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ABSTRACT: In order to cost effectively reduce hexavalent chromium (Cr[VI]) 
concentrations in groundwater, an in situ chemical reduction remediation program using 
calcium polysulfide (CASx) was implemented at the former Arkema, Inc., a chlor-alkali 
manufacturing facility in Portland, Oregon. Laboratory bench scale, field pilot scale, and 
full-scale remedial actions were completed to address Cr[VI] within three affected 
aquifers beneath the site. During the two phases of full-scale implementation treatment at 
the site, a total of approximately 1.3 million gallons (4.9 million liters) of 3 percent CAS 
solution were injected at over 400 direct-push injection points and injection wells in the 
three aquifers. The results show that marked reductions in Cr[VI] concentrations were 
observed in all three aquifers being treated. Contaminant concentrations were reduced on 
average by 75, 85, and 92 percent in the Shallow, Intermediate, and Deep aquifers, 
respectively. Performance monitoring performed over a year after injections confirmed 
sustained reductions of Cr[VI] concentrations with some localized rebound in the source 
area. 

INTRODUCTION 

The primary objective of the Cr[VI] interim remedial measure (IRM) described was 
to treat the mass of dissolved Cr[VI] by reducing Cr[VI] to trivalent chromium (Cr[III]), 
thus reducing the solubility and toxicity of the chromium, reducing the negative impacts 
to Site groundwater and reducing the downgradient migration of chromium. The IRM 
was designed to remediate dissolved Cr[VI] in Site groundwater with the goal of 
achieving the Portland Harbor Joint Source Control Strategy (JSCS) screening level (i.e., 
Oregon Department of Environmental Quality's Fresh Water Chronic Water Quality 
Criteria) of 0.011 mg/L at monitoring wells adjacent to the river. 

Historical Operations. The former Arkema, Inc. facility was constructed in 1941, at 
which time manufacturing of sodium chlorate began in the Chlorate Cell Room. The 
Chlorate Cell Room is part of the Chlorate Plant, which operated from 1941 until April 
2001. Chlorate was produced by electrolysis of a sodium chloride solution. Sodium 
bichromate was added to the process as a corrosion inhibitor and to improve the electrical 



efficiency of the process. Historical releases of sodium bichromate resulted in the 
presence of Cr[VI] in soil and groundwater in the Chlorate Cell Room area. 

Local Hydrogeology. Groundwater occurs within five zones beneath the Site: a 
Shallow unconfined upper zone and two confined to semi-confined lower zones 
(Intermediate and Deep zones), a gravel alluvium zone (Gravel zone), and a fractured 
Basalt zone. Cr[VI] was detected in groundwater from wells in the Shallow, Intermediate 
and Deep water bearing zones. The groundwater in all three zones generally flows to the 
north-east, towards the Willamette River. 

The Shallow unconfined groundwater surface is present in the fill and upper sand 
alluvium that is between 10 to 35 feet (3 to 10 meters) below ground surface (bgs). A 
thin silt horizon, approximately 1 to 2 feet (0.3 to 0.6 meter) thick, separates the Shallow 
zone sand from a lower sand unit, referred to as the Intermediate zone. This sand unit 
comprises the upper portion of the lower semi-confined to confined aquifer zone at the 
Site. The interval between the Intermediate zone and the underlying bedrock basalt is 
generally characterized by a Deep groundwater zone. This zone consists of 
predominately fine grained silty sand and has significantly lower hydraulic conductivity 
than the Shallow and Intermediate zones. 

Chemical Occurrence. Initial investigations (ERM 2004a) detected chromium in the 
Shallow groundwater zone. Chromium was not detected in significant concentrations in 
soil. Groundwater samples were analyzed for the two forms of chromium, (i.e., Cr[VI] 
[ +6] and Cr[III] [ + 3 ]). It was determined that Cr[VI] was the predominant form of
chromium in groundwater in the Chlorate Plant Area. Groundwater monitoring data
suggested that the Cr[VI] originated in the Chlorate Cell Room and migrated
downgradient (i.e., northeast). The highest concentration of chromium was 14.9 mg/L,
detected in the Shallow zone in the source area.

The area of Intermediate zone Cr[VI] contamination appears to be controlled by a 
discontinuity in the confining layer between the Shallow and Intermediate zone aquifers, 
resulting in Shallow and Intermediate groundwater mixing in the areas downgradient of 
the source area. 

The highest detection of Cr[VI] in the Deep zone aquifer prior to treatment was 1.15 
mg/L, in a well that is located downgradient of the discontinuity of the silt between the 
Shallow and Intermediate aquifers. Cr[VI] was not detected in Deep zone wells located 
in the vicinity of the Chlorate Cell Room. Due to the low hydraulic conductivity of the 
Deep zone, the extent of chromium in Deep zone appears localized in an area 
approximately 200 to 300 feet downgradient of the Chlorate Cell Room. 

Technology Description. Cr[VI] is widely used in process manufacturing and 
production. Cr[VI] usually exists as a highly stable anion (i.e., dichromate [Cr20l] or 
chromate [Cro/-]). Cr[III] exists as a cation and is generally insoluble at a pH above 5-
6. Cr[III] typically will precipitate as a chromic hydroxide, Cr(OH)3, in an alkaline
environment. Cr[VI] has a higher solubility and a greater toxicity than Cr[III].

The most effective treatment or control strategy for Cr[VI] is chemical reduction to 
Cr[III]. The specific form of Cr[VI] is primarily a function of pH. Under acidic 
conditions, Cr[VI] is generally present as the Cr20l ion, Cr20l; under alkaline 



conditions, it generally exists as the Cro/- ion, Cro/-. The relationship between Cr20l 

and Cro/- ion is shown as: 

Both anions are soluble. Control of Cr[VI] involves reduction to Cr[III]: 

Cr20l + I4H+ + 6e- � 2Cr3+ + 7H20, or
Cro/- + 4H20 + 3e- � Cr(OH)3 + 50H-

The chemical reduction process involves the injection of a reducing agent such as 
CaSx, With many reductants, the reaction is rapid, occurring upon contact between the 
reducing agent and the Cr[VI]. Therefore, the treatment time is essentially the time 
required to inject and distribute the reducing agent. In this reaction, Cr[VI] is converted 
to Cr[III] as well as the producing several byproducts, including elemental sulfur, and 
calcium ions. 

Bench and Pilot Test Results. A treatability study was performed (ERM, 2003) to select 
a reductant. Samples of soil and groundwater were treated with several reducing agents, 
including: sodium metabisulfite; zero valent iron; ferrous ammonium sulfate; and CaSx 

and analyzed for Cr[III] and Cr[VI]. The results indicated that all of the reducing agents 
were successful in reducing the Cr[VI] to Cr[III]; however, CaSx showed the greatest 
effect by reducing greater than 99 percent of the Cr[VI] present in the soil and 
groundwater (ERM, 2003). 

The stability test showed that once reduced, Cr[III] remained stable in the presence of 
a mildly oxidizing environment (i.e., groundwater containing low/medium levels of 
dissolved oxygen). The test also showed that even in the presence of strongly oxidizing 
conditions, the Cr[III] present in the soil and groundwater does not revert to Cr[VI]. This 
result was important because sodium persulfate was likely to be used as an in-situ 
remedial technology at other areas of the Site. 

A pilot study was conducted between December 2003 and April 2004 to investigate 
the effectiveness of using CaSx to reduce Cr[VI] to Cr[III] (ERM, 2004a). The pilot 
study consisted of injecting 2,500 gallons (9,500 liters) of 10 percent CaSx at each of five 
Shallow injection wells within the source area. Monitoring wells were sampled during 
the pilot study to evaluate performance and to monitor for any potential adverse effects 
resulting from injection of CaSx , 

The monitoring results from the pilot study indicated that Cr[VI] in groundwater at 
the Site was capable of being reduced by CaSx, By the first monitoring event following 
injection, Cr[VI] concentrations had decreased by up to 86 percent at wells located 15 to 
25 feet (4.6 to 7.6 meters) downgradient from the injection wells. Reduction continued 
through the 15-week performance monitoring period. The average decrease in Cr[VI] 
concentration observed at the four injection area wells was 95 percent. 

METHODS AND MATERIALS 

A central challenge to the completion of this project the large areal expanse of the 
plume which required ERM to mix and inject over a half of a million gallons of CaSx into 



approximately 200 temporary direct-push injection points as part of each of two phases of 
injection implementation in a short time period to allow for the implementation of other 
IRMs at the site. Efficient completion of this large scale injection was accomplished 
through the construction of a centralized mixing station connected to a branched delivery 
pipeline, and the use of two portable multi-point injection systems allowing for the 
simultaneous injection of chemical at multiple direct--push injection locations at one 
time. 

Chemicals. CaSx was purchased from an agricultural supplier as a 29 percent by weight 
solution and delivered to the site in tanker truck loads of approximately 4,000 gallons 
(15,000 liters). The CaSx was diluted using a municipal potable water supply. CaSx was 
injected at the site in both 3 percent by weight and 10 percent by weight solutions. 

Delivery System Design. Chemical mixing and delivery was completed using a 
centralized mixing station and delivery pipeline, and use of two mobile, multi-point 
injection manifolds allowing for the simultaneous injection of chemical at as many as 10 
different injection locations at one time. The chemical mixing area was situated in a pre
existing containment area. Two 5,000 gallon (19,000 liter) low density polyethylene 
tanks were used for receiving the CaSx, and three 5,000 gallon (19,000 liter) tanks were 
used for diluting the CaSx to the desired concentration (Figurel ). 

The chemical mixing system was constructed such that stock tanks could be 
filled, whilst separate batches of injectant could be simultaneously diluted, mixed, and or 

FIGURE 1. Mixing tanks, transfer and injection pumps, 
and transfer piping. 

pumped out to the 
delivery system. 

The maximum 
production rate 

achieved was 

45,000 gallons 
(171,000 liters) of 
CaSx diluted and 
injected during a 
single work day. 
The diluted 
chemical was 
delivered through 
the pipeline system 

using a centralized 
injection pump.
Access ports were 

distributed 
throughout the approximately 2,000 feet (610 meters) of pipeline. Reinforced 

polyethylene hose was used to convey the chemical from the pipeline access ports to two 
mobile 5-port manifolds, and then to the injection points (Figure 2). This arrangement 
allowed injection to points within an approximately 150 foot ( 45 meter) radius of the 
access ports. The manifolds were constructed of 1-inch (25 millimeter) diameter 
schedule 80 PVC. Each branch of the manifold included independent valves, pressure 



gauges, and a totalizing flow meter. Each branch of the manifold was dedicated to an 

FIGURE 2. Multi-port injection manifold 

individual injection 
point and operated 
independently. 

Injection 

Implementation. 
The target injection 
volume for the site 
was approximately 
230 gallons per 
vertical foot (2,870 
liters per vertical 
meter) of aquifer. 
Injection interval 
lengths ranged from 
5 feet (1.5 meters) 
of aquifer in the 
Deep zone, to 23 
vertical feet (7 
meters) in the 
combined Shallow
and Intermediate 

zones. Each injection was performed from the bottom to the top of the injection interval 
in approximate 4 foot (1.2 meter) increments. Injections were performed at pressures 
ranging from 20 to 60 pounds per square inch (138 to 414 kilopascal) with injection rates 
ranging from less than 1 gallon (4 liters) per minute to approximately 25 gallons (95 
liters) per minute. The maximum deep zone injection depth was 60 feet (18 meters) bgs; 
however, the majority of injection points were targeted to be within the Shallow and 
Intermediate zones, with a maximum depth of 45 feet (14 meters) bgs. 

The CaSx injection program was implemented in two phase, June 2005 and October 
2005. During the first phase of injection, 539,000 gallons (2,048,000 liters) of 3 percent 
by weight CaSx was injected at 170 direct push points and 5 permanent injection wells. 
During the second phase of injection, 848,000 gallons (3,222,000 liters) of 3 percent by 
weight was injected at 232 direct push injection points and 120,000 gallons (456,000 
liters) of 10 percent by weight CaSx was injected at 29 direct push injection points and 5 
permanent wells. 

Performance Groundwater Monitoring. For the purposes of the full scale 
implementation of the IRM, baseline conditions were measured in May 2005. Some 

previous in-situ treatment had occurred in the source area during the pilot study. 
However, there was only limited groundwater monitoring collected during the pilot 
study. 

The monitoring well network included 42 monitoring wells, consisting of 25 Shallow 
zone, 11 Intermediate zone, and 6 Deep zone wells. Each well was sampled for Cr[VI], 
total chromium, dissolved chromium, arsenic, calcium, iron, manganese, total dissolved 
solids, sulfide, and sulfate. Field parameters (pH, temperature, conductivity, dissolved 



oxygen, turbidity and oxidation-reduction potential) were measured for each groundwater 
sample. Groundwater monitoring was conducted monthly for three months following 
each injection round. Following the second phase of injections, a fourth round of 
performance monitoring was conducted after approximately 8, and then again in April 
2007, approximately 18 months after the last round of injections. 

RESULTS AND DISCUSSION 
No cleanup criteria have been established for the site; however, screening criteria 

have been established for the Portland Harbor JSCS. The JSCS screening level value for 
Cr[VI] is 0.011 mg/L. The baseline Cr[VI] concentration contours are presented in 

Figures 3, 5, and 7 and the April 2007 contours are presented in Figures 4, 6, and 8. The 
extent of Cr[VI] impacts above the JSCS screening level value (0.011 mg/L) has been 
reduced in the Shallow, Intermediate and the Deep Zone. 

FIGURE 3. May 2005 Shallow 
Zone Cr[VI]. 

FIGURE 5. May 2005 Intermediate 
Zone Cr[VI]. 

FIGURE 4. April 2007 Shallow 
Zone Cr[VI]. 

FIGURE 6. April 2007 
Intermediate Zone Cr[VI]. 



FIGURE 7. May 2005 Deep Zone 

Cr[VI]. 

FIGURE 8. April 2007 Deep Zone 

Cr[VI]. 

The greatest reduction in Cr[VI] concentrations was observed in the source area. The 
highest detection of Cr[VI] in the baseline monitoring round was in monitoring well 
MWA-38 at 9.16 mg/L. In February 2006, the concentration in MWA-38 had decreased 
to 0.0726 mg/L. By April 2007, this had rebounded to 2.11 mg/L. This rebound could be 
potentially caused by a continuing vadose zone source of Cr[VI] within the source area or 
by upgradient chromium contaminated groundwater serving to recharge/rebound 
concentrations in these wells. 
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FIGURE 9: Average Cr[VI] concentration 

A graph of the average 
Cr[VI] concentration over 
time in each aquifer is 
presented in Figure 9. The 
Cr[VI] concentration in each 
aquifer dropped sharply after 
the first injection round 
followed by some rebound 
approximately 2 months later. 
Another sharp decrease was 
observed after the second 
round of injections. These 
decreases were sustained in 
the Deep and the 
Intermediate aquifer, with 
little or no rebound observed 
after the second injection 
round. 

The average Shallow zone concentration decreased from a baseline concentration of 
1.306 mg/L to a minimum of 0.022 mg/L after the second round of injections. However, 
some rebound was observed in the July 2006 and the April 2007 events. The average 

Shallow zone concentration in April 2007 was 0.3286 mg/L. This average is dominated 



by high concentrations in the two wells within the source area (i.e. MWA-37 and MWA-
38). The number of Shallow riverbank monitoring wells with Cr[VI] concentrations 
above 0.011 mg/L has been reduced from seven to three, with the maximum 
concentration decreasing from 3.04 mg/L in MWA-30 to 0.022 mg/L in MWA-46. 

The average concentration in the Intermediate zone decreased from 0.092 mg/L to 
0.014 mg/L. Significant decreases were only observed after the second round of 
injections; however these decreases were sustained throughout the monitoring period. 

The average concentration in the Deep zone decreased from 0.123 mg/L to 0.01 
mg/L. As in the Intermediate zone, these decreases were only sustained after the second 
round of CaSx injections. 

CONCLUSIONS 

The CaSx injection program was considered a success as it was implemented safely 
and has substantially reduced Cr[VI] concentrations. The objective of the IRM was to 
reduce the concentration of Cr[IV] in groundwater to the JSCS SLV of 0.011 mg/L, in 
monitoring wells adjacent to the riverbank. While the concentration of Cr[VI] remains 
slightly above the JSCS in some riverbank wells, the concentrations in these individual 
wells continues to decrease. Some rebound of Cr[VI] concentrations has occurred; 
however, the rebound is limited to monitoring wells within the source area. 

Decreases in the levels of additional contaminants of concern, such as arsenic and pH 
have also occurred. While this is not a primary objective, these results are reducing the 
overall impact to the Willamette River. 

Given the continued reduction of Cr[VI[] concentrations along the riverbank, no 
further CaSx injections are intended for the area downgradient of the source area. 
Maintenance injections within the source area have been considered. However, based on 
the overall efficacy of the injection IRM, no further treatment of the source area is 
planned. 
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