other iron oxide surfaces, or (3) part
of a poorly crystalline phase.

Although the exact nature of the U–Fe association cannot be
made clear without more detailed nanoscale analysis such as with
transmission electron microscopy (which cannot be applied due to
the small size of the sample), the low values of U associated with
the iron corrosion products, generally sharp appearance of the
boundary between the grain and surrounding corrosion products,
and low concentration of dissolved U in the water (0.868 ppb in
package E and 4.536 ppb in package F) strongly suggest that overall
UO2 corrosion was minimal.

4. Discussion

4.1. Lowered redox conditions

The heterogeneity of the corrosion products and presence of
uncorroded steel demonstrates that even after 2 years, the solids
are far from thermodynamic equilibrium. The pe–pH conditions
for all packages plot in the hematite, not magnetite, stability field
Fig. 11. Close-up of measured redox and pH conditions inside of the packages
(letters explained in Table 3) superimposed on the field of iron minerals expected to
be most thermodynamically stable in YMPW. The activity of Fe is taken as
1.7 � 10�6 M, an average measured value.
(Fig. 11). Therefore, calculated pe conditions, which are based on
only the aqueous Fe(II)/Fe(III) ratio without regard to the possible
influence of solid iron phases, should be taken as estimates.

The high Fe(II)/Fe(III) ratios in the package effluent (assuming
Fe redox chemistry dominates the system) and negligible UO2 cor-
rosion suggest that the internal chemistry of the packages is much
more reducing than the outside air. This is likely due to a combina-
tion of low oxygen transport rates into the packages relative to Fe
and U oxidation reactions (which remove oxygen from the system
through the formation of magnetite and other oxides or oxyhy-
droxides) and the presence of a buffering system that resists the
Eh change that would be expected when oxygen enters the system.

Although the packages were filled with air initially and allowed
some contact with the surrounding environment, the rate of oxy-
gen transport into the packages was a controlling factor. The higher
value of dissolved U in package F as compared with package E indi-
cates a greater degree of oxidative dissolution of the UO2, which
follows directly from the greater access to oxygen through the
open port (assuming no uranyl phases precipitated in either case).
An identical experiment conducted with one side left completely
open would be expected to show far higher levels of both Fe and
U corrosion (this would be an appropriate control in future
experiments).

As Fe oxidation proceeds, equilibrium reactions involving sec-
ondary phases may also play a role. A buffer is traditionally defined
as a system that resists changes in pH (e.g., a mixture of roughly
equal proportions of a weak acid and its conjugate base) or Eh
(e.g., the magnetite-hematite buffer). Equilibrium lines for these
reactions plot on Pourbaix diagrams as vertical and horizontal
lines, respectively. If both products and reactants of a given reac-
tion involving both redox and pH changes are present in a system,
they may create a buffer that resists deviations in the system away
from the equilibrium line. The measured pe–pH points for the
packages form a rough line with a slope of approximately 1 e� to
3 H+, suggesting a buffering system with rapid kinetics relative to
other reactions in this system.

The relative importance of above processes may have changed
over the course of the experiment. Perhaps Fe(III) phases such as
ferrihydrite (poorly crystalline Fe(OH)3), akaganeite (b-FeOOH),
or lepidocrocite (c-FeOOH) formed early, when oxygen was rela-
tively abundant in the packages and corrosion rates may have been
more rapid, and then slowly dissolved or converted to Fe(II)-bear-
ing species after oxygen became depleted. This would explain the
general increase in the Fe(II)/Fe(III) ratios of the solid corrosion
products over time, and depending on the reaction, may also ac-
count for the observed pH increase as in the following equation:

3FeOOHþHþ þ e� ! Fe3O4 þ 2H2O ð2Þ

If O2(aq) is sufficiently depleted, Fe(III) species may be the most
important oxidizing agents in the system.

4.2. Kinetic hindrance of UO2 corrosion

The predicted speciation of U depends on the water chemis-
try. In YMPW, which contains high levels of both Ca2+ and silica
(Table 2), geochemical modeling using the Yucca Mountain pro-
ject thermodynamic database [37] predicts that under all pe–
pH conditions tested uranophane (Ca[(UO2)SiO3(OH)]2�5H2O) is
the thermodynamically stable phase. Uranophane has been noted
as a corrosion product of uraninite/UO2 under oxidizing condi-
tions [62,63].

The above thermodynamic prediction should be taken only as a
starting point, both because of likely kinetic effects and because er-
rors in thermodynamic measurements may lead to large changes
in the calculated stability field [64]. The thermodynamic data for
coffinite, which is known to be an important alteration product
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of uraninite under reducing and Si-rich conditions [65], is espe-
cially problematic. Although coffinite was first synthesized over
50 years ago [66–68], no calorimetric studies have been performed
because of difficulties synthesizing a large enough pure sample
[69], and available thermodynamic data for coffinite is generally
not considered valid [70]. Also, this database does not include bec-
querelite (Ca(UO2)6O4(OH)6�8(H2O)), which is expected to be one of
the most important phases in the UO3–CaO–H2O system [71].

The UO2 grains in these experiments are not expected to be
thermodynamically stable with the oxygenated fluids of the exper-
iments, and their persistence indicates that oxidation was kineti-
cally hindered. The decrease in measured redox conditions
reflects a decrease in availability of the chemical reactant O2, and
limited reactant availability leads to slower reaction times. A layer
of corrosion products surrounding the UO2 grains may also have
contributed by forming a protective barrier against oxygen and
water.

4.3. Implications for radionuclide release from waste packages

Standard conceptual models used in performance assessment
analyses consider only two possible scenarios in the lifetime of
the waste package: before breach, when no water is available
and the corrosion rate is negligible, and after breach, when water
infiltrates the package and the spent nuclear fuel (SNF) is exposed
to the open air and oxidized relatively quickly [20]. The results of
this study suggest that a more accurate description of the rate of
oxidative corrosion of spent nuclear fuel at the proposed repository
site at Yucca Mountain should include at least one intermediate
stage: when the steel begins to corrode, conditions inside of the
canister are more reducing, and SNF does not corrode significantly.

Given the many tons of carbon and stainless steel within the ac-
tual waste packages, reducing conditions are certain to exist inside
of the waste package for some time, but any estimate of that time
that is based only on these short-term experiments is unlikely to
be meaningful. The relative rates of oxygen ingress and steel oxida-
tion will be largely determined by the form and extent of the
breach and the rate of water flow into the package, both of which
may change over time. Even assuming a constant water flow and
breach size, these experiments are too short in duration to deter-
mine any relation between the complete oxidation of carbon steel
(expected in tens to hundreds of thousands of years [72]) and final
redox chemistry. Oxidizing conditions may, for instance, become
established well before all of the carbon steel has corroded if the
breached area is large, or reducing conditions may persist long
afterwards due to the effect of corrosion of the stainless steel con-
tainer or the formation of a protective layer of corrosion products.

The low oxygen fugacities of this study (Fig. 11) were measured
for a steel type that corrodes relatively easily. Stainless steel, which
has been proposed to replace carbon steel in the waste packages
[20], corrodes more slowly. Depending on the rate of fluid flow,
use of this steel may either extend the period of lowered redox
chemistry or, if the steel is sufficiently corrosion resistant, may
not contribute to reducing conditions at all.

The effectiveness of corrosion products such as magnetite and
hematite as radionuclide getters will depend on the water chemis-
try, particularly the carbonate concentration and pH. Uranyl ions
are known to form highly mobile carbonate complexes such as
ðUO2Þ2CO3ðOHÞ�3 , UO2CO

�

3, UO2ðCO3Þ2�2 and UO2ðCO3Þ4�3 [73], which
are not easily adsorbed onto Fe oxides or other mineral surfaces
[5,74–78]. High carbonate concentrations, which may also increase
the mobility of NpOþ2 [79], are expected at Yucca Mountain, and ba-
sic waters like those found in the packages will facilitate carbonate
complex formation. However, over much longer time scales, corro-
sion modeling suggests that pH will be acidic, minimizing the
importance of uranyl carbonate complexation [32].
5. Conclusions

This study examined the corrosion products of A-516 steel and
synthetic UO2 over a 2 year period under conditions likely to pre-
vail at the proposed nuclear waste repository at Yucca Mountain
shortly after the waste package is breached. Over this time period,
approximately 5% of the steel interacting with water experienced
some degree of corrosion, and the redox potential for the Fe(II)/
Fe(III) couple decreased steadily. The UO2 did not experience sig-
nificant alteration, suggesting that for several years after breach,
spent nuclear fuel corrosion and radionuclide release will be
minimal.
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