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A pilot-scale treatment study was implemented at a
deposition site of chromite ore processing residue (COPR)
in New Jersey. Ferrous sulfate heptahydrate (FeSO4‚
7H2O) was employed to reduce hexavalent chromium in
two dosages with three types of soil mixing equipment.
XANES analyses of treated samples cured for 240 days
indicated that all treatment combinations failed to meet the
Cr(VI) regulatory limit of 240 mg/kg. More importantly,
the discrepancy between XANES and alkaline digestion
results renders the latter unreliable for regulatory purposes
when applied to ferrous-treated COPR. Regardless of Cr-
(VI), the introduction of reductant containing sulfate,
mechanical mixing, water, acidity, and the resulting
temperature increase in treated COPR promoted dissolution
of brownmillerite (Ca2FeAlO5), releasing alumina and
alkalinity. The pH increase caused initially precipitated
gypsum (CaSO4‚2H2O) to progressively convert to ettringite
(Ca6Al2(SO4)3‚32H2O) and its associated volume expansion
under both in situ and ex situ conditions, with a maximum
of 0.8 m vertical swell within 40 days of curing. While Cr-
(VI) treatment remains a challenge, the intentional
exhaustion of the heave potential of COPR by transforming
all Al sources to ettringite emerges as a possible solution
to delayed ettringite formation, which would hamper
site redevelopment.

Introduction
Chromite ore processing residue (COPR) is a byproduct of
the chromite ore high-temperature lime-based roasting
process that has been widely used (1, 2) to isolate and extract
soluble chromate (CrO4

2-). COPR is a granular sand-like
material that was widely used as structural fill. Study Area
7 (SA7) is a 34-acre COPR deposition site located in Hudson
County, New Jersey, between Route 440 and the Hackensack
River that contains about 1.5 million tons of COPR, deposited
between 1905 and 1954 (3). There are two main emerging
issues with COPR: (1) residual hexavalent chromium (Cr-
(VI)), a known carcinogen; and (2) volumetric expansion of
COPR rendering the structural fills unstable (3). Regulatory
litigation on the environmental hazards posed by Cr(VI) has
compelled the site owner to seek alternate solutions for the
removal and landfill disposal of COPR (>$200 per ton). An

extensive investigation was undertaken to characterize SA7
COPR and to design and implement an on-site treatment to
address both the Cr(VI) hazard reduction while simulta-
neously mitigating the COPR heaving phenomena.

The on-site remediation of Cr(VI) involves its reduction
to trivalent chromium (Cr(III)), with a target Cr(VI) concen-
tration of 240 mg/kg (as measured by EPA methods 3060A
(4) and 7196A (5)) established by the New Jersey Department
of Environmental Protection (NJDEP) for residential land
use (6). Several reductants were evaluated in a batch study,
including ferrous sulfate (FeSO4). While ferrous sulfate yielded
satisfactory results at high stoichiometries, other studies
reported its failure upon injection to COPR columns and in
the field (7, 8). Ferrous sulfate treatment is based on the
reaction

The reason that ferrous sulfate treatment fails is that
competing reactions scavenge ferrous iron (Fe(II)) before it
reacts with Cr(VI), including iron oxidation

and precipitation of ferrous hydroxide or carbonate (Fe(OH)2

and FeCO3). Strongly alkaline conditions, such as those
prevailing in COPR (pH >12) favor competing reactions. He
et al. (9) reported that Cr(VI) reduction by Fe(II) was possible
under such conditions, but higher Fe(II) dosages were
necessary for complete reduction to take place, compensating
for the loss of Fe(II) due to competing reactions. Moreover,
the contact time and the degree of mixing between the solid
phase and aqueous Fe(II) are critical in achieving early
reaction between Fe(II) and Cr(VI) as they facilitate mass
transfer between the solid and the liquid phases; injection
does not provide adequate conditions, as previously dem-
onstrated (7, 8). Accordingly, alternative methods to deliver
ferrous sulfate to COPR in large quantities were sought and
soil mixing (SM) techniques emerged as the most promising
candidates for in situ treatment. SM technologies are routinely
used in geotechnical engineering (10) including soil reme-
diation applications under Superfund (11) and to improve
marginal soils for construction and site redevelopment.

The secondary motivation to conduct a pilot study was
to investigate the effect of treatment on the swell potential
of COPR. In situ and ex situ soil mixing approaches modify
the initial fabric of the soil/media. While this correlates to
more efficient delivery of ferrous sulfate throughout COPR,
it also allows for the possibility to initiate the conditions that
favor ettringite (Ca6Al2(SO4)3(OH)12‚26H2O) formation. The
cementitious nature of COPR renders it a favorable candidate
for ettringite formation upon sulfate influx. Ettringite is a
known expansive mineral both in the cement and soil
literature, and delayed ettringite formation (DEF) is one of
the main mechanisms of concrete deterioration (12) and
failure in lime-treated clays used as sub-base materials (13,
14). While laboratory swell tests conducted on COPR showed
that ettringite formation was promoted upon sulfate addition,
the role of DEF on heaving in COPR was unclear under
ambient conditions (25 °C); however, swell development was
unmistakable at 50 °C (15). The large-scale evaluation of
sulfate influence of COPR was therefore an important
secondary goal of the pilot study.
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Materials and Methods
Mixing Equipment. Two different types of in situ mixing
equipment were used to treat the upper, unsaturated zone
of SA7 COPR: a horizontal rotary mixer (HRM) and a vertical
auger (VA) system (figures available in the Supporting
Information). The reagent was applied in dry form to the
ground surface and then mixed into the COPR using the
rotating drum of the HRM. The HRM passed over the
treatment area (surface area 4.5 m × 3.7 m, to depth of 1 m)
twice to ensure adequate mixing. The material was then
compacted to level with the original ground surface without
further manipulation. The VA was a 3-m diameter double
counter-rotating auger rig that was cycled up and down in
the treatment zone to ensure adequate mixing. The reagent
was mixed with water in the batch mixing tank of the auger
to produce a slurry, which was then introduced to the COPR.
Two 3-m diameter columns 4.0 m in depth (in the unsaturated
zone) were completed using this equipment. Ex situ treatment
featured a pugmill-type batch mixer with a 1.5 m3 capacity
(see Supporting Information), in which approximately 540
kg of moist COPR was mixed with the reagent. The pugmill
was operated during the initial placement of COPR to ensure
homogeneous spread in the interior of the pugmill, during
the reactant addition, and further 12 min of switching the
mixing direction every 2 min. The treated material was then
placed into containers, and a subsample was placed in a 0.2
m3 lined drum for long-term sampling and observations.

Reagents and Treatment Design. Ferrous sulfate hep-
tahydrate (FeSO4‚7H2O) (Add-Iron Corporation, CAS 7782-
63-0) was used at dosages calculated based on an average
Cr(VI) concentration of 4000 mg/kg for the shallow HRM
plots, and 4700 mg/kg for the deeper VA plots, according to
eq 1. The applied dosages were 5× and 8× the stoichiometric
requirement as summarized in Table 1.

Sampling. COPR samples were collected immediately
prior to and following the application of the reductant, and
up to 240 days curing. Fresh samples were collected from
the VA and pugmill (PUG) plots at 60, 120, and 240 days,
while the HRM 30-day samples were stored at ambient
temperature and reanalyzed for pH and Cr(VI) at 240 days
of curing. Sampling of the VA plots was performed at two
depth intervals (0-2 and 2-4 m) at three locations (center
of each column and midway between them). The analytical
results are presented as the average of the triplicate samples
by two depth intervals. Additionally, a trench was excavated
in plot HRM-8X after approximately 60 days. Four horizontal
layers (L1 through L4) were designated for sampling, both
inside and outside (background) the treatment zone (denoted
as layer-in/out).

Physicochemical Analyses. pH and water content were
measured according to ASTM methods D 4980-89 and D
2216-98 (16), respectively. Total Cr(VI) was measured by U.S.
EPA methods 3060A (4) and 7196A (5). Total metals were
measured by acid digestion and inductively coupled plasma/
atomic emission spectrometry (U.S. EPA methods 3015A (17)
and 6010B (18)). Total sulfate was measured by an acid

digestion method developed by Columbia Analytical Services
(19).

X-ray Absorption Spectrometry. Treated samples at 240
days of curing were additionally tested for total Cr(VI) to
obtain a basis for comparison with the alkaline digestion
data. Samples were ground to fine powder using an agate
mortar and pestle. The samples were packed to a uniform
thickness and sealed with transparent adhesive tape. Cr
K-edge X-ray absorption spectra (XAS) of COPR were taken
on the BL7C1 (Electrochemistry) beamline in a storage ring
of 2.5 GeV with a ring current of 130-185 mA (Pohang Light
Source (PLS), South Korea). A complete description of the
XANES analyses, data reduction, and Cr(VI) quantification
method using the WinXAS software (20) is provided in the
Supporting Information.

Mineralogical Analyses. XRPD analyses were performed
on 5 samples obtained from the HRM-8X trench, 3 interior
and 2 background samples at 60 days. The central sample
obtained at 0-2 m below the ground surface (BGS) was
analyzed from each VA plot at 120 days. Each sample (300
g) was homogenized manually and 20 g was extracted and
air-dried for 24 h. Each air-dried sample was pulverized to
pass a 0.4 mm sieve, homogenized again, and a 2 g subsample
was selected for XRPD analysis. A McCrone micronizing mill
was employed to pulverize the subsample, with cyclohexane
(Fisher, CAS 110-82-7) as milling fluid, for 5 min. The slurry
was air-dried for 3 h. The resulting powder was mixed with
0.2 g of R-corundum (Al2O3) (Sawyer, Lot C04-AO-41) on an
80/20 basis as an internal standard to quantify the amorphous
phase. Step-scanned XRPD data were collected using a Rigaku
DXR 3000 computer-automated diffractometer with Bragg-
Brentano geometry. The diffractometry was conducted at 40
kV and 40 mA using a diffracted beam graphite-monochro-
mator with Cu radiation. The data were collected in the range
of two-theta values between 5° and 65° with a step size of
0.02° and a count time of 3 s per step. XRPD patterns were
analyzed using Jade software, version 7.1 (21), and by
reference to the patterns of the International Centre for
Diffraction Data database, version 2002 (22), and the
Inorganic Crystal Structure Database, release 2005 (23).

Results and Discussion
Hexavalent Chromium Treatment. Total Cr(VI) was mea-
sured by alkaline digestion (AD) in the various treatment
combinations to test for regulatory compliance. Monitoring
analyses were performed immediately after treatment and
at various time intervals up to 240 days of curing time (Figure
1). If the AD results are to be our guide as to successful
treatment, then the general trends indicated a decrease in
the total Cr(VI) immediately following mixing, followed by
a progressive rebound and ultimate failure by the NJDEP
regulatory limit (240 mg/kg) in all plots except the VA shallow
depth (0-2 m). However, the comparison of the AD data
with the XANES results at 240 days (Table 1) indicates that
the AD results underestimated the total Cr(VI) by a factor on
the order of 1.5 to 4.0. The reasons for this discrepancy may

TABLE 1. Total Cr(VI) in Six Treatment Plots as Measured by XANES and Alkaline Digestion (AD)

ferrous sulfate heptahydrate

dosage % w/w*
total Cr
(mg/kg)

Cr(VI) XANES
(% of total Cr)

Cr(VI) XANES
(mg/kg)

Cr(VI) AD
(mg/kg)

ratio
(XANES-to-AD)

HRM-5X 5× 32 16800 12.5 2100 1240 1.7
HRM-8X 8 8× 51 17600 10.5 1848 1260 1.5
VA-5X (0-2 m) 5× 38 17300 3.4 588 154 3.8
VA-5X (2-4 m) 23400 7.2 1685 460 3.7
PUG-5X 5× 32 18600 6.0 1116 384 2.9
PUG-8X 8× 51 18400 9.0 1656 421 3.9

* Percent of dry weight of untreated COPR.
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be that residual ferrous reduced the liberated Cr(VI) during
AD and/or that Cr(VI) was not 100% released from the solid
during AD. In either case, the progressive increase in the
Cr(VI) concentrations measured by AD indicates that Cr(VI)
did not readily dissolve from the solid matrix upon addition
of ferrous sulfate, despite the apparent decrease in pH (Figure
2). Cr(VI) reduction was thus not complete at 0 day curing,
contrary to AD results. Instead, Cr(VI) kept slowly diffusing
out of the solid; alkaline digestion just forced a faster release
during the test. If ferrous was amply available at that time,
Cr(VI) was reduced during the test and yielding false positive
results, as was the case at 0 day curing. With elapsed curing
time and the onset of oxygen-mediated oxidation, ferrous
became progressively unavailable to reduce the released Cr-
(VI) and the treatment appeared to have failed. Overall, the
following can be concluded: (a) the AD mandated protocol
is unreliable for determining Cr(VI) concentrations in COPR
in the presence of Fe(II); and (b) based on XANES analyses,
all treatment combinations ultimately failed the regulatory
limit.

Physical and Geotechnical Properties of Treated COPR.
The mixture of COPR with ferrous sulfate resembled a
greenish slurry in all plots immediately following treatment.

The color and texture of the HRM material changed to light-
brown fine sand after 30 days, as did the pugmill samples by
120 days. The VA material remained a brown sludge up to
240 days. The changes in color and texture of the treated
COPR were accompanied by pronounced volume expansion,
both in the in situ plots, and all ex situ storage containers.
The most pronounced heave was observed in the HRM-8X
plot, estimated at 0.8 m vertical expansion by a ground survey
at 40 days (see Supporting Information). Subsequent ground
surveys did not show a further change in elevation in the
HRM plots. The VA plots progressively presented delayed
heave, reaching 0.5 m of vertical expansion at 180 days. The
Supporting Information also provides images of the heaving
bulge in HRM-8X, as well as images of 5-gallon polyethylene
buckets that failed radially as a result of the internal swell
pressures generated by the stored treated COPR. The force
of the expansion was such that even the top lids of 8 oz.
plastic containers were eventually torn open. The time frame
for the observed expansion in the pugmill samples is not
exactly known for each treatment combination; it is estimated
to have stopped between 120 and 180 days. In summary,
while all treatment combinations exhibited volume expansion
and heave, the rate of manifestation varied significantly, with

FIGURE 1. Total Cr(VI) as measured by alkaline digestion up to 240 days of treatment and as measured by XANES at 240 days curing time.

FIGURE 2. pH up to 240 days of curing time.
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the HRM plots exhausting their heave potential within 40
days on the one end, and the VA plots continuing to swell
up to 180 days on the other.

Given the fact that all in situ plots were originally
compacted to ground surface, along with the observations
of the COPR storage containers, it was beyond any doubt
that mineralogical transformations were responsible for
volumetric expansion.

pH and Mineralogical Analyses. Figure 2 shows the pH
regime in the six treatment plots up to 240 days of curing.
While the initial pH in untreated COPR was strongly alkaline
(12.1-12.6), pH decreased in all plots immediately following
mixing, to values ranging from 6 (PUG-8X) to 10 (HRM-5X)
due to redox and precipitation reactions that released H+ or
consumed OH-. H+-releasing redox reactions include eqs 1
and 2, while OH--consuming precipitation reactions include
the formation of Fe(OH)2 and FeCO3. Apparently, the rate
and extent of these reactions varied in the three types of
mixing processes. The pH in HRM-5X dropped to 11 versus
7 in the VA-5X and PUG-5X samples. Similarly, the pH
decreased to 8 in the HRM-8X plot, while the lowest pH of
6 was observed in the PUG-8X sample. The pH progressively
rebounded to values exceeding 10, whereby the HRM-5X
plot even attained its original pH (12.5). The observed pH
rebound closely matched the Cr(VI) rebound trends (Figure
1), i.e., as the acidity originally imparted to the matrix by the
addition of FeSO4 was being progressively consumed, its
reductive capacity was also diminished. The pH rebound
was caused by ongoing mineralogical transformations in the
treated COPR.

The released acidity, the decrease in pH, and the addition
of high amounts of ferrous iron and sulfate caused a shift in
the geochemical equilibrium of COPR and a series of
mineralogical transformations. Figure 3a-c shows the XRPD
pattern of untreated COPR, and PUG-8X samples at 30 days
and 120 days, respectively. Table 2 shows the Rietveld
quantification results for untreated (background) and select
treated samples.

The mineral assemblage of untreated COPR (Figure 3a
and Table 2) was consistent with COPR mineralogy reported
previously (24, 25). Brownmillerite and periclase are the COPR
parent minerals formed during the roasting process that
produced COPR. These are thermodynamically unstable in
aqueous environments and at ambient temperature and

hydrate to form various transformation products depending
on the pH and the aqueous composition. Hydrogarnet,
brucite, calcium aluminum chromium oxide hydrates (CACs
or monochromates), hydrotalcites, and ettringite are typical
hydration products of COPR at alkaline pH (25). When the
COPR pH decreases to values in the area of 9.5-10.5, the
Al-bearing hydration products (hydrogarnet, CACs, ettringite)
become unstable. Figure 3b shows that the phase 2CaO‚
Al2O3‚8H2O (or C2AH8 in cement nomenclature) appeared in
the XRPD pattern of sample PUG-8X at pH 8; sulfate released
from ferrous sulfate precipitated as gypsum, iron precipitated
as goethite (FeOOH), while brownmillerite persisted; trace
amounts of periclase, brucite, and calcite were also detected
but are not discernible in Figure 3b. No other hydration
products could be detected, which was also due to the strong
preferred orientation of gypsum.

The dissolution of hydration products, and more impor-
tantly brownmillerite, progressively released alkalinity (OH-),
enabling the pH rebound. This pH shift impacted the
thermodynamic equilibrium between COPR mineral phases,
with the sulfate-bearing compounds (gypsum and ettringite)
dominating the matrix. The gypsum-ettringite equilibrium
has been extensively studied in the literature; the lower pH
threshold for this transformation occurs in the range 9.5-
10.5 (26). Furthermore, a modeling study on COPR showed
that all other Al-bearing phases are metastable with respect
to ettringite in the presence of sulfate (25). Consequently,
when the pH of the treated samples increased to values above
9 (the precise value is unknown), gypsum began transforming
to ettringite, thereby consuming available Al-sources, in-
cluding brownmillerite. The XRPD pattern of PUG-8X (Figure
3c) confirmed the formation of ettringite at the expense of
gypsum. The time evolution of other treatments indicated
likewise, with Table 2 illustrating the long-term predominance
of ettringite over gypsum.

Based on the observed mineralogical transformations,
ettringite formation appears as the underlying mechanism
to explain volume expansion in treated COPR. The needlelike
structure of ettringite, its low specific gravity (Gs 1.8), and its
ability to retain water render it an ideal swelling agent in
cementitious systems, such as COPR. The ultimate conversion
of high-density Al-bearing phases, such as brownmillerite
(Gs 3.76) to ettringite, caused a large increase in volume that
could not be accommodated in the existing voids of the

TABLE 2. pH and Quantitative XRPD Results for Ferrous Sulfate Amended SA7 COPR Samplesa

background HRM-8X (60 d) pugmill (120 d) VA (120 d)

L3-out L4-out L2-in L3-in L4-in PUG-5X PUG-8X VA-5X
pH:c 11.4 11.5 11.1 11.6 11.6 11.0 9.8 10.4

dilution factor:d 1 1 1.28 1.28 1.28 1.18 1.28 1.21

compound chemical formula PDFb

brownmillerite Ca2FeAlO5 30-0226 46.1 37.9 10.9 6.3 6.6 14.3 14.4 8.6
periclase MgO 45-0946 2.8 2.1 1.3 0.5 1.2 1.2 1.1 0.2
brucite Mg(OH)2 07-0239 3.4 2.9 1.2 1.2 1.6 1.2 1.0 0.9
calcite CaCO3 05-0586 1.7 1.9 2.7 2.5 4.2 1.1 1.3 6.0
hydrotalcite Mg6Al2(CO3)(OH)16‚4H2O 41-1428 4.1 3.9 1.1 1.5 1.8 0.3
hydrogarnet Ca3Al2(OH)12 24-0217 9.1 10.1 2.9 3.5 5.0 4.3 2.9 2.5
ettringite Ca6Al2(SO4)3(OH)12 ‚26H2O 41-1451 1.6 20.1 34.0 27.6 15.9 10.3 13.9
gypsum CaSO4‚2H2O 33-0311 5.5 4.4 12.4 16.4
lepidocrocite FeOOH 44-1415 2.0 3.8 1.5
magnesiochromite (Mg,Fe)(Cr,Al)2O4 09-0353 1.2 0.5 1.1 0.5 0.7 0.6 1.3
magnetite Fe3O4 19-0629 1.4 0.9 1.1
quartz SiO2 46-1045 1.0 0.9 0.6 2.2
CACe Ca4Al2O6(CrO4)‚14H2O 52-0654 0.8
afwillite Ca3(SiO3OH)2‚2H2O 29-0330 2.1
amorphous 32.8 35.4 52.7 45.1 46.1 55.3 56.1 46.6

a All results in % w/w dry solid. b Powder diffraction file. c pH (typ). d Dilution factor calculated based on dry mass of added FeSO4 (typ). e Calcium
aluminum chromium oxide hydrate.
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compacted, treated COPR. Accordingly, the amount of the
observed heave at a given point in time depended on the
amount of added sulfate, the extent of transformation
reactions, and the local geotechnical setting (void ratio or
relative compaction, permeability, water content).

Table 3 demonstrates that the Rietveld-calculated and
the analytical total sulfate concentrations were in very good
agreement. The mass balance calculations also showed that
the added sulfate was insufficient to transform the total Al
to ettringite in all plots; the reaction was therefore considered
complete when all gypsum was consumed to form ettringite.
The XRPD quantitative results (Table 2) showed that the
gypsum to ettringite transformation was complete in the

deeper portions of the HRM-8X trench at 60 days. However,
even though the amount of ferrous sulfate added in PUG-8X
was identical to HRM-8X, transformation reactions in PUG-
8X were still incomplete and the pH was lower after 120
days. Similarly, a difference in reaction rates was observed
in the two plots with 5× dosage, with PUG-5X presenting a
higher pH and higher degree of completion compared to the
VA-5X. Overall, the HRM plots yielded the fastest reaction
rate in all respects: the fastest pH rebound, the fastest
dissolution of brownmillerite, and the fastest gypsum-to-
ettringite conversion. The two pugmill tests presented the
second fastest rebound in Cr(VI) and pH, as well as gypsum-
to-ettringite conversion, but the brownmillerite dissolution
rate appeared slower compared to the VA plot. However, the
decrease in brownmillerite concentrations from 38-46%
(background samples in Table 2) to 8-16% w/w (taking into
account treatment-induced dilution) within a few weeks to
months was remarkable, considering that it had remained
largely unreacted in the 50-100 years of deposition at SA7.
The acidity imparted through the addition of ferrous iron
and associated pH decrease was a major triggering mech-
anism in all treatment combinations. Sulfate is also believed
to have acted as a catalyst for brownmillerite hydration, as
has also been observed in the literature (27). Additionally,
temperature and water content emerged as important factors
to explain the differences in reaction rates among the three
treatment types.

Acid-base reactions between the released H+ and the
basic COPR minerals caused a temperature increase in the
in situ plots due to cumulative release of heat. Temperatures
up to 50 °C were recorded in plot VA-5X at 60 days, even in
the saturated zone. The temperature regime in the HRM
plots was not recorded, but anecdotal information from
sampling personnel indicated elevated temperatures during
the 30-day sampling event. Conversely, no change in
temperature was observed in the pugmill treatments because
the smaller amount of treated material and respective
placement conditions allowed for the dissipation of heat.
Temperature plays an important role in the rate of brown-
millerite hydration (28). Consequently, the difference in the
rates of brownmillerite hydration between the two 5×
treatments (VA and PUG) and the two 8× treatments (HRM
and PUG) can be attributed to the difference in the (internal)
temperature regime. However, temperature does not account
for the differences between the HRM-8X and VA-5X plots;
the higher reductant dosage and the associated acidity would
suggest a longer period of time for pH rebound and ettringite
conversion in the HRM plot. Here, the role of moisture
conditions is likely decisive.

The water content in the treatment plots is shown in Figure
4. The VA plot retained the highest water contents (50-60%)
throughout the 240 days of monitoring. The pugmill drums
were originally saturated at water content of 30%, but the
water was progressively consumed to form ettringite, so that
the material had a dry appearance by 120 days, even though
the water content values remained the same. Furthermore,
while the HRM plots appeared to maintain water content
similar to that of the pugmill samples, field observations
confirmed that the shallow HRM plots were subjected to

FIGURE 3. XRPD pattern of untreated COPR (a), treated pugmill 8×
at 30 days curing (b), and treated pugmill 8× at 120 days curing (c).
B, brownmillerite; P, periclase; K, katoite; Br, brucite; Pt, portlandite;
C, calcite; E, ettringite; HT, hydrotalcite; G, gypsum; C2AH8, calcium
alumimum oxide hydrate; F, goethite; CR, corundum; M, magne-
siochromite.

TABLE 3. Mass Balance Calculations and Total Analyses Data
for Al and Sulfate in % w/w

total sulfate
(Rietveld)

total sulfate
(analytical)

total Al
(analytical)

stoichiometric Al
for ettringite

HRM-8X 7.7 9.5 n.a. 1.8
VA-5X 12.4 15.7 n.a. 2.9
PUG-5X 6.1 5.9 4.0 1.1
PUG-8X 9.3 10.0 3.9 1.9
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successive wetting and drying cycles as a result of extreme
rainfall events in June 2005 (29). Based on these observations,
it is believed that wet/dry cycles accelerate weathering
reactions; similar findings were reported for steel corrosion
(30). Conversely, the presence of ample amounts of water in
the VA plot did not favor a high rate of precipitation of new
phases (ettringite) and acceleration of reactions. Although
an empirical observation, the water content and wet/dry
cycles appear to have an important impact on reaction rates.

In summary, the influx of high amounts of sulfate in COPR,
along with introduction of water, mechanical mixing, acidity,
and the resulting temperature increase, led to a rapid
dissolution of alumina sources (brownmillerite and its
hydration products), which, in turn, resulted in significant
ettringite formation and heave. This finding has important
implications, not only for ferrous sulfate treatment of COPR,
but also for the presence of any type of sulfate source in
COPR. Most reductants used or proposed for Cr(VI) treatment
in the literature (calcium polysulfide, sodium dithionite,
pyrite) contain some form of sulfur that will, in part, transform
to sulfate. While this transformation may never occur, or
occur too slowly for ettringite-induced heave to occur, it is
nevertheless a thermodynamically viable reaction favored
by the alkaline pH regime that should be accounted for in
treatment design. A treatability study using calcium polysul-
fide on COPR from Glasgow, Scotland, revealed gypsum
formation in the upper layer of COPR having exposure to
atmospheric oxygen (31). The question is, can one tolerate
the risk to develop heave if ettringite forms under favorable
pH conditions and in adequate amounts? While this may
never happen, it is a question of financial risk when the
redevelopment of sites with high commercial value, such as
SA7, is concerned. The geotechnical properties of the treated
material are equally important with the success of the
reductive treatment, whether the material remains in place
or moved to a landfill. This speaks for four potential
management strategies:

1. Ettringite-induced heave may be eliminated by per-
manently decreasing the pH below the ettringite stability
domain. The extremely high alkalinity of COPR renders this
approach financially and practically unfavorable.

2. Non-sulfur based treatments may be considered. For
example, the addition of barium hydroxide has the potential
to immobilize both chromate and sulfate and resolve both
issues associated with COPR: Cr(VI) contamination and
heaving (25).

3. The oxidation of sulfur from sulfide-based reactants
may be eliminated by isolating the treated material from the
atmosphere and/or using an additional oxygen-scavenger.

4. The heaving potential of COPR can be intentionally
exhausted by transforming all available alumina sources to
ettringite. For example, waste gypsum could be used in
conjunction with ferrous sulfate to transform all Al-bearing
minerals to ettringite. The most important consideration in
this approach is the time it takes for complete transformation,
COPR recompaction, and site redevelopment. The SA7 pilot
study demonstrated that the implementation method sig-
nificantly affects reaction rates. This solution also requires
a detailed study of the geotechnical properties of the resulting
ettringite matrix to ensure that these are adequate for site
redevelopment.
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