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implement strategies to0 conserve ecosystems”. The study was
initiated in 1991 and was funded by the University of Waterloo and
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The paper describes the mineralogy and mineral chemistry of long-
term column studies conducted to assess the potential for in-situ
treatment of chromate contaminated groundwater using permeable
reactive walls. Chromium in the form of chromate is one of the most
frequently encountered contaminants in groundwater. In the
hexavalent form, Cr is highly toxic and carcinogenic. The study was
initiated in 1992. Mineralogical analyses of reacted solids after
flowing Cr(VI) contaminated groundwater through treatment
materials for several years are presented.

In-situ remediation appears to be a viable technique for remediation
of a number of inorganic contaminants. Future efforts will be
directed toward the development of techniques for remediating a
variety of inorganic contaminants.



Abstract

Groundwater containing aqueous Cr(VI) species are an environmental concern worldwide. Cr(VI)
removal using permeable-reactive redox walls constructed using iron filings have been recently
shown as an effective remediation method. Iron filings reacted with Cr(VI) doped solutions in flow-
through column studies are found to develop oxidized coatings comprised of goethite. Mineralogical
analysis shows chromium to be concentrated in the outermost edge of the coatings. Surface analysis
identifies all detectable chromium occurs exclusively as Cr(III) species. In addition it is found that
with increased chromium content goethite surfaces acquire chemical and striictural characteristics
similar to Fe,0,. Accumulation of discrete Cy Q globules is observed, suggesting a complete
partitioning of chromium from the surface iron oxide species. Results of the study indicate complete
reduction of Cr(VI) to Cr(III) occurs and that Cr(IIl) is 1ncorporated into solid species which are
sparingly soluble. :
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Recent studies have shown promising results for subsurface
remediation of dissolved chromate using
permeable-reactive redox walls. Chromate reduction in
the presence of iron filings and quartz grains was studied to
determine the fate of reduced chromium in proposed wall
material. Using a flow-through column apparatus, iron
filings mixed with quartz grains were reacted with solutions
that contained about 20 mg/L dissolved Cr{Vl). Reacted
iron filings developed coatings comprised of goethite with
chromium concentrated in the outermost edges. Surface
analysis showed all detectable chromium occurred as
Cr{ill) species. In addition, in regions of increased chromium
concentration, goethite acquired chemical and structural
characteristics similar to Fez0z and Cra0s. Results of the
study show that complete reduction of Cr{VI) to Cr{lil)
occurred and that Cr{ill) was incorporated into sparingly
soluble solid species. . .

Intreduction _

Chromium is a common groundwater contaminant in
industrial regions throughout the world. Inthe United Statés
chromium is the second most common inorganic ground-
water contaminant, after lead (). In groundwater environ-
ments, chromium occurs in two stable oxidation states, Cr(VI)
and Cr(II) (2; 3). ManyCr(VI) species are known carcinogens
aiid are of environmental concem. In conitrast, Cr(Ill) species

are generally regarded as benign (7). Conventional ground- .

water treatment programs involve the pumping of contami-
nated groundwater for treatment and disposal of contami-

nants. Thisapproach canbeineffective (4). Anew technology

currently being developed for the remediation of contami-
nated groundwater involves placing permeable-reactive redox
-walls below the ground surface in the path of flowing
groundwater (3, 5, 6). Laboratory studies by Blowes and
Ptacek (5) have shown that iron-bearing solids rapidly remove
chromate from solution and may potentially be an effective
redox wall material for use in subsurface chromate reme-
diation. :

Blowes et al. (6) conducted a series of batch and long-
term dynamic flow-through column experiments designed
to investigate the Cr(V]) removal potential for various iron-
bearing solids. Of the materials tested, iron filings mixed

_ with quartz sand at a 1:1 inass ratio were found to have the

* Corresponding author presentaddress: Strface Science Western,
The University of Western Ontario, London, Ontario, Canada N6A
§B7; fax: (519)661-3709; e-mail: apratt@surf.ssw.uwo.ca.

t University of Waterloo. ) )

# Environment Canada.

2492 = ENVIRONMENTAL SCIENCE & TECKNOLOGY / VOL. 31, NO. 9, 1997

highest chromate removal potential. The purpose of this
research is to identify the mineralogical and geochemical
nature of the secondary reaction products formed on iron
filings throughoit the dynamic flow column tests described

- by Blowes et al. (6). The objectives of this research were

accomplished by combining traditional mineralogical analysis
methods with surface analysis methods.

Materials and Methods v _ )
The iron filings examined in this study were reacted with
solutions containing about 20 mg/L Cr(VI), as K.CrO, under
dynamic flow conditions of 10 m/a for more than 150 pore
volumes. Experimental methods for the column tests are
reported in Blowes and Ptacek (5) and Blowes et al. (6). The
grains examined here were flushed with a chromium-free
calciuim carbonate-saturated solution following the break-
through of Cr(VD) in the column effluent solution (6).
Specimens allotted for surface analysis were handled under
argon or nitrogen gas atmospheres to minimize the con-
tamination of siirfaces by atmospheric gases.

Tron filing and quartz grain surfaces were analyzed using
reflected light microscopy, secondary electrén microscopy
(SEM), energy-dispersive X-ray analysis (EDX), electron probe
microanalysis (EPMA), X-ray photoelectron spectroscopy
(XPS), Raman spectroscopy, and Auger electron spectroscopy
(AES). XPS provides chemical state information, Raman
spectroscopy structural information, and AES compositional
information. Comprehensive introductions to these surface
methods of analysis with regard to geologic materials are
presented in Hochella (7) (XPS and AES) and Johnston (8)
(Raman spectroscopy). :

'SEM, EDX, and EPMA. Secondary electron images were
acquired using a Hitachi S-4500 field emission secondary
electron microscope. Images were collected with a beam
potential of 5 kV. EDX analysis were acquired usinga Noran
Instruments light element EDX detector attached to an ISI
DS-130scanning electron microscope. EDXspectraandX-ray
maps were collected using a beam potential of 15 kV. EPMA
analysis were conducted using a Jeol JXA-8600 wavelength
dispersion system. The accelerating voltage was 15kV, with
a beam size near 1 am and current of 10 nA. Analysis were

- calibrated for Feand Crusing hematite and chromite reference

standards.

XPS. XPS measurements were made using a modified
SSX-100 X-ray photoelectron spectrometer, with a mono-
chromatized Al Ka X-ray source (spot size 300—600 4m) and
a base pressure of 2 x 10~® Torr. The spectrometer was
calibrated to the Au(4f>) line at 83.98 eV and gave an energy
difference of 857.1 eV between the metallic copper 3paz and .
2pss; lines. Analyzer pass energies were 160 and 25 eV.
Quantitative XPS measurements using integrated photoelec-
tron line intensities were corrected using calculated photo-
electron cross-sections. Metal 3p line intensities were used
for quantitative measurements because of their less complex
spectral backgrounds. Charge shiftingof spectrawas minimal,
<0.6 eV, based on the position of the C(1s) hydrocarbon line
at285.0eV. '

Raman Spectroscopy. Raman spectra were recorded on

.a Dilor Omars 89 spectrometer tising a Coherent Radiation

Innova 70 argon jon laser and 514.5 nm radiation. A neon

_ lamp was used to calibrate the spectrometer. Laser beam

diameter was 5—8 um. )

AES, AES measurements were made using a Perkin Elmer
Phi-600 scanning Auger microprobe. Instrument base pres-
surewas3 x 10-° Torr, Suifaceswere found to be susceptible
to damage from the impinging electron beam. Surface
damage was substantially reduced and possibly eliminated

50013-936X(96)00789-4 CCC: $14.00  © 1997 American Chemical Society
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FIGURE 1. SEM micrographs-and elemental X-ray maps for 0 and Cr illustrating the character of secondary coatings found on chromate reacted
iron filings: {a) massive type coating; {b) collcform textured coating (circles and line mark EPMA and AES microprobe traverses; analysis point
1 (Table 1) is denoted by the outermost circlo (three subsequent analyses points follow in sequence the series of circles inward across the coating));
{c) cross-section of unreacted iron filing; (d) cross-section showing oxidized coating present on sume iron filings prior to reaction.

VOL. 31, NO..9, 1997 / ENVIRONMENTAL SCIENCE. & TECHNOLOGY = 2493




FIGUBE?. Ilepresemntwe SEM mlcmgmphs of oxidized coatings on reacted iron fling and qnanz

surfaces on iroi filing coatings: (c and d) micrographs of euhedral piates o irgr filing coatings; (e and ) mlcmgrnphs of oxidized coatings

on quartz grains.

using a 3 kV electron beam with a current of 3—10 nA and
abeam diameter of 2-5m. Quantitative AES measurements
using differentiated Auger line peak to peak intensities were
corrected using the sensitivity factors provided by Nesbitt
and Pratt (9) for Fe and O. Additional element intensities

" were corrected using manufacturer-supplied sensmvlty fac-

tors.

Besults and Discussion

Mineralogy of Secondary Phases. The iron filings examined
are irregularly shaped and approximately 1 mm in size. The
iron filings are encrusted with coatings of varying thickness
with the majorityin the 25—50 um range. Replacement type

2494 = ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 31, NO. 9, 1997

textures commonly are observed along the filing grain edges.
Coatings are primarily massive (Figure 1a). Asmall population
of the grains exhibit well-defined colloform banding. Along

. many grain surfaces radiating crystals with an acicidar habit

are discernible (Figure 1b). Coatings on the iron filings and
quartz grains are identified as goethite (cFeOOH), using
reflected light microscopy and X-ray diffraction methods.
Goethite coatings on quartz grains are thin (<25 j/m) and
compact.

Elemental X-ray maps for oxygen provnde clear definition
of the boundaries between the iron filing substrate and
goethite coating (Figures 1a and 2a). Examination of chro-
mium X-ray maps show that the highest concentratiohs of



TABLE 1. .Mga_‘s((réd Atomic Percent Concentrations (dr Fe, Cr,
and 0 Actuired during EPMA and AES Traverse across Region
_of Colloform Banding Found on Reacted Iron Filing®

Fo . cr 0
Pt1 :
EPMA 213 1.4 76.9
AES 283 12.4 59.3
Pt2 ’

EPMA 29.4 0.2 68.9
AES 328 0.0 67.2
pt3 .

EPMA 39 0.1 63.0
AES 345 0.0 65.5
Pta

EPMA 36.9 0.1 61.8

AES 339 0.0 66.1

* Analysis locations-are shown in Figure 1b.

chromium are found at the outermost edges of the coatings
(Figures 1aand 2a). Within these regions chromium is found
to have a highly heterogeneous distribution. For example,
at any randomly selected point an EDX spectra may exhibit
an intense Cr-Ka line. Moving the point of analysis a few
micrometers, the intensity of the Cr-Ka line can decrease to
near background levels. ’
‘The formation of colloform textures on some of the grains
" indicates at least two periods of coating formation, which is
unexpected under continuous flow conditions. The micro-
graph in Figure 1c shows a typical cross-section of an
unreacted iron filing. This filing is largely pristine at the
micrometer scale. There is however, as shown in Figure 1d,
a small population of the grains (<5%) that is significantly

oxidized prior to reaction. EDX spectrashow the darker gray -

area to be comprised mainly of Fe and O. The maost
pronounced oxidized deposits are found on filings that
contain impurities, such as P, or physical defects. These
" observations indicate inner colloform bands formed prior to
contact with chromate-containing solutions.

Secondary electron and backscatter electron images of
the colloform bands are all similar to Figure 1a,b and show
_distinct differences in the gray levels and sharp boundaries
between . bands. Differences in gray levels are generally

attributed to changes in average atomic number. The-

increased chromium content of the outer edge does not
appear to be a factor in gray level differénces. Grey levels
tend to be fairly consistent within regions of high chromitm
content whereas the distribution of chromium is extremely
irregular. An EPMA traverse dcross the two bands shows a
trend of progressive iron enrichment inward (Table 1). Ifthe
" gray level differences are due to a progressive enrichment in
" iron, then a corresponding sequential gray level lightening

across the coating should occur. The well-defined boundary -

between the two colloform bands demonstrates that this is
not the case. The increase in iron as the filing—coating
interface is approached is moost likely due to progressively
greatet contfibutions to the EPMA volume of analysis from
the filing substrate.

To test this hypothesis and by following the example of
Hochella et al. (10), a traverse immediately adjacent to the
EPMA points using the AES instrument as a microprobe was
undertaken. AES isa microbeam stirface analytical method,
and any contributions from depth should be eliminated (10).
The results of the AES transverse show that iron content

remains relatively constant across the coating (Table 1). The .

similarity of AES analyses across the colloform bands indicates
that gray level change is not due to chemical variations. The
change 'in gray level appears to be related to textural

differences in the two bands. The inner band tends to have

a compact character, while the outer band has a more.open
structure.

Scanning Electron Microscopy of Coating Surfaces.
Secondary electron images of reacted iron filings show
goethite coatings have two distinct morphologies. The most
widespread coating morphology is shown in Figure 2a. At
low magnification (x2500), the coating has a botryoidal
appearance. Detailed examination of coatings show the
grape-like mounds to be composed of sub-rhicrometer plates
(Figure 2b). Dispersed with anapparentrandom distribution
throughout the mounds are particulates approximately 100
nm in diameter.

Fuhedral tabular crystals are also observed. These eu-

hedral crystals occur in randomly distribuited clusters (Figure

2c). Euhedral crystals occur mainly as thin plates oriented
normal to the surface. Rosettes of radiating plates (Figure
2d) also occur. Many of the plates are found to be covered
by delicate carpets of velvety needles (Figure 2d, upper right
corner). On the surfaces of the euhedral plates in groupings
that parallel blade edges are particulates similar to those
observed on botryoidal surfaces (Figure 2d). o

The compact character of the botryoidal goethite indicates
that mineral growth occurred in a confining environment. In
this study such a confining environment would be foiind at
the poinits of grain contract. Incontrast, the euhedral crystals
indicate that unimpeded goethite growth occurred, most likely
in the open interstitial areas between grains.

Secondary electron images show oxidized coatings on
quartz grains are on a gross scale compact (Figure 2e) and

" at a fine scale comprised of delicate platelets (Figure 2f).

Particulates are riot observed on quartz grain coatings.
However, sparsely scattered about the surface are minute
authigenic columnar crystals of unknown identity.

X-ray Photoelectron Spectroscopy. Chromium.. The
Cr(2ps;) and Cr(2py) spectra collected from iron filing
coatings are shown in Figure 3a. The former peakis centered
at 577.0 eV and the latter at 586.8 eV. The magnitade of
spin—orbit splitting between the full width at half maximum
2py2and 2ps ; intensities is 9.8 eV. Aspin—orbitsplitintefval
of 9.8 eV is one XPS characteristic of Cr* compounds (11).
The 2p spin—orbit splitfor Cré*is 9.3 eV (11). Furtherevidence
for Cr3+ is provided by the Cr(3s) spectrum (Figure 3b). The
higher energy peak centered at 79.5 eV is a 3s multiplet peak
(1) and results fiom interaction of unpaired 3d electrons
with core level 3s electrons of like spin during a photoelectron
event (12). Forhexavalent chromium, multiplet splitting does
not occur as there is an absence of 3d électrons. The
magnitudes of multiplet splittings are diagnostic for chro-
mium valence state determination. Tkemoto etal. (1I) report
splitting magnitudes of 3.5 eV for Cr** and 3.8—3.9 eV for

* Cr3*; The magnitude of splitting for the two 3s peaks shown

in Figure3b is 3.9 eV, also indicating the presence of trivalent
chromium. The intensity ratio of the two 3s peaks is 0.6
(Table 2}, which is in agreement with the theoretically
predicted ratio for Cr** (11, 12) and strongly indicates that

_ spectral contributions from only trivalent chromium species

occur.

The principle Cr{2ps;2) peak (Figure 3a) has very similar
biniding energies and line structure to published XPS spectra
for Cr;0; (11, 13, 14). The doublet structure of the principle
peak has beén suggested to arise fram multipletinteractions
(13). Following the example of Pratt and McIntyre (15), the
Cr(2p) spectrum is fit using calculated splitting magnitudes
and intensities for the free Cr** ion (16). The shape of the

. Cr(2pas) line can be fit by Gauss—Lorenz combination peak

shapes whose positions and relative intensities (Table 2) agree
with calculated spectra (16). The Cr(2p/} line can similarly
be fitted using predicted multiplet intensities and positions
(16), except that a small shake-up satellite contribution (14)
must be added at 587.9 eV (Table 2). The successful fitting
of the Cr(2p) spectra suggests that chromium ions in the near-
surface coating (50 A) reside in a lattice environment similar
to that in Cr;0s;, where Ci3* résides in a corundum-type
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FIGURE 3. Namw region XPS spectra collected from oxidized l:natmgs on irofi ﬁlmns: (a) Cri2p), (b) Cri3s), (c) Fe(2pxa), and (d) O{1s). Peak

details are listed in Table 2.

structure with the cation largely ionicly bonded within an
octahedral field.

Iron. TheFe(2pap) is centered at 710.2 eV (Figure 3c) and
is fit using calculated splitting magnitudes and intensities for
the free Fe**ion (16). Detailed discussions on the fitting of
Fe(2p) spectra are presented in McIntyre and Zetaruk (17)
and Prattetal. (16). Fe(2ps;) peak position, multiplet splitting
magnitudes, and intensities (Table 2) are virtually identical

_to those reported by McIntyre and Zetaruk (17) for hematite
- (0Fe203). Published binding energies for goethite are ap-

proximately 1.5 eVhigher than those reported here (17). Based
on these results, near-stirface iron in the coatings is inter-
preted to be ferric and to be situated ina hematite equivalent
lattice environment.

Raman spectra collected from the coatings on iron filings
augment the interpretations presented above for iron and
chromium. 'Raman spectra are characterized by two peaks
with frequencies at227 and 293 cm~! and a broad substantiaily
less intense peak near 400 cm™ (see figure Supporting

Information). The peaks at 227 and 293 cm™! result from the

detection of hematite (19, 20), and the peak near 400 cm™!
has a shape and position diagnostic of goethite (26). The
peaks at 227 and 293 cm™ are slightly broader than those
reported for hematite (19). However, band positions for Cr;04
are known to occur near those of hematite (20), and the
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superstition of similar frequency peaks may account for the
broadened .appearance of peaks at 227 and 293 cm™.
Furthermore, by considering that goethite species are not
detected by XPS and that Raman spectroscopy isnotas surface
sensitive as XPS (8), it may be surmised that the goethite
signal originates from depth, below the surface.

The O(1s) peak (Figure3d) is best fit with a peak
at 531.4 eV (Table 2) and is attributed to hydroxyl exygen.
The low binding energy shoulder is clearly discernible as a
separate peak with a binding energy at 530.0 eV. This
contribution is interpreted to originate from oxide oxygen
associated with iron and chromium. These oxygen assign-
nents are consistent with those of previous studies (11, 13,
17). To adequately fit the O(1s) spectrum, a separate peak
at 532.6 eV is required. Spectral contribiitions near this
binding energy are generally attributed to-physically or
chemically attached waters on oxidized iron surfaces (21).
However, survey scans:detected small amounts (<2 atomic
%) of silicon. The éxygen component in Si0; has a hinding
energy of 532.9 eV (7). The presence of two distinct oxygen
spemescnmribunngtothlsregxonofthespectmmmaye:qﬂam
the moderate fit in the high energy toe of the spectrum using
only one species (Figure 3d).

Identification that the majority of oxygen occurs as
hydroxyl species appears to contradict the interpretation that



¢

TABLE 2. XPS Namrow Region Peak Fitting Parameters,
Utilized To Evaluate Spectra Collected from Iron Grains®

B area chemical state
Cr(3s)
75.6 62.6 Cr(lin-0
79.5 374 Cr{lin-0
Cri2p3a) .
576.3 29.3 Cr(ll}}-0
577.6 29.1 Cr(N)-0
578.9 79 Cr(il)-0
587.9 2.4 Cr(2p3z)-sat
Cr(2pss)
586.1 137 Cr{il)-0
587.0 13.6 Cr(liD-0
588.7 4.0 Cr(ll)-0
Fe(2pap)
709.1 - 40.2 _Feflil)}-O
710.2 315 Fe(lil)-O
711.3 20.2 Fellll}-O
712.7 8.1 Fe(lif)-O
O(1s) - .
530.0 13.7 oxide
531.4 721 hydroxide
532.6 14.2 waterd

° Fitted peak widths (FWHM) are 1.4 eV for Cr(2p), Fe(2p), and O{1s)
and 2,8 eV for Cr(3s). ® Additional contributions from SiO,. Seetext for
explanation. '

chromium and iron are largely associated with oxide species.
This apparent discrepancy can be accounted for when the
PH of solution within the reaction column is considered. At
the termination of the experiment, column effluent was near
PH 10. The pH of the water in the column has a strong effect
on the degree of protonation of water moleciiles coordinated
with the oxide surface. In general as pH increases there is
atendency for dissociation of water molecules hound to metal
oxide surfaces (22). The preponderance of dissociated water
molecules at the oxide stufface may account for the observed
hydroxyl oxygen.

Concentration Trends. Atom concentrations in oxidized
coatings on iron filings and quartz grains were determined
using EDX, XPS, and AES. Reference standards of known

' concentration were not used, and all the concentration data

presented were calculated using established standardless
quantification procedures for each of the analytical techniques
(EDX (23); XPS (7); AES (7). Since reference standards were
notutilized, subsequent discussions emphasize conspictious
concentration trends rather than absolute concentration
flictuations.

EDX, XPS, and AES analysis of oxide coatings on iron filings
and quartz grains identify that the greatest uptake of

. chromium occurred on oxidized iron filing surfaces (Table 3;

figure in Supporting Information). In addition, analysis by
all three techniques shows that, for both grain types, the
disuibution of chromium is heterogeneous. For quartz
surfaces, this ocbservation is substantiated by the nofidetection
of chromium using AES. AES has a similar probing depth to
XPS, but it samples a much smaller surface area, whereas
EDX samples a similar area of the surface but its probing
depth is several orders of magnitude greater than AES. Itis
the marked differences in the surface volumes analyzed by
each technique that lead us to conclude that chromium
distribution is heterogeneous in quartz grain coatings. _

Due to the greater chromium content in coatings on the
iron filings, microbeam analyses by EDX and AES were able
to identify discernible chromiiim concentration trends. EDX
and AES analysis of botryoidal surfaces showed bath regions
of low chromium content and regions of high chromium
content. Inspection of the areas analyzed showed the
fluctuations in chromium content varied according to the

number of particulates present. Inregions with highnumbers |

TABLE 3. Fe, Cr, and 0 Concentrations in Atomic Percent As
E‘f?‘s‘:{“ by XPS and AES Survey Scans of Iron and Quartz
mn

XPS B _
grein  Fe(3p)  Cf3p)  Of1s) CiFe  OAFe+Cn
iron 12 8 80 0.7 4.0
iron 8 13 79 1.6 3.8
Qt 22 2 76 01 - 32
Qu 1 2 87 0.2 8.7°
AES ' ' - EDX
gin Fo C O Cgfe Offe+CH  Ciffe
iron¢ 17 25 58 15 1.4 0.5
iron® 16 27 67 1.7 13
iron¢ 15 27 58 1.8 1.4
ionc 14 25 61 18 16,
irond 16 26 58 1.6 1.4 0.2
jron® 13 29 58 22 14

- ironf 10 33 57 33 13
Qtz 35 65 1.9 >0.1
Qtz. 33 67 2.0 ‘

*For comparison with the AES data, representative Cr/Fe ratios
meastred by EDX are aiso listed. » The increased O/(Fe + Cr) ratio is
most likely die to gypsum. Ca and S were detected in the survey scan.
° Crystallites, ow particuldte numbers. ¢ Euhedral plate, low particulate
numbers. * Crystailites, high particulate numbers. Euhedral plate, high
particulate numbers. All XPS survey scans show small amounts of Si
(less than 2 atomic %).

of particulates, chromium content increased; whereas in
regions with fewer particulates, chromium content decreased.
Similar trends were observed on the euhedral plates, where
pdrticuldtes are particularly noticeable. Theseresults suggest
that the particulates are a chromium-rich compound, possibly
Cr;0;. MclIntyre et al. (13) interpret particles of similar
appearance and chemistry on the surfaces of an oxidized

. NiCr alloy to be Cr;0;. Attempts to focts the electron beam

of the Auger instrument to a sub-micrometer diameter and
analyze a small well-defined cluster of particulates were
unsuccessful. Oxygen peak intensities were observed to
decrease during the period of analysis, indicating that some
form of surface beam damage had occurred.

The Cr/Fe ratios determined by EDX are significantly
smaller than Cr/Fe ratios meéasured by AES (Table 3). The
difference in ratios between the two microbeam techniques
can be attributed to the significantly greater probing depth
of EDX relative to AES, indicating that a dilution efféct occurs
during EDX analysis and that surfaces are enriched. in
chromium relative to the bulk material. The primary
significance of these observations is that in addition to
chromium distribution being laterally heterogeneous, it is
also heterogeneous with depth from the surface,

The O/(Fe + Ci) ratios determined by AES (Table 3) are
reasonably close to the 1.5 ratio of O/Fe for hematite. This
ratio is in agreement with the results and interpretations
presented above for XPS and Raman spectra, AES oxygen to
metal ratios obtained from quartz grain coatings, where
chromium was not detected, tend to be more representative
of goethite, O/Fe = 2.0 (Table 3). The AES results clearly
demonstrate that surfaces exhibiting the characteristics of
hematite contain chromium. :

The resuits of this study suggest that-as Cr(IIl) content in
goethite is increased as phase transformation occurs. This
phase transformation appears to be related to the breakdown
of goethite into a solid species that structurallyand chemically
resembles hematite. Schwertmann et al. (24) found that

‘goethite could structurally accommodate up to 10 mol %

Cr(III). For hematite Schwertmann et al. report that Cr(III)
can be fully incorporated into the aFe;Os structure. Based
on the work of Schwertmann et al. (24), it would appear that
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the phase transformation takes place when goethite Cr(lII)
concentrations exceed 10 mol %.

The greatest chromium concentrations were found to be
associated with the particulates. McIntyre et al. (13) attribute
formation of Cr-rich particulates on NiCr surfaces to the lateral
migration of Cr(Ill) along surfaces to points or regions of
high energy (i.e., along edges or at points of intersection)
where nucleation and growth would occur. We suggest the
particulates observed here, formed by similar Cr migratory
processes.
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