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1. Introduction 

Remedial action at the Former ASARCO LLC (ASARCO) El Paso Smelter (the Site) is 
being conducted by the Texas Custodial Trust (Trust), the property Trustee, on behalf of 
the Trust’s beneficiaries, the Texas Commission on Environmental Quality (TCEQ), the 
United States Environmental Protection Agency (USEPA) and the United States 
Department of Justice (USDOJ).  Environmental impacts from historical smelting 
operations are present within the plant site, the adjacent arroyos, the floodplain of the Rio 
Grande west of the plant site and the East Property located east of Interstate 10 (I-10) (see 
Figure 1).   

This report presents the details associated with the field demonstration of an in situ 
technology being considered by the Trust as part of the remedial approach for 
groundwater at the Site.  As described in the Interim Channel letter to the TCEQ dated 
November 29, 2011 (Malcolm Pirnie, 2011a) and discussed further during a meeting in 
the TCEQ Austin office on February 23, 2012, Malcolm Pirnie, on behalf of the Trust, 
has proposed to use zerovalent iron (ZVI)-based permeable reactive barrier (PRB) 
technology to treat groundwater in situ in areas where this approach can help reduce 
contaminant flux as part of the groundwater remedial strategy.  This field demonstration 
is designed to verify the effectiveness of the targeted PRB technology, initiate 
groundwater remediation at the Site, and provide data to support the full-scale design of 
other PRB applications as part of the final Site-wide groundwater remedy.   

The removal of slag and impacted soil from the Parker Brothers Arroyo (PBA) creates a 
unique opportunity to field test the PRB technology.  By excavating to bedrock in two 
key areas, ZVI-amended permeable fill can be emplaced below the water table to create 
two sequential, fully-penetrating PRBs for the proposed field demonstration.  The PRB 
construction will be coupled with a comprehensive performance monitoring program. 

This report is a revision (Rev.1) of the original final document submitted to TCEQ and 
EPA on April 23, 2012.  This report addresses comments received from TCEQ and EPA 
on the first version (Appendix A). The response to comments in Appendix A includes a 
description of revisions (if any) and a reference to the relevant Section or Appendix of 
the report.   This report also includes additional information provided during the 
comment period (Appendices B and C).  This revised report is prepared as a final 
document. 

1.1. Background  
As previously discussed with TCEQ, the remedial strategy being pursued for 
groundwater involves sufficiently reducing the flux of constituents of concern (COCs) 
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from the upland portions of the Site to the floodplain such that the surface water receptors 
are adequately protected (i.e., the American Canal and the Rio Grande) (see Figure 1).  
Due to its elevated concentrations, areal extent, and presence in surface water, arsenic has 
been identified as the primary groundwater COC at the Site.  Consequently, arsenic is the 
primary driver for remedial efforts at the Site.  Arsenic concentrations in PBA 
groundwater vary spatially and seasonally, but generally range from 1 to 2 milligrams per 
liter (mg/L) (see Figure 2).  The other groundwater COCs associated with smelter 
operations at the Site associated with ores and slag include:  cadmium, chromium, 
copper, iron, lead and zinc.  COCs other than arsenic and selenium are not present in 
PBA groundwater at concentrations that exceed respective standards and thus will not 
require treatment.  However, the field demonstration monitoring program will include 
analyzing for all COCs discussed in Section 5.3. 

Analysis of the Site hydrogeologic data shows that groundwater passing through PBA 
contributes the largest COC flux of the arroyos at the Site and thus has been the focus of 
our initial restoration activities.  With the removal of slag and impacted soil from PBA, 
the primary remaining sources of COCs to PBA groundwater are the area of the 
Ephemeral Pond, Plant Site (northern portion including the Boneyard) and Fines Pile.  
Due to the presence of saturated slag at depth and the enhanced recharge from ponded 
water, the Ephemeral Pond area is considered a more significant source than the Plant 
Site and Fines Pile.  As documented in our letter to TCEQ dated November 29, 2011, 
COC mass in soils below the Ephemeral Pond area is mobilized to groundwater primarily 
via leaching by enhanced recharge from surface water due to ponding.  COC 
contributions to groundwater can also be attributed to periods of high groundwater 
elevations when the water table comes in contact with these soils.  COC mass from the 
Plant Site and Fines Pile is mobilized via infiltration from precipitation and subsequent 
transport to groundwater.  The envisioned final soil remedies for these areas include 
capping of the Plant Site and Fines Pile to eliminate infiltration and excavation of 
impacted soil and slag that has the potential to contact groundwater from the Ephemeral 
Pond area.  The Ephemeral Pond area will then be lined to reduce groundwater recharge 
to PBA.  Additional data collection and analysis conducted in the Fines Pile, Ephemeral 
Pond and Boneyard areas will be submitted in separate reports.  

Groundwater in PBA is present within an unconfined alluvial aquifer underlain by a 
regional bedrock unit of low permeability (Alvarez and Buckner, 1980).  The alluvial 
PBA groundwater flows west into the floodplain, ultimately discharging to the Rio 
Grande.  The extent of alluvial groundwater is controlled by the underlying bedrock 
surface and, to a lesser extent, the coarseness of alluvial sediments.  The bedrock surface 
under the Fines Pile and Ephemeral Pond areas is relatively flat and the saturated 
alluvium ranges in thickness from 10 to 20 feet (see Figures 3 and 4).  Farther 
downgradient in PBA, near monitoring well EP-85, the bedrock surface was incised by 
historic flows in the arroyo.  This incised bedrock surface creates a flow-focusing feature 
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that channels groundwater from a large drainage area through an approximate 120-foot 
wide by 25-foot deep saturated alluvium section (see Figure 4).  In this area, the saturated 
thickness of PBA alluvium generally ranges from 10 to 30 feet, but fluctuates seasonally 
and significantly based on recharge from precipitation, enhanced infiltration due to 
ponding in detention basins, and other surface water features.  However, implementation 
of proposed surface water remedies (i.e., lined detention basins, ditches and channels and 
upgradient clean groundwater hydraulic controls) described in the Remedial Action Work 
Plan will greatly reduce groundwater recharge, water level fluctuations, and associated 
COC contributions to groundwater (Malcolm Pirnie, 2011c). 

The estimated hydraulic conductivity (K) of alluvium in PBA ranges from <1 to 116 feet 
per day (ft/day), generally increasing at downgradient locations with estimated values as 
high as 500 ft/day in the vicinity of OBS-1, where PBA reaches the floodplain (see 
Figure 3).  Based on the increasing conductivity along PBA and available information on 
hydraulic gradient, the estimated groundwater flow rates increase from approximately 
4 ft/day near EP-78 to approximately 10 ft/day near EP-85.  Our proposed means to 
reduce COC mass flux in PBA includes a combination of:  1) source control via removal 
and/or capping (soil remedial actions); 2) reducing groundwater recharge through 
upgradient hydraulic controls and by preventing infiltration in the arroyo itself (surface 
water remedial actions); and 3) direct interception and treatment of groundwater in PBA 
with the ZVI-based PRB technology.  

The PRB technology relies on groundwater flow through an emplaced zone of permeable 
reactive medium.  This results in the passive treatment of groundwater as it flows through 
the medium, making it essentially a “barrier” to contaminant transport over the designed 
lifetime of the PRB.  The effective removal of arsenic from groundwater by ZVI has been 
demonstrated extensively in the literature (i.e., Su and Puls, 2001a; Su and Puls, 2001b; 
Melitas et al, 2002; Kober et al, 2005; Su 2007).  More recently, the field demonstration 
of a ZVI-based PRB, designed specifically to treat arsenic was also reported in the 
literature, and was shown to be effective where groundwater was intercepted by the 
reactive medium (Wilkin et al, 2009; Beak and Wilkin, 2009).  The primary removal 
mechanisms were found to include adsorption to and co-precipitation with fresh forms of 
iron that are produced as the ZVI corrodes, such as oxides, sulfides, carbonates, and 
carbonate/sulfate green rusts (i.e., Beak and Wilkin 2009; see Appendix D).  In addition 
to supporting evidence of effectiveness in the literature, groundwater flow in PBA is 
constrained by bedrock, making it practical to construct a permeable zone of reactive 
medium that can fully penetrate/intercept the saturated zone.  
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2. Proposed Field Demonstration and Objectives 

2.1. Proposed Field Demonstration  
The background information presented in Section 1 provides a solid foundation for 
selecting ZVI-based PRB technology for field testing in PBA.  As envisioned, the 
proposed field demonstration will involve two PRBs, referred to here as PRB-1 and 
PRB-2.  Figures 2 and 5 depict the proposed location and orientation of these PRBs, with 
additional details as follows:   

· PRB-1 will be located downgradient of the Fines Pile and Ephemeral Pond area to 
intercept and treat groundwater from these potential source areas.  This will begin 
the interception of COC mass in this critical area before the planned source 
remediation is complete, helping to mitigate the ongoing migration of additional 
mass down-gradient, and begin the process of restoring groundwater.   
 

· PRB-2 will be located approximately 470 feet down-gradient of PRB-1 
(approximately 50 to 140 days groundwater travel time), in an area where PBA 
groundwater flow is focused in an incised alluvial channel bounded by bedrock 
outcrops.  This will make PRB-2 particularly effective at intercepting 
groundwater within PBA.  In addition to being evaluated for individual 
performance as part of the demonstration, this positioning will also support the 
evaluation of the potential additive effect PRB-2 may have in removing arsenic 
and other COCs from the aquifer in the PBA, working in conjunction with PRB-1.   

 
Consistent with our Interim Channel letter to TCEQ dated November 29, 2011 (Malcolm 
Pirnie 2011a) the slag and impacted soil removals in PBA have been completed.  
Approximately 140,000 cubic yards of material have been removed from the arroyo 
bottom.  X-ray fluorescence (XRF) and verification sampling on the remaining surface 
has been completed and will be submitted under separate cover. 

Construction of both PRB-1 and PRB-2 will result in significantly improved safety and 
construction economies due to access considerations and reduced excavation 
depth/volume.  In addition, the Cell 4 Category 1 Landfill outboard berm will slightly 
overlap the northern end of PRB-2; therefore, construction prior to completion of the 
landfill berm fits well with the planned construction sequencing. Long-term access to 
both PRBs will be possible as a contingency for media regeneration, removal or flow by-
pass, if required.  
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2.2. Field Demonstration Objectives 
The primary objectives for this field demonstration are as follows: 

1. Confirm the degree to which the PRBs are effective in removing arsenic and 
selenium.  It is important to note that in the short term, water flowing out of PRB-
1 may become re-impacted from sorbed arsenic and other COCs in the aquifer 
matrix as it flows downgradient.  However, the positioning of PRB-2 to remove 
additional COC mass is likely to result in a cumulative effect in improving 
groundwater quality downgradient of the PRB pair.  Evaluation of PRB 
performance will include a focus on geochemical and microbiological changes 
within and downgradient of the PRBs, along with confirmation of treatment 
kinetics and ZVI reactivity.  
 

2. Confirm the hydraulic performance of the PRBs; specifically, to show that 
groundwater flows effectively through the barriers.  One area of related focus will 
be to assess the potential for long-term reductions in permeability due to the 
accumulation of precipitate solids within the PRBs. 
 

3. Evaluate the performance longevity of the PRBs.  The design of the PRBs was 
based on current estimated arsenic loading for a lifetime of 20 years.  However, 
the effective PRB lifetime will be increased by the source removal activities 
which are expected to significantly reduce the arsenic loading in groundwater.  
Improved surface water management and hydraulic management of clean 
groundwater to keep “clean water clean” will further increase the effective 
lifetime by reducing groundwater flux in PBA.  Therefore, the effective lifetime 
of the PRBs is potentially 30 to 40 years.  Field demonstration monitoring will 
facilitate evaluating the combined effect of these remedy components and the 
longevity of the PRBs.  

 
If the proposed field demonstration shows that PRB-1 and PRB-2 are effective in 
removing arsenic and other COCs from groundwater, perform hydraulically, and 
ultimately help reduce COC mass flux toward the floodplain; it is expected that they will 
be key components of the final site-wide remedy for groundwater.  The evaluation of the 
field demonstration will be based on these objectives discussed later in Section 5.3.   

2.3. Field Demonstration Design Basis 
In addition to ensuring that a PRB is properly oriented and configured to intercept the 
zone of impacted groundwater, there are three critical factors to its long-term success:  

1. For proper hydraulic performance, the PRB must be more permeable than the 
surrounding aquifer throughout its design life.  

2. Because treatment via ZVI is contact driven and ultimately results in the retention 
of both targeted and non-targeted inorganics within the PRB matrix, there must be 
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sufficient medium to support adequate reaction kinetics, provide sufficient uptake 
capacity, and it must remain reactive throughout its design life. 
 

3. Groundwater residence time in the PRB must remain sufficient to complete the 
desired degree of treatment, based on the reaction kinetics exhibited by the 
medium. 

Adequately addressing these factors requires a focused and accurate understanding of the 
aquifer in the vicinity of the proposed PRB, as well as the effectiveness of the specific 
ZVI targeted for use in treating the site-specific groundwater along with the related 
geochemistry.  

From an aquifer characterization perspective, this includes the extent of the saturated 
zone (to establish that it is adequately intercepted), the nature of the hydraulics (to 
establish proper orientation, permeability, and support estimation of residence times), and 
distribution of COC concentrations (to support estimates of mass flux).  From a 
treatability perspective, reaction kinetics vary based on the properties of the specific ZVI 
targeted for use and the site-specific groundwater chemistry, thus laboratory treatability 
testing must also be performed.  This also provides an opportunity to evaluate the 
potential for buildup of precipitates that can reduce performance of the PRB.   

Pre-design data collection has been completed to develop the conceptual site model 
(CSM) in the area of the proposed PRBs and the results of laboratory treatability testing 
are discussed in the following sections. 
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3. Pre-Design Data Collection and Testing 

3.1. Pre-Design Data Collection 

As described in the final Remedial Action Work Plan (Malcolm Pirnie, 2011c), additional 
characterization activities have been necessary to fill data gaps in the CSM for the Site.  
Given its relative importance, a number of these activities were focused in PBA to 
support design of the various restoration activities that are underway, including this field 
demonstration, and ultimately the full-scale remedy for groundwater.  This has included 
work in the Fines Pile, Ephemeral Pond and Boneyard areas to further characterize soil 
types, aquifer hydraulic properties, groundwater and bedrock elevations, slag occurrence, 
and COC distribution.  Of these, the following yielded data relevant to this field 
demonstration:  

· Field data collection activities completed in 2011 included the installation of 15 
soil borings (PBA-SB01 through PBA-SB15) and 35 test pits in the PBA.  Three 
additional borings (PBA-SB16, -17 and -18) were also installed specifically along 
the envisioned alignment of PRB-1 to refine the target treatment area (Malcolm 
Pirnie, 2011a).  These activities helped to confirm the vertical extent of slag and 
impacted soil to be removed, the lateral extent of saturated alluvium along the 
PBA, and the profile of the underlying bedrock (see Figures 3 and 4).  They also 
provided samples of the alluvial aquifer material for laboratory treatability testing, 
and grain size analysis to support an evaluation of hydraulic parameters for the 
PRBs.  

· Continued site-wide monitoring of 31 groundwater monitoring wells and 11 
surface water stations on a semi-annual basis (Interim Site Monitoring Program). 

· Sequential selective extraction (SSE) data were collected to understand the nature 
of the association of arsenic with aquifer soils in PBA in the vicinity of the PRBs.  
These data can be used to understand the quantity of labile arsenic (i.e., 
potentially mobile) residing within the PBA and that may be flushed by PRB 
effluent.  These results are summarized in Appendix E. 

The full set of data collected during field activities described in the Remedial Action 
Work Plan will be reported in detail in a Remedial Investigation Addendum.  Results that 
are relevant to the field demonstration are discussed in the following sections. 
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3.2. Laboratory Treatability Testing  

To determine the kinetics of arsenic removal and the arsenic uptake capacity of the 
specific ZVI targeted for use in the PRBs, a series of column tests were performed in the 
Department of Earth and Environmental Sciences at the University of Waterloo.  Column 
tests were performed using groundwater and aquifer soils collected from Monitoring 
Well EP-78 and boring location PBA-SB16, respectively.  A copy of the full report on 
the laboratory treatability tests is provided in Appendix D.  

At the time of the testing, the possibility of building the PRBs by amending the native 
alluvium with ZVI was being explored rather than using an engineered backfill (Malcolm 
Pirnie, 2011a).  Consequently, the column tests were performed using a mixture of 
Connelly Gas Purifying Materials (GPM) ZVI and aquifer solids collected from PBA-16.  
Four columns were constructed with ZVI loading of 0, 2.5, 10 and 15 percent by weight 
(wt%) based on the dry density of the ZVI and the bulk density of the aquifer solids.  
These ZVI loadings were selected based on the original native-alluvium amendment 
strategy, where the anticipated thickness of the barriers was much larger (20 feet) than 
currently being proposed, and ZVI could be more dilute to treat the same mass flux of 
arsenic.  Thus, loadings over 15 wt% were not tested.  Target ZVI loadings within the 
PRBs were not intended to go below 10-15 wt%; based on personal experience of 
Malcolm Pirnie and the University of Waterloo.  The lower concentration of 2.5 wt% was 
tested in order to quantify uptake capacity (i.e., to better test ZVI saturation) over the 
relatively short duration of the bench test.  Site groundwater was passed through the 
columns for 5 weeks, with flow rates adjusted to target a residence time of approximately 
2.5 days, which is within the range of groundwater residence times anticipated in the 
proposed PRBs.  During the 35-day testing period, influent and effluent samples were 
collected approximately daily for the first week and every 5 days thereafter.  Six ports 
along the length of the columns were also sampled one time during the testing (between 
days 19 and 22) to obtain a water chemistry profile for each of the columns.  

3.3. Laboratory Testing Observations and Conclusions 

Key observations and conclusions from this study are as follows:   

· Influent arsenic concentrations for all columns ranged between 1.5 and 2.2 mg/L 
for the duration of the tests.  The effluent for all of the columns with ZVI reduced 
arsenic concentrations to less than 0.03 mg/L for the entire duration of the study. 
 

· Influent selenium concentrations for all columns ranged between 0.091 and 0.114 
mg/L for the duration of the tests.  The effluent for all of the columns with ZVI 
reduced selenium concentrations to less than 0.006 mg/L for the entire duration of 
the study. 
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· The rates of arsenic uptake (i.e., the time required for ZVI to take up arsenic)  
within the 2.5, 10, and 15 wt% ZVI columns were estimated from the column 
profile data collected between days 19 and 22, assuming a removal rate that is 
first-order with respect to arsenic concentration (see Appendix E).  The arsenic 
half-lives decreased with increasing ZVI content, with estimated half-lives of 
3 hours, 2.2 hours and 1.3 hours in the 2.5, 10 and 15 wt% ZVI columns, 
respectively.  Because an exponential regression provides a better fit to the data, 
these first-order rates are preferred to the zero-order rates estimated by the 
University of Waterloo using the same data.    

· An estimation of the arsenic uptake capacity (i.e., the total amount of arsenic that 
can be taken up by the ZVI) was obtained using the Day 19-22 profile data 
collected on the 2.5 wt% ZVI column (see Figure 17 and Appendix D).  
Assuming uptake equilibrium, the column indicates partial ZVI capacity 
consumption up through 8 centimeters (cm) within the column.  However, 
previous studies have estimated uptake capacity based on total uptake up to the 
influent arsenic concentration, which can then be used as a design parameter and 
gauge in assessing field performance (i.e., Beak and Wilkin, 2009; Lien and 
Wilkin, 2005).  This is justified, given that a large fraction of the arsenic taken up 
is tightly sequestered and does not readily leach (Lackovic et al., 2000).  Given 
the comparison with the 0 wt% ZVI column (which also exhibits some arsenic 
uptake, likely due to changes in aquifer solid properties on air-exposure and 
column packing), additional uptake capacity is present in the 2.5 wt% column 
below 8 cm.  Based on the flow rate within the column, the influent arsenic 
concentration of 1.9 mg/L, and an assumption of linear ZVI capacity as a function 
of aqueous concentration which suggest approximately 60 percent uptake capacity 
remaining below 8 cm, a ZVI uptake capacity of 1.3 mg arsenic/g ZVI is 
estimated.  This value is similar to the 1.0 mg arsenic/g ZVI estimate for Connelly 
GPM ZVI found in the literature (Lackovic et al., 2000; Nikolaidis et al., 2003).  
However, the estimate does not consider the arsenic uptake kinetics (described 
above and in Appendix F), which likely exhibit first-order behavior.  Given the 
kinetic limitation, it is possible that the actual ZVI uptake capacity is higher than 
the estimated value based on equilibrium arguments.  In addition, this estimate is 
likely conservative since it was based on uptake after only 3 weeks, whereas in 
the field, longer-term ZVI corrosion will generate additional reactive capacity.  
However, to be conservative, the literature-derived Connelly GPM uptake 
capacity of 1.0 mg arsenic/g ZVI was used in the PRB engineering designs 
(Lackovic et al., 2000). 

· Differences in the influent and effluent chemistry within the columns are 
consistent with the formation of precipitates on ZVI corrosion (see Appendix D).  
Decreases in sulfate, along with much smaller, but detectable dissolved sulfide 
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concentrations, were indicative of sulfate reduction to sulfide and precipitation of 
metal sulfides (i.e., pyrite).  pH increased in the columns (increasing super 
saturation with respect to calcite) while alkalinity decreased slightly, consistent 
with the formation of carbonate and siderite.  Consumption of dissolved oxygen 
in the influent water and oxidation of Fe(0) also undoubtedly led to the formation 
of Fe(II) oxides such as green rust, which is a very common phase found on ZVI 
corrosion (i.e., Lien and Wilkin, 2005).  The observed differences in influent and 
effluent chemistry for the 15 wt% column were used in geochemical/ 
mineralogical mass balance calculations to estimate precipitate formation and 
resulting porosity losses.  These calculations yielded an estimate of cumulative 
porosity loss of 3.8% and 11.0% over 20 years for PRB-1 and PRB-2, 
respectively.  These estimates are used in the hydraulic design of the PRBs 
discussed below.  The detailed calculations are included in Appendix B 

Another important consideration in ZVI implementation is secondary effects on 
groundwater quality.  Generation of OH- from oxidation of Fe(0) to Fe(II) results in a pH 
increase which could potentially desorb surface-sorbed arsenic immediately 
downgradient of the PRB (i.e., Dixit and Hering, 2003).  The pH in all of the ZVI-
containing columns increased over time, with greater pH increases observed with higher 
ZVI content (see Appendix D - Figure 14).  The pH in both the 10 and 15 wt% columns 
increased from a starting value near 7 to a value of between 8.5 and 9, stabilizing after 
approximately eight pore flushes.  Although the pH increased in the column effluent, the 
alkalinity actually decreased, largely due to carbonate precipitation (see Appendix D - 
Figure 14).  Therefore, any pH increase is expected to be rapidly neutralized by the native 
soil immediately downgradient of each PRB, limiting the extent of the redox recovery 
zone and any pH excursions. 
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4. PRB Design 

4.1. PRB-1 Design 

PRB-1 is located downgradient of the Fines Pile/ Ephemeral Pond areas in an area of 
PBA where the alluvial groundwater extent is well defined (see Figures 3 and 5).  Based 
on the results of the PBA profiling in this area, PRB-1 will extend approximately 
140 linear feet from the toe of the plant slope to the northern edge of the saturated 
alluvial extent (see Figure 6).  The northern extent of PRB-1 will intersect lower-
permeability alluvium that was observed to be dry during the advancement of borehole 
PBA-SB16.  PRB-1 will be installed from underlying bedrock to an approximate 
elevation of 3,737 feet above mean sea level (amsl) which corresponds to the anticipated 
current groundwater elevation (see Figure 6). 

The soils in the PRB-1 alignment consist mostly of coarse-grained sand and gravel 
alluvial materials.  Grain-size analyses were conducted on alluvium samples collected 
near the PRB-1 alignment from borings PBA-SB02, PBA-SB12, and PBA-SB13.  These 
results were used to estimate an average K of approximately 21 ft/day in the PRB-1 
vicinity.  This K estimate is consistent with the hydraulic conductivity estimate of 18 
ft/day from previous hydraulic testing performed at EP-78.  PRB-1 is designed based on 
the current conditions of an estimated groundwater seepage velocity of approximately 
2.7 ft/day (see Table 1).  

Arsenic loading in PBA has been decreasing as COCs from source areas are depleted due 
to natural leaching processes.  Arsenic concentrations at EP-78, located within the 
Ephemeral Pond source area, have decreased from approximately 5 mg/L in 1998 to 
1.8 mg/L in 2011.  This trend fits an exponential decay curve with an estimated half-life 
of approximately 3,000 days or 8.2 years, resulting in arsenic concentrations decreasing 
over the next 30 years to approximately 0.1 mg/L (see Appendix G).  This rate of decay 
results in an average PRB-1 influent arsenic concentration of approximately 1.0 mg/L 
over the design lifetime of the PRB.  Based on the estimated groundwater flux, average 
arsenic loading of 0.10 (pounds per day) lbs/day was used to estimate ZVI demand.   

A ZVI demand of 730,000 lbs is determined based on the arsenic loading rate of 
0.10 lbs/day, the estimated uptake capacity of 1.0 mg arsenic/g ZVI and a design lifetime 
of 20 years.  Considering the anticipated loading reduction due to source remedial actions 
over the lifetime of the PRB (discussed previously), PRB-1 is expected to perform for 
longer than 20 years (i.e., a 50 percent reduction in arsenic loading would result in an 
effective service lifetime of 40 years) (see Table 1).  
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Based on the calculated first-order reaction rate constant of 12.8/day for a system with 15 
wt% ZVI, a minimum thickness of 1.1 feet would be necessary to treat groundwater to 
the Texas Risk Reduction Program (TRRP) protective concentration limit (PCL) of 0.01 
mg/L arsenic.  This minimum thickness is based on the maximum seepage velocities that 
result from estimated porosity reductions after 20 years.  The construction method 
(discussed later) was determined based on a cost comparison to other methods; the 
minimum thickness that can be constructed using the selected method is 8 feet.  An 8 foot 
thick wall will result in greater residence time and a safety factor of 7.2 for contact with 
ZVI, which will overcome any potential flow heterogeneities and/or short-circuiting. 
Also, a thicker wall has a greater potential for handling porosity losses resulting from gas 
generation and precipitate formation.  Based on the wall dimensions and a total ZVI 
content of 730,000 lbs, PRB-1 will contain ZVI at a concentration of 30 wt%, which is 
expected to exhibit faster reaction rates than a system with 15 wt% ZVI based on the 
laboratory test results. 

The PRB-1 backfill is designed to have uniform porosity and an initial minimum 
hydraulic conductivity of 42 ft/day to enhance flow-focusing through the PRB and 
accommodate porosity reductions due to mineral precipitation and hydrogen gas 
accumulation over the PRB lifetime.  The analysis of influent and effluent chemistry of 
the laboratory testing yielded an estimated annual porosity reduction of approximately 
0.2%.  Previous studies have found that hydrogen gas bubbles produced during ZVI 
corrosion can further reduce the porosity on the order of 10% within 100 wt% ZVI 
columns (Zhang and Gilham, 2005).  Gas accumulation is expected to be much lower and 
rebound more quickly in PRB-1 (30 wt% ZVI); a 5% porosity reduction is assumed as a 
conservative maximum over the lifetime.  The combined effects of precipitate formation 
and gas accumulation result in an estimated net hydraulic conductivity of 19 ft/day after 
20 years (assuming an initial hydraulic conductivity of 42 ft/day).  

To summarize, PRB-1 will have a length of 140 feet, average depth of 15 feet, and 
thickness of 8 feet, and will contain ZVI at a concentration of approximately 31 wt% (see 
Table 1).  A detailed description of design assumptions and calculations is included in 
Appendix B. The actual dimensions will be refined based on field observations and/or 
any construction limitations. 

4.2. PRB-2 Design 

PRB-2 is located approximately 470 feet downgradient of PRB-1 in a narrow portion of 
the historical PBA channel where bedrock has been significantly incised resulting in a 
defined alluvial channel (see Figures 2 and 3).  PRB-2 will extend approximately 120 feet 
across the channel with both southern and northern extents installed to shale and 
sandstone bedrock.  PRB-2 will be installed perpendicular to flow across the entire 
current saturated thickness and vertically to an elevation of approximately 3,727 feet 
amsl which corresponds to the current anticipated groundwater elevation (see Figure 7). 
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The soils in the footprint of PRB-2 consist of coarse-grained sand and gravel alluvium. 
Hydraulic conductivity of soils in the PRB-2 alignment are estimated to be 116 ft/day 
based on a pumping test performed at EX-3 (CDM, 2008) and the groundwater seepage 
velocity is estimated at 7.5 ft/day (see Table 2).   

Given the downgradient location of PRB-2 an average arsenic influent concentration of 
0.5 mg/L is expected based on current site conditions.  This influent arsenic concentration 
and the estimated groundwater flux result in an estimated arsenic loading of 0.15 lbs/day 
which is 50 percent greater than PRB-1 due to the higher groundwater seepage velocities 
at PRB-2 (see Table 2 and Appendix F). 

A ZVI demand of 1,100,000 lbs is estimated based on the arsenic loading rate of 0.15 
lbs/day, the estimated uptake capacity of 1.0 mg arsenic/g ZVI and 20 years of operation. 
Considering the anticipated loading reduction over the lifetime of the PRB (discussed 
previously), PRB-2 is expected to perform for longer than 20 years (e.g. a 50% reduction 
in arsenic loading due to source remedial actions would result in an effective service 
lifetime of 40 years) (see Table 2). 

The backfill is designed to have uniform porosity and an initial minimum hydraulic 
conductivity of 1,100 ft/day) to enhance flow through the PRB and accommodate 
porosity reductions due to mineral precipitation over the PRB lifetime.  Based on the 
estimated annual porosity reduction of approximately 0.5% due to precipitate formation 
and an additional 5% reduction due to gas accumulation, the hydraulic conductivity of the 
wall is estimated to decrease to 122 ft/day after 20 years (assuming an initial hydraulic 
conductivity of 1,100 ft/day).  

Based on the calculated first-order reaction rate constant of 12.8/day, a minimum 
required thickness of 4.3 feet is necessary to treat groundwater to the TRRP PCL of 0.01 
mg/L arsenic.  This minimum thickness considers the increased seepage velocities that 
result from estimated porosity reductions after 20 years.  As discussed above for PRB-1, 
the selected construction method will result in an 8 foot thick wall providing greater 
residence time and a safety factor 1.9 for contact and treatment.  A thick wall will 
overcome any potential flow heterogeneities and/or short-circuiting and has a greater 
capacity for handling porosity losses resulting from gas generation and precipitate 
formation. 

Based on the design length of 120 feet, average depth of 27 feet and thickness of 8 feet, 
PRB-2 will be composed of approximately 32 wt% ZVI (see Table 2).  A detailed 
description of design assumptions and calculations is included in Appendix B.  The actual 
dimensions will be refined based on field observations and/or construction limitations.  
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5. Field Implementation 

5.1. Construction Methods  

Both PRBs will be constructed using a conventional approach of excavating the native 
saturated material and backfilling with an engineered backfill amended with ZVI.  
Excavation and backfill will be performed using a 20-foot by 8-foot slide-rail system (a 
modular trench box), with slide-rails installed in approximately 8 foot vertical sections, 
until bedrock is reached.  Once the alluvium has been excavated from a given slide-rail 
section, the open excavation will be backfilled with the ZVI-amended engineered 
backfill.  Three sides of the slide-rail will then be removed and reinstalled opposite the 
side left in place to create the next 20-foot by 8-foot section of PRB.  This step-wise 
approach will be repeated until the design lengths are achieved. Installation of both 
PRB-1 and PRB-2 will start at the southern extent and proceed to the north.  It is 
anticipated that PRB-1 will be installed before PRB-2, and each PRB will take 
approximately four weeks to construct. 

Due to the groundwater flux in the PBA, dewatering is impractical and will not be 
performed; thus, excavation and backfill will be performed under saturated conditions.  
The excavated native soils will consist primarily of sand and gravel and will be staged in 
stockpiles adjacent to the excavation to encourage dewatering back into the excavation. 
Due to the high hydraulic conductivity of the soils, it is anticipated that most of the water 
from the excavated soil will infiltrate back into groundwater. The dewatered soils from 
the excavation will be classified as Category II materials and will be stockpiled in the 
Plant area. 

Based on the current design, an engineered material will be produced and supplied by a 
local supplier and used to backfill after each 20-foot by 8-foot section of PRB is 
excavated. Laboratory testing of the backfill material will be conducted to confirm the 
hydraulic conductivity of the material prior to construction.  Environmental analysis will 
also be performed on the backfill to confirm the suitability of the material.  Mixing of the 
ZVI and backfill will be performed by mechanical mixing equipment to achieve more 
consistent mixing than field mixing techniques would allow (discussed further in 
Appendix H).  The backfill will be placed using a “bottom-up” approach (i.e., material 
will be delivered to depth within a bucket to ensure in-place mix consistency and 
minimize ZVI segregation).  

A low-permeability backfill material will be placed on top of both PRBs to prevent 
overtopping during any seasonal high flow events (see Figures 6 and 7).  A geotextile 
material will be emplaced between the PRB backfill and low-permeability material to 
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prevent any fines from entering the PRB and potentially alter the permeability. It is 
expected that approximately 5 to 10 feet of low-permeability backfill will be necessary to 
achieve the sub-grade for the Interim Channel construction.  

5.2. Construction Quality Assurance 

Construction Quality Assurance testing will guide the construction activities to ensure the 
PRBs meet the design specifications and includes: 

· Field alignment – test pits and borings 

· Backfill specifications (grain size, ZVI content, and analytical samples) 

· Backfill monitoring and logging – analysis and frequency 

· Backfill placement specifications 

· Native material monitoring – soil and groundwater 

· Surveying  

Details of this testing are included in Appendix H.  PRB construction activities will be 
integrated with other Site construction activities; construction will also include the 
installation of the performance monitoring network discussed in the next section.  

5.3. Performance Monitoring and Evaluation  

The monitoring program has been designed to support both short- and long-term 
evaluation of the PRBs and will ultimately be used to determine the effectiveness of the 
PRB technology against the specific objectives of the demonstration.   

To accomplish this, a robust network of upgradient, crossgradient, downgradient, and in-
wall monitoring wells will be installed (Figures 8 through 12).  A total of 21 monitoring 
wells and nine in-wall nested monitoring wells are proposed to meet the monitoring 
objectives of the field demonstration; the wells will be installed in phases to allow 
continued remedial construction activities in PBA. Proposed monitoring wells in key 
locations will be installed and sampled before PRB construction and the remainder of 
proposed monitoring locations will be installed after backfill activities are complete and 
the Interim Channel is constructed (approximately 3 months after PRB construction, 
Figure 13).  Additional monitoring wells may be necessary based on field observations 
during construction and initial monitoring results. 

Two monitoring wells will be installed upgradient of each PRB to monitor influent 
groundwater flux and COC loading.  Wells will also be installed at distances of 
approximately 10, 50, 150, and 300 feet downgradient of each of the PRBs. Relative to 
groundwater travel time, these distances correspond to approximately 1 to 80 days 
downgradient.  Monitoring wells installed 10 and 50 feet downgradient of each PRB will 
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be used to evaluate short-term effectiveness and changes in water quality.  The wells 
located 10 ft downgradient will be nested to evaluate variation in treatment effectiveness 
across the vertical thickness of the PRB.  The monitoring wells installed farther 
downgradient (approximately 150 and 300 feet downgradient) will be used to monitor 
changes in water quality due to the reduction in COC mass flux and the transport of 
treated water (see Figures 9 through 12).   

Nested groundwater monitoring wells and Point Velocity Probes (PVPs [Devlin et al. 
2009 and ARCADIS 2012]) will be installed in each PRB to assess in-barrier flow 
velocity (which will confirm residence times) as well as COC and geochemistry profiles 
in the wall both laterally and vertically (see Figures 10 and 12).  A total of six nested 
monitoring well pairs will be installed in PRB-1, and three nested well pairs will be 
installed in PRB-2.  Each nested well pair will have two discretely screened intervals of 5 
or 10 feet depending on the constructed PRB depth (see Figures 10 and 12).  These wells 
will be installed approximately 2 feet, 4 feet, and 6 feet from the influent side of each 
PRB to evaluate geochemical fronts and ZVI usage rates, and to characterize hydraulic or 
geochemical heterogeneities in the PRB.  These nested wells will be slightly offset to 
avoid any short-circuiting (see Figures 9 and 11).  The PVPs will yield in situ 
measurements of groundwater velocity in the PRBs for additional barrier performance 
assessment.  The measurement range of the PVPs does include the anticipated 
groundwater velocities.  Stacks of three PVPs will be installed at approximately three 
locations within each PRB.  PVP depths will be determined in the field, but should be 
spaced to measure hydraulic conditions in the approximate bottom, middle, and top of 
each PRB (see Figures 10 and 12).   

Each groundwater monitoring well will be installed using a hollow-stem auger drill rig, 
and will be constructed of 2-inch diameter schedule 40 polyvinyl chloride (PVC) casing 
and 0.02-inch slotted screens.  Wells installed upgradient and downgradient of each PRB 
will be completed to bedrock and screened across the saturated alluvium using 10- and 
20-foot long screens for PRB-1 and PRB-2, respectively (see Figures 9 and 11).    It is 
anticipated that the PVPs will be installed after PRB construction.  The final installation 
location and construction of each proposed performance monitoring well and PVP is 
subject to modification due to logistical, equipment, and construction considerations.  
Each monitoring location will be surveyed by a Texas-licensed surveyor for location and 
elevation. 

After installation of the complete monitoring well network, monitoring will include 
sampling approximately every 60 days for the first six months and then quarterly through 
18 months following well installation.  It is anticipated that long-term monitoring (after 
18 months) will include semi-annual sampling to be integrated into the site-wide 
groundwater monitoring program.  Each well will be sampled using low-flow sampling 
methodology and a flow-through cell will be used to collect field parameters.  Samples 
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will be analyzed for Site COCs, analytes of interest (AOIs), and dissolved silica (see 
Table 3).  Metals analyses will be conducted for both total and dissolved fractions.  

Manual depth-to-water measurements will be collected during each sampling event.  
High-resolution groundwater level measurements will be obtained using pressure 
transducers at key locations to assess changes in flow regime in the vicinity of the PRBs.  
In situ measurements of groundwater flow velocity using the PVPs will be completed 
initially after PRB construction, with subsequent measurements to evaluate changes in 
velocities.  Hydraulic monitoring will also include hydraulic conductivity testing within 
30 days of PRB construction (rising and falling head slug testing), and, potentially, 
single-well tracer testing to confirm the hydraulic conductivity and groundwater flux and 
evaluate changes over the lifetime of the PRBs.  Long-term monitoring and evaluation 
will include coring into the PRB to evaluate changes in ZVI reactivity, extent and trends 
in precipitate formation and/or accumulation of arsenic. Coring analyses will include (but 
not limited to) solid-phase analysis, scanning electron microscopy (SEM) and/or x-ray 
diffraction (XRD).  

All analytical, hydraulic and other performance monitoring data will be validated and 
compiled in a database.  Performance monitoring data will be compared against baseline 
(pre-construction) data where available.  Based on the field demonstration objectives 
discussed in Section 2.2, data will be evaluated against the follow criteria: 

1. Removal of arsenic and selenium: Based on the results of the 15 wt% column, it is 
expected that arsenic and selenium concentrations will be reduced to below their 
respective PCLs within the in-barrier monitoring wells.  Reductions at monitoring 
wells downgradient of the PRBs could be affected by sorbed mass contributing to 
aqueous concentrations.  Monitoring of other COCs will be evaluated and 
compared to historical concentrations. 

2. Hydraulic performance: Hydraulic monitoring data will confirm the hydraulic 
design parameters and be used to evaluate changes in hydraulics over the lifetime 
of the PRBs.  

3. PRB longevity: This objective will be assessed over a longer time period (greater 
than 18 months).  Results of coring analysis will support the evaluation of this 
objective.  Longevity will also consider the effectiveness of source remedial 
activities. 

A status update will be submitted to TCEQ approximately three months after construction 
to include data collected to-date.  A Field Demonstration Status Report that includes 
detailed construction and performance monitoring results will be submitted to TCEQ 
approximately six months after construction (Figure 13).  This submittal will also include 
any recommended modifications to the monitoring program and discussion of the 
evaluation criteria presented above.  
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Table 1

PRB-1 Design
Parker Brothers Arroyo

Former ASARCO Smelter Site, El Paso, TX

Criteria Value Unit Notes
Aquifer Characteristics

Hydraulic Conductivity 18 ft/day Estimate from EP-78 slug test
Hydraulic Gradient 0.03 -- Estimated between EP-78 and EP-85
Mobile Porosity 0.2 -- Conservative estimate
Groundwater Seepage Velocity 2.7 ft/day Calculated
Darcy Flux 0.54 ft/day Calculated
Arsenic Influent Concentration 1.0 mg/L Site average

Design Parameters
Target Arsenic Effluent Concentration 0.01 mg/L TRRP PCL
Design Lifetime 20 yrs Conservative estimate
Minimum Initial Hydraulic Conductivity 42 ft/day Estimated using KC equation and preliminary backfill design
Porosity Reduction Rate 0.002 1/yr Estimated based on laboratory test influent and efflent chemistry
Net Hydraulic Conductivity (20 years) 19 ft/day Calculated based on estimated porosity reduction rate
Reaction Rate 12.8 1/day Column testing of 15% (by weight) ZVI
Minimum Retention Time 0.41 days Calculated
Average Arsenic Loading 0.10 lbs/day Calculated
Arsenic Loading over Design Lifetime 730 lbs Calculated for 20 years
Arsenic Uptake Capacity 1.0 mg As/g ZVI (Lackovic et al., 2000; Nikolaidis et al., 2003)
Total ZVI Demand 730,000 lbs Calculated

Design Details
Saturated Cross-Sectional Area 2,200 ft2 Designed; average 15.7 ft high and approximately 140 ft long 
Minimum PRB Thickness 1.1 ft Calculated based on reaction rate and seepage velocity after 20 yrs
Thickness 8 ft Design Thickness
Retention Time 3.0 days Calculated based on seepage velocity after 20 years of operation
ZVI Content (Percent Composition by Weight) 31 % Calculated
Total ZVI Content 730,000 lbs Calculated

Performance Estimate - 50% decrease in Arsenic loading as a result of soil and surface water remedies
Average Arsenic Loading 0.05 lbs/day Calculated
Arsenic Treatment Capacity of PRB 730 lbs Designed
Estimated Service Life 40 yrs Calculated

Notes:
     PRB = permeable reactive barrier
     KC = Kozeny Carman 

      TRRP PCL = Texas Risk Reduction Program Protective Concentration Level
     ZVI = zerovalent iron
     ft/day = feet per day
     mg/L = milligrams per liter
     yrs = years

      lbs = pounds
     ft2 = square feet

     % = percent



Table 2

PRB-2 Design
Parker Brothers Arroyo

Former ASARCO Smelter Site, El Paso, TX

Criteria Value Unit Notes
Aquifer Characteristics

Hydraulic Conductivity 116 ft/day EX-3 pumping test 
Hydraulic Gradient 0.013 -- Estimated between EP-85 and OBS-1
Mobile Porosity 0.2 -- Conservative estimate
Groundwater Seepage Velocity 7.5 ft/day Calculated
Darcy Flux 1.51 ft/day Calculated
Arsenic Influent Concentration 0.5 mg/L Site average and based on expected effluent concentration of PRB-

1, located 470 feet upgradient
Design Parameters

Target Arsenic Effluent Concentration 0.01 mg/L TRRP PCL
Design Lifetime 20 yrs Conservative estimate
Minimum Initial Hydraulic Conductivity 1,100 ft/day Estimated using KC equation and preliminary backfill design
Porosity Reduction Rate 0.005 1/yr Estimated based on laboratory test influent and efflent chemistry
Net Hydraulic Conductivity (20 years) 122 ft/day Calculated based on estimated porosity reduction rate
Reaction Rate 12.8 1/day Column testing of 15% (by weight) ZVI
Minimum Retention Time 0.38 days Calculated
Average Arsenic Loading 0.15 lbs/day Calculated
Arsenic Loading over Design Lifetime 1,100 lbs Calculated for 20 years
Arsenic Uptake Capacity 1.0 mg As/g ZVI (Lackovic et al., 2000; Nikolaidis et al., 2003)
Total ZVI Demand 1,100,000 lbs Calculated

Design Details
Saturated Cross-Sectional Area 3,200 ft2 Designed; average 26.4 ft high and approximately 120 ft long
Minimum PRB Thickness 4.3 ft Calculated based on reaction rate and seepage velocity after 20 yrs
Thickness 8 ft Design Thickness
Retention Time 0.7 days Calculated based on seepage velocity after 20 years of operation
ZVI Content (Percent Composition by Weight) 32 % Calculated
Total ZVI Content 1,100,000 lbs Calculated

Performance Estimate - 50% decrease in Arsenic loading as a result of soil and surface water remedies, and PRB-1 performance
Average Arsenic Loading 0.08 lbs/day Calculated
Arsenic Treatment Capacity of PRB 1,100 lbs Designed
Estimated Service Life 40 yrs Calculated

Notes:
     PRB = permeable reactive barrier
     KC = Kozeny Carman equation
     TRRP PCL = Texas Risk Reduction Program Protective Concentration Level
     ZVI = zerovalent iron
     ft/day = feet per day
     mg/L = milligrams per liter
     yrs = years
     lbs = pounds
     ft2 = square feet

     % = percent



Table 3
Performance Monitoring Program

Field Demonstration of Groundwater Remedy in Parker Brothers Arroyo
Former ASARCO Smelter Site, El Paso, TX

Permeable Reactive Barrier Sample/Test Location Total Number of 
Sample Locations Analyte*/Test Type Sample Frequency

Upgradient Wells 2 COC, AOI, dissolved silica 1, 2, 3
In-Barrier Wells 6 nested/12 COC, AOI, dissolved silica 1, 2, 3

Downgradient Wells 6 (2 nested)/8 COC, AOI, dissolved silica 1, 2, 3
Total Monitoring Wells PRB-1 17/22

Upgradient Wells 2 COC, AOI, dissolved silica 1, 2, 3
In-Barrier Wells 3 nested/6 COC, AOI, dissolved silica 1, 2, 3

Downgradient Wells 6 (2 nested)/8 COC, AOI, dissolved silica 1, 2, 3
Total Monitoring Wells PRB-2 11/16

Total Monitoring Wells PRB-1 and PRB-2 28/38

Select Monitoring Wells 6
In-Barrier Wells 8
In-Barrier PVPs 5 sets PVP Monitoring Baseline Testing and as needed long-term

Monitoring Wells 38 water level measurement Each analytical monitoring event

Select Monitoring Wells 8
high-density water level measurements 

(pressure transducers) Continuous for one year

Notes:
COC = constituents of concern, as described in the Final Remedial Action Work Plan (Malcolm Pirnie, 2011c)
AOI = analytes of interest, as described in the Final Remedial Action Work Plan (Malcolm Pirnie, 2011c) 
PVP = Point Velocity Probes
1 = Once every 60 days for the first 6 months
2 = quarterly for months 6-18
3 = semiannually after 18 months 
Samples will be analyzed for total and dissolved metals.
Proposed sampling program may be modified based on observed performance, all changes will be requested in writing to TCEQ before any changes are made.

*Detailed Analyte List

Combined Field Demonstration

slug testing/single well tracer

Analytical Monitoring

Hydraulic Monitoring

PRB-2

PRB-1

Baseline Testing and as needed long-term

Constituents of Concern (COCs) Analytes of Interest (AOIs)

Field Parameters: temperature, dissolved oxygen, oxidation/reduction potential, turbidity, ferrous iron, 
atmospheric air temperature, barometric pressure

Water Quality Parameters: aluminum, calcium, magnesium, manganese, potassium, sodium, alkalinity, chloride, 
fluoride, nitrate/nitrite, sulfate, sulfide, total suspended solids, total organic carbon

Metals: antimony, barium, cobalt, mercury, molybdenum, nickel, thallium

Field Parameters: pH, specific conductivity

Water Quality Parameter: total dissolved solids

Metals: arsenic (As+5 and As+3), cadmium, chromium, copper, iron (Fe+2 and Fe+3), lead, selenium, 
zinc
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Notes:
1 - Includes approximately eight upgradient and downgradient monitoring wells that will not impede PBA Channel Construction activities

2 - Includes the TCEQ-approved final monitoring plan of in-barrier monitoring wells and additional upgradient and downgradient monitoring wells
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APPENDIX A 
 

RESPONSE TO COMMENTS 
FIELD DEMONSTRATION OF ZEROVALENT 

IRON TREATMENT TECHNOLOGY 
FEBRUARY 29, APRIL 24, JUNE 13, AND JULY 3, 2012 

 
TECHNICAL REVIEW COMMENTS FROM USEPA  
DATED FEBRUARY 29, 2012 VIA E-MAIL  
 
This paragraph applies to comments received on February 29, 2012, prior to submittal of the first 
version of the Field Demonstration of Zerovalent Iron Treatment Technology in Parker Brothers Arroyo.  
The original submittal dated April 23rd, 2012 was intended to address these comments, but explicit 
responses were not included.  This response to comments was prepared to provide explicit responses and 
references to the relevant section of the report where the comments are addressed and discussed in 
detail. 
 
 
AQUIFER GROUND WATER HYDROLOGY & HYDRAULICS 
 

Comment: 

1. Basis of Design Summary Table ES-1 on page E-2 has listed three options of ground water 
recovery  flow rates: 
38 gpm 
76 gpm 
200 gpm 

(i) Please provide the Field Study Report in which these PUMPING RATES determined 
(ii) Has an Aquifer Test been carried out at this site for the target aquifer that is going to be 

remediated? 
(iii) If the Aquifer Tests were conducted at this proposed Remediation site, please provide the 

report containing the following parameters: 
(a) Hydraulic Conductivity (K) of the aquifer 
(b) Aquifer effective porosity (ne) 
(c) Aquifer Specific Yield (Sy), and or, Storage coefficient/Storativity (S), as applicable 
(d) Aquifer Saturated Thickness (b) 
(e) Transmissivity (Kb), for the aquifer to be remediated. 
(f) Provide the Cation Exchange Capacity (CEC) of the Aquifer. 
(g) Test Set Up, Data Analysis, Interpretation and the final Report prepared. 

 
Response: 

(i): These flow rates were used for the design of different remedial alternatives as part of the EECA 
evaluation performed by CDM (CDM, 2009). They represent groundwater flows from the entire Site. 
The 38 gpm rate was estimated by groundwater flow modeling and arsenic loading to the Rio Grande 
(ARCADIS, 2007). It accounts for 28 gpm from Parker Brothers Arroyo plus 10 gpm from the Plant 
Site. The 76 and 200 gpm scenarios were assumed flow rates for peak flow conditions. 
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RESPONSE TO COMMENTS 
FIELD DEMONSTRATION OF ZEROVALENT 

IRON TREATMENT TECHNOLOGY 
FEBRUARY 29, APRIL 24, JUNE 13, AND JULY 3, 2012 

(Continued) 
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(ii): 
Yes pump test were performed at the mouth of the Parker Brothers Arroyo at wells EX-1 and EX-2 
(CDM, 2009). Additionally, CDM performed a pump test in well EX-3 that was used to estimate the 
hydraulic conductivity value of 116 ft/day in the alluvium at the proposed PRB-2 location (Appendix B). 
 
(iii): 
(a) At the PRB-1 location the hydraulic conductivity it was estimated at 18 ft/day  based on slug tests 
performed at upgradient well EP-78 and using the Kozeny-Carman equation from sieve analyses 
performed on samples collected from borings (PBA-SB02, PBA-SB12, PBA-SB13) in the vicinity of 
PRB-1. 
 
The hydraulic conductivity at the PRB-2 locations is estimated at 116 ft/day based on the results from 
the EX-3 pump test (Appendix B). 
 
(b) The aquifer effective porosity has been estimated at 15-20% based on stratigraphic descriptions. 
Tracer testing has not been conducted to confirm this estimate.  
 
The effective porosity of the PRBs which is a key parameter in the design has been estimated at 25%. 
The proposed monitoring program includes the use of pore velocity probes and single well tracer tests 
that can be used to estimate the effective porosity in the PRBs after installation. 
 
(c) The aquifer storage coefficient/storativity was estimated at 0.007 from the EX-3 pump test results. 
 
(d) Data presented in section 2.5 of the Supplemental Design Package (Appendix B). 
 
(e) Data presented in section 2.6 of the Supplemental Design Package (Appendix B). 
 
(f) The CEC of the aquifer was not measured nor used in the PRBs design calculations. 
 
(g) CDM (2009) and Appendix B 
 
 
Comment: 

2. Provide ground water Darcian /Seepage velocity and discharge flow seepage flow rates equations as 
determined from the project site’s aquifer test(s). 

 
Response: 

Data presented in section 2.7 and 2.8 of the Supplemental Design Package (Appendix B). 
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Comment: 

3. Please provide the dates and the specific time when each of water level measurement used to 
generate hydraulic heads were conducted at each ground water observation well/piezometer. 

 
Response: 

Data presented in section 2.2 of the Supplemental Design Package (Appendix B). 
 
 
Comment: 

4. Please state if each phreatic water level phreatic/potentiometric map represent a single day 
measured heads (h), or, they are composite of different water level measurement events ( taken on 
different dates). 

 
Response: 

Figure 5 of the report represents water levels measured during a single event. 
 
 
Comment: 

5. Please provide the potentiometric/phreatic ground water contour maps that was used in determining 
the hydraulic gradient (i) that was used in the calculation of the Darcian/Seepage flow rates (flux) 
selected in comment #1 above and any Aquifer Test conducted at this site. 

 
Response: 

Included in Figure 5 of the report. 
 
 
PERMEABLE REACTIVE BARRIER (PRB)  

Comment: 

I [Eric Adidas] have reviewed the proposed remedial Technologies alternatives and there does appear 
that a Laboratory Test Model has been conducted to model PRB Wall as a pollutant removal and 
Arsenic control. The consultants of the Trustee have selected the PRB as remediation control technology 
for the subsurface Arsenic (pollutant) migration without the accompanying design details. Since the Lab 
results of the Bench scale model exist, and are going to be applied in the field to scale up and construct 
two field demonstration PRB Wall(s), please address the following;  
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A. Prepare and provide the design and analysis of the PRB wall s to be constructed based on the bench 
scale parameters data. 

B. Provide the Scale Up equations showing how the Bench Scale model has been used to Size the field 
PRB wall. 

 
Response: 

A. The design calculations are presented in Section 5 and 6 of the Supplemental Design Package 
(Appendix B) and Section 3.3 of the report 

 
B. Data presented in section 4 and 5 of the report.   
 
 
Comment: 

(1) Is the proposed PRB being constructed as a Semi-Batch, Plug Flow, or Batch Reactor. 
 
Response: 

The PRBs are being designed assuming plug flow as described in section 8.1 of the Supplemental 
Design Package (Appendix B). 
 
 
Comment: 

(2) For the PRB that is being proposed, please provide the bench design equations, data and the 
Sizing of the Bench Reactor model to include all the; 
(a) engineering parameters that are used to size this PRB barrier wall dimensions as proposed’ 
(b) Provide the temperature adjusted reaction kinetics of Arsenic and ZVI reactions. 
(c) Provide the REDOX reactions of Arsenic/ZVI reactions in ground Water under the conditions 

of the Bench Scale model Run Tests. 
 
Response: 

(a) Data presented in section 8 of the Supplemental Design Package (Appendix B). 
(b) Data presented in section 6.3 of the Supplemental Design Package (Appendix B). 
(c) Data presented in section 4.1 of the Supplemental Design Package (Appendix B). 
 
 
Comment: 

(3)  Calculate Ground Water “approach volumetric flow rate (flux) flow-vector through and 
perpendicular to the PRB wall. 
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Response: 

Data presented in section 2.9 and 2.10 of the Supplemental Design Package (Appendix B). 
 
 
Comment: 

(4) Provide the (i) Hydraulic residence time (τ) (ii) chemical species reaction constant (kc). Determine 
the Order of the reactions of ZVI and Arsenic in the reactor as determined during the Bench Scale 
lab PRB model test. 

 

Response: 

Data presented in section 8.3 of the Supplemental Design Package (Appendix B). 
 
 
Comment: 

(5) Provide the reactor volumes space time (τs), the number of reactor pore volume removal per unit 
time. 

 
Response: 

Data presented in section 8.10 of the Supplemental Design Package (Appendix B). 
 
 
Comment: 

(6) The Reactor Chemistry of individual solid media materials that constitute the PRB Wall. 
 
Response: 

Data presented in section 4.1 of the Supplemental Design Package (Appendix B). 
 
 
Comment: 

(7) Provide Sorption rate (rs) kinetics and desorption rate (rd) kinetics of Arsenic on ZVI 
 
Response: 

A bulk reaction rate was estimated from the column studies and used in the design of the PRBs. This 
bulk reaction rate includes sorption in addition to co-precipitation with fresh forms of iron that are 
produced as the ZVI corrodes such as oxides, sulfides, carbonates, and carbonate/ sulfate green rusts 
(Beak and Wilkin 2009). Using a bulk reaction rate is standard practice for PRB wall design (Lien and 
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Wilkin, 2005; Su and Puls, 2001; Su, 2006).  These reactions are discussed in detail in Section 4.1 of the 
Supplemental Design Package (Appendix B). 
 
Arsenic desorption is possible downgradient of the PRBs due to the geochemical changes to 
groundwater expected in the PRBs (Section 2.2 of report). Any desorbed arsenic will be closely 
monitored via downgradient monitoring wells that are spaced 10, 50 and 150 downgradient of the PRBs. 
This robust monitoring network will allow the monitoring of the aquifer recovery zone (i.e. fate of any 
desorbed arsenic) downgradient of the PRBs.  
 
 
Comment: 

(8) Provide the pH, Eh,, Temperature of the Permeable Reactor Zone for the Detention Interval τc 
 
Response: 

Data presented in section 9.2 of the Supplemental Design Package (Appendix B). 
 
 
Comment: 

(9) Provide the kinetic constant (k1 for Arsenic oxide and kfe for ZVI in the Arsenic Permeable Reactor 
Barrier Wall Lab Scale Model. 

 
Response: 

Data presented in section 6.2 of the Supplemental Design Package (Appendix B). 
 
 
Comment: 

(10) Provide the scale up calculations for this Lab Scale PRB to Field Scale Test PRB. 
a. Provide Chemical reactions of the Arsenic, Iron and shallow ground-Water under atmospheric 

conditions and the attendant pH and Eh. 
b. What is the efficiency of the PRB Wall in Arsenic removal. 
c. How will the pore volume be affected by the Sorption of Arsenic on the ZVI. 
d. What will be the true pore velocity (effective) based on sorption of Arsenic with time. 

 
Response: 

Discussion provided in sections 5 and 6 the design document. 
a. Data presented in section 4.1 of the Supplemental Design Package (Appendix B). 
b. It’s 99.6%, data presented in section 5 of the Supplemental Design Package (Appendix B). 
c. Discussed in section 8.4 and 8.10 of the Supplemental Design Package (Appendix B). 
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d. Discussed in section 8.5 of the Supplemental Design Package (Appendix B). 
 
 
Comment: 

(11) Calculate the rate of adsorption of Arsenic III and Arsenic V, valency of the species onto Silica and 
Iron hydroxyl oxides formed in the reactions. 

Response: 

Discussed in section 8 of the Supplemental Design Package (Appendix B). 
 
GROUNDWATER FLUXES DESIGN BASIS 
 
Comment: 

Ground water flux of 38 gpm derived from 28 gallons gpm between SEP1 and SEP2 and 10 gpm 
between SEP11 and SEP2. (ARCDIS, 2007). 

(a) Please provide the Field Hydrogeologic Report for the Hydrologic and hydraulics Aquifer Tests 
performed by ARCADIS at the ASARCO Remediation Site that contain these pumpage rates 
mentioned. 

(b) Provide the Ground Water Fate & Transport Advective & Dispersive model that was performed 
by ARCADIA &, or, Waterloo for the ARSACO remediation Site 

 
Response: 

(a) The aquifer testing performed at EX-1 and EX-2 by CDM in Parker Brothers Arroyo was 
summarized in an CDM report (CDM, 2009). Additionally, CDM performed a pump test in well 
EX-3 that was used to estimate the hydraulic conductivity value of 116 ft/day in the alluvium at the 
proposed PRB-2 location (Appendix B) . 

(b) The modeling report was submitted previously by ARCADIS (ARCADIS, 2007). 
 
VERBAL COMMENTS FROM TCEQ VIA DISCUSSION WITH MR. JAMES SHER ON 
APRIL 24, 2012 
 

Verbal Comment: 

Page 2-1 Sec 2.1 
“PRB-2 will be located approximately 450 feet downgradient of PRB-1 (Approximately 100 to 150 
day’s groundwater travel time)” 
 
If using the Hydraulic conductivity estimated shown in Table 1 & 2, the travel time should be much 
shorter.  
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Response: 

Text in Section 2.1 of the report was revised to 50-140 ft/day based on higher velocities at PRB-2. 
 
 
Verbal Comment: 

Page 2-2 Sec 2.2 - Item 1 line 3 
“Confirm the degree to which the PRBs are effective in removing arsenic and other COCs.” Should the 
wording change to “All COCs”? If there is a specific COC cannot be treated via PRB, please explain. 
 
Response: 

COCs other than arsenic and selenium are not present in PBA groundwater at concentrations that exceed 
respective standards and thus will not require treatment. The text in Section 1.1 of the report was revised 
 
 
Verbal Comment: 

Item 3 
Current design assumes the life of PRB is 20 years.  The potential saving from water management will 
increase the life of PRB, however, we don't have field data to quantify the additional period at this time. 
Suggest excluding the discussion from the report at this time.  Use 20 years as target for the field 
demonstration. 
 
Please include the evaluation criteria as we discussed on April 23. 
 
Response: 

Malcolm Pirnie agrees with the recommendation regarding a design lifetime of 20 years; there are no 
revisions to the report associated with this comment. 
 
Evaluation criteria are presented in the end of Section 5.3 in the report.  
 
 
Verbal Comment: 

Page 2-3 - Sec 2.3 - Item 3 
The groundwater flow will impact the residence time of PRB treatment. Please indicate the maximum 
flow rate and related reading for the velocity probe. 
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Response: 

Yes and flow rates through the wall increase over the lifetime due to porosity losses from precipitation 
and gas generation. Thus, the wall thickness and retention time (with safety factor) was designed based 
on estimated velocities after 20 years as worse case. These calculations are discussed in detail in Section 
8 of the Supplemental Design Package (Appendix B). 
 
 
Verbal Comment: 

Page 5-1 - Sec 5.1 - 2nd Paragraph 
“It is anticipated that most of the water from the excavated soil will infiltrate back into groundwater.”  
The saturated soil will contain some water.  Do you see the needs to contain/control the groundwater 
dripping out of the soil? 
 

Response: 

Given the water that drains from soils will have the same geochemistry and contaminant concentrations 
as groundwater, the water will not be contained. Since the soils are relatively high permeability, water is 
expected to readily infiltrate back into the alluvial aquifer. The area will be graded to direct any surface 
drainage flow into the excavation. In addition, clean, engineered fill will be placed over each PRB to 
establish the grades for the Interim Channel. 
 
 
Verbal Comment: 

Page 5-2 - Sec. 5.3 
Should the location and screen depth for in-wall monitoring wells be determined after several rounds of 
PVPs being collected?  You can collect the data first couple weeks, and then install the in-wall 
monitoring wells. 
 
Response: 

The PVPs and in-wall monitoring wells will be installed after PRB construction and placement of 
backfill in the arroyo (Figure 13 of the report). The PVPs will identify any vertical variation in flow (i.e. 
areas of greatest flux) through the wall.  The proposed monitoring program (discussed in Section 5.3 of 
the report) will monitor the entire vertical thickness with nested well screens. Data collected from the 
PVPs and these monitoring wells could warrant additional monitoring points to augment the 
performance monitoring program, if determined necessary. 
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Verbal Comment: 

Page 5-2 - Sec 5.3 
“Relative to groundwater travel time, these distances correspond to 2 to 100 days downgradient.” The 
100 days seem too long based on the estimated flow rate.  
 

Response: 

The text in Section 5.3 of the report was revised to approximate travel times of 1 to 80 days.  
 
 
Verbal Comment: 

Page 5-3 - 4th Paragraph 
Should the sampling frequency be coincided with the estimating traveling time? It will provide a 
complete picture of the PRB-1 & 2 performance. 
 
Response: 

The monitoring program (Table 3) sampling frequency is designed to correspond to groundwater flow 
velocities and monitor performance of treatment and geochemical changes based on distances 
downgradient. 
 
 
Verbal Comment: 

Figure 8 Location of Monitoring wells 
Should the northern monitoring well upgradient from PRB-1 be located close to the historic Arroyo 
trace line? 
 
Response: 

Monitoring locations were selected based on the activities discussed in Section 3.1 of the report and to 
provide a complete spatial understanding of performance. The final monitoring well locations will also 
be adjusted based on field observations during construction and also to coincide with the final landfill 
and channel construction.  
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Verbal Comment: 

Which well(s) do you plan to keep after the completion of the PRB field demonstration?  The wells you 
plan to keep should be included in the semi-annual groundwater sampling event.  
 
Response: 

This will be determined based on short-term (<18 months) monitoring data.  It is anticipated a majority 
of the upgradient and downgradient wells will be monitored long-term (>18 months) and integrated into 
the site-wide semi-annual monitoring program (see Section 5.3 of the report) 
 
 
Verbal Comment: 

Should some of the wells internal to the PRB be put in after we get an idea of relative velocities going 
through the wall.  Then you could put some in at a more important location after we understand how 
they are working  
 
Response: 

Since these wells will be installed after wall construction and backfill (Figure 13), the locations will be 
based on field observations and monitoring during construction.  Additional wells may be necessary 
based on field observations and/or data from proposed monitoring wells. 
 
 
Verbal Comment: 

How does the performance monitoring drive accepting PRBs as the final remedy?……when will we 
determine?  Implication is 18 months minimum.  
 
Response: 

The evaluation criteria discussed in Section 5.3 of the report will be used to evaluate the effectiveness of 
the PRBs. After 18 months of performance monitoring, the PRBs will be evaluated and related to the 
final remedy.    
 
 
Verbal Comment: 

What is the definition of success in the monitoring plan? 
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Response: 

The performance of the field demonstration will be determined based on the evaluation criteria in 
Section 5.3 of the report. 
 
TCEQ COMMENTS DATED JUNE 13, 2012 VIA E-MAIL 
 
Comment: 

1. [Please include] the revision of proposed PRB-1 location. 
 
Response: 

The location of PRB-1 was moved further east so that it does not fall under the footprint of the Category 
I Landfill allowing long-term access to the PRB. This is discussed in Section 2.1 of the report. 
 
 
Comment: 

2. The following information should be added as appendices for the document “Field Demonstration 
of Zerovalent Iron Treatment Technology in Parker Brothers Arroyo” dated April 2012: 
(a) The power point presentation and additional technical information provided to TCEQ and 

EPA regarding additional discussion of PRB. 

(b) The selection criteria for the PRB material.  

(c) The mixing procedure for the PRB material and Zerovalent Iron (ZVI). 

 
Response: 

(a) The detail design calculations and assumptions are included in the Supplemental Design Package 
(Appendix B). The powerpoint presentation discussed with TCEQ and EPA on May 11th is included 
as Appendix C. The presentation has been updated to be consistent with the current design. 

 
(b) The design criteria for the PRB backfill material is discussed in Sections 4.1 and 4.2 of the report 

and the selection criteria is primarily the effective hydraulic conductivity over the lifetime of the 
PRB. The hydraulic conductivity will be confirmed by a constant-head permeability test and 
confirmed during construction QA using a gradation specification. This material specification is 
discussed in the Construction Quality Assurance plan (Appendix H). 

 
(c) The mixing approach for the engineered backfill and the ZVI is also discussed in Appendix H. 
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Comment: 

3. There are nine monitoring wells inside the PRB, a conference call will be scheduled for next week 
to discuss the timing and sequence to install the nested monitoring wells.  

 
Response: 

This comment was discussed on a conference call with TCEQ, EPA and Malcolm Pirnie on 
June 18th, 2012. It was agreed that these monitoring well locations should be installed after the 
construction of the PRBs and channel backfill so data collection during that period can inform the final 
location of those monitoring points. 
 
 
Comment: 

4. Notify TCEQ at least 7 days in advance prior to start the field activities. 
 
Response: 

Malcolm Pirnie agrees to this notification period. 
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USEPA ASARCO PBR TECHNICAL REVIEW FINAL COMMENTS 
COMMENTS DATED JULY 3, 2012 VIA E-MAIL 
 
Comment: 

1. Provide the mean particle diameter of ZVI that will constitute the 30% of Permeable Bioreactor 
(PBR) to be installed at Locations PBR-1 and PBR-2. 

 
Response: 

The mean particle diameter of the ZVI is 0.75 mm. The mean particle diameter of the PRB-1 and PRB-2 
backfill material is 0.5 and 2.1 mm, respectively. The PRB gradation design is discussed in Appendix H.  
 
 
Comment: 

2. Please provide the as-Installed(As-built) PBR : 
a) Construction Drawings (Aerial Plans, Cross sections, 3-d View, Scaled). 
b) PRB monitoring Wells within the PBR. 
c) PBR monitoring Wells & Piezometers hydraulically up gradient and hydraulically  

down gradient of the PBR. 
 
Response: 

The Field Demonstration Status Report will include this information; it will be submitted approximately 
6 months after PRB construction is complete.  
 
 
Comment: 

3. (a) Please install one set of ground-water monitoring and sampling wells hydraulically above the 
PBR-1, second set of wells,/piezometers, between the PBR-1 and PBR-2 and the third set of 
wells/piezometers, hydraulically down gradient of PBR-2. At least a minimum of three wells are 
to be installed along the axial centerline ground water flow line that has the highest ground water 
flow velocity. 

(b) Measure ground water level in these wells and any other well/piezometers, on a preset schedule. 
(c) Compute ground water flow velocity across the PBR wall. 
(d) Collect ground water samples and test for the dissolved As+5 and As+3, Fe+2 and Fe+3, 

respectively: 
(1) Measure the pH, Re-Dox and Temperature of the Fluid 
(2) Measure the field Atmospheric/Air Temperature and barometric pressure, at the time and day 

of sampling event. 
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Response: 

(a) The proposed monitoring wells in the performance monitoring program satisfy these 
requirements; refer to Section 5.3 of the report for a description of the performance monitoring 
program. 

(b) Refer to Table 3 (Performance Monitoring Program) for the water level monitoring schedule.  
(c) The PVPs will provide a direct estimate of groundwater flow velocity in the PRBs. Tracer tests 

will also be used to estimate groundwater velocity where warranted. 
(d) These analysis are included in the Performance Monitoring Program (Table 3).    

 
 
Comment: 

4. Prepare the simple methods of determining the: 
(i) Mass balance of Arsenic in the PBR. 
(ii) Arsenic mass sunk within the PBR by (a) Adsorption (b) by Precipitation. 

 
Response: 

 
(i): 
The amount of arsenic mass in the PRB will be evaluated using the monitoring data from the nested 
wells. These wells will be positioned approximately in the same flow path 2, 4 and 6 feet into the wall. 
This monitoring well arrangement will allow the monitoring of geochemical and COC “fronts” through 
the wall which can be used to estimate the amount of arsenic retained within the wall. 
 
(ii): 
The differences in removal of arsenic via adsorption and precipitation reactions are discussed in Sections 
4.1 and 4.2 of the Supplemental Design Package (Appendix B). As discussed in Section 5.3 of the 
report, long-term monitoring will include coring into the PRB and collection of solid samples to be 
analyzed for solid-phase parameters and using scanning electron microscopy (SEM) and x-ray 
diffraction (XRD) to evaluate trends in precipitate formation and accumulation of arsenic. 
 
 
Comment: 

5. The field demonstration shall include the determination of: 
(i) Hydraulic space time/ residence time of Arsenic in the PBR as constructed 
(ii) The applicable  Isotherm (Freundlich, or Langmuir, or, BET) models 
(iii) Establish the Kinetics of Arsenic removal by; (a) Sorption Kinetics (b) Precipitation Kinetics 
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Response: 

(i) Monitoring data will be used to estimate actual residence times in the PRB.  
(i) Monitoring data will be used to evaluate if any of the suggested isotherms fit the observed 

trends.  
(ii) The differences in the kinetics of arsenic removal via adsorption and precipitation are 

discussed in Sections 4.1 and 4.2 of the Supplemental Design Package (Appendix B). 
 
 
Comment: 

6. Drill three bore holes along the PBR wall and collect core samples.  Prepare these solid core samples 
and subject them for laboratory analyses of the mass of the adsorbed Arsenic in units of mg As/Kg 
of ZVI matrix. 

 
Response: 

This is planned as part of the long-term monitoring (>18 months) of the PRBs as discussed in Section 
5.3 of the report. 
 
 
Comment: 

7. Install the 2-inch PVC well/piezometer in the drilled boreholes and collect fluid samples and test for 
the: 
(i) As adsorbed in the TSS  in the well bore 
(ii) Dissolved Arsenic (As) in the retrieved ground water sample with the PBR well/piezometer 
(iii) Collect the sump colloidal solids settled at the bottom of the well/piezometer and test for total 

As in the colloid/solid material. 
(iv) Measure the pH, ReDox and Temperature of the Fluid 
(v) Measure the field Atmospheric/Air Temperature and barometric pressure, at the time and day 

of sampling event. 
(vi) ARCADIS has stated that Arsenic removal by ZVI will take place by a process similar to 

chromatographic capture of the Arsenic as ground water fluid flows through the PBR Wall. 
This is envisaged to occur in annual vertical slice loading of Arsenic within the PBR vertical 
wall. Please provide dimensioned graphic drawing of the PBR Arsenic periodic annually 
Arsenic loaded slice, as predicated by ARCADIS. 

 
Response: 

(i) TSS is part of the performance monitoring program (Table 3); arsenic analysis will be 
performed on any solids that may be collected.   

(ii) Total and dissolved arsenic are part of the performance monitoring program (Table 3).  
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(iii) An attempt will be made to collect solids that may be settled at the bottom of the well; if 
successful, arsenic analysis of the solid material will be completed.  

(iv) These parameters are part of the performance monitoring program (Table 3) applicable for all 
groundwater samples.  

(v) These parameters have been added to the performance monitoring program (Table 3).  
(vi) The geochemical and contaminant front or breakthrough through the PRB will be monitored 

using the nested, profile in-wall monitoring wells. The results of this analysis will be 
included, interpreted and presented in a Status Report to be submitted approximately six 
months after construction.  

 
 
Comment: 

8. Analyze, interpreted and report the results of analysis and interpretation on periodic (monthly or 
quarterly report based on the as agreed frequency as stipulated by the Trustee, TCEQ). 

 
Response: 

 
A Field Demonstration Status Update will be submitted approximately three months after PRB 
construction is complete; it will include all data collected to-date. A Field Demonstration Status Report 
will be submitted approximately six months after PRB construction is complete. The Status Report will 
include a comprehensive evaluation of all data collected to-date, results of ongoing analysis, an “as-
built” summary of the PRBs and recommendations for future monitoring activities.  
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APPENDIX B 
 

SUPPLEMENTAL DESIGN PACKAGE 
 

1. PRBs Location Selection 

The groundwater remedy will be comprised of several different components including source 
removal and management, pathway removal or minimization, and treatment of residual 
concentrations.  The envisioned components are the following: 

· Source removal to reduce COC loading 
o Parker Brothers Arroyo (PBA) slag and impacted soils 
o Ephemeral pond area slag and impacted soils 
o East property impacted soils and old landfills 

· Surface water infiltration prevention (pathway management) 
o Line surface water conveyances and detention structures 
o Capping of fines pile, exposed slag, plant site and slopes 
o Provide surface water management structures on plant site to route water safely 

off-site  
· In-situ groundwater treatment 

o Hydraulic control on east property to extract clean groundwater and route it 
through the site as surface water in the lined conveyances 

o In-situ remediation using injection wells  
o Permeable reactive barriers (PRBs) using zerovalent iron (ZVI) 

Initial PRB Locations have been selected for field demonstration to prove the technology for 
applicability to the former ASARCO site (Figure 1). 

· PRB-1 is located in the southeastern portion of PBA to intercept groundwater flow from 
the ephemeral pond and PBA southern branch. 

o Based on new borings and at the request of EPA to maintain long-term access, the 
location for PRB-1 has been moved approximately 50 to 75 feet east from original 
location; 

o Constructability will not be affected; 
o PRB-1 will be the same length, and will be completed into the finer grained 

materials on the north end, to prevent bypassing; 
o PRB-1 will be accessible during and after Cell 4 construction if needed for 

maintenance or removal. 
· PRB-2 is located in the mid-section of PBA to intercept all groundwater flow through 

PBA. 
o Will be completed into a naturally incised subsurface bedrock channel; 
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o PRB-2 will be accessible during and after Cell 4 construction if needed for 
maintenance or removal. 

 
2. Aquifer Hydraulics  

 
2.1. Hydraulic conductivity estimates for Parker Brothers aquifer  

 
2.1.1. Aquifer in PRB-1 area 

A slug test was performed at EP-78 (closest upgradient well to PRB-1) by 
ARCADIS in 2004 and a hydraulic conductivity of 18.28 and 17.32 ft/day were 
estimated for slug-in and slug-out, respectively.  Malcolm Pirnie used the low-flow 
sampling drawdown data to estimate a hydraulic conductivity of >14 ft/day.  

 
Further, grain size analysis data from alluvial soil samples collected in vicinity of 
PRB-1 were used to estimate hydraulic conductivity using the Kozeny Carman 
Equation (Carrier, 2003): 
 

𝐾 = 1.99𝑥104�100%/��𝑓𝑖/�𝐷𝑙𝑖
0.5 × 𝐷𝑠𝑖

0.5� ���
2(1/𝑆𝐹2) × [𝑒3/(1 + 𝑒)] 

 
Where: 
K = Hydraulic conductivity 
fi  = fraction of particles between two sieve sizes (%) 
Dli = Size of the larger sieve size (cm) 
Dsi = Size of the smaller sieve size (cm) 
SF = particle shape factor, where: 
 Spherical = 6.0 

Rounded = 6.1-6.6 
 Medium Angular = 7.4-7.5 
 Very Angular = 7.7-8.4 
e = total porosity 
 
Using an assumed shape factor of 6.5 and an estimated total porosity of 0.3, the 
follow hydraulic conductivity values were estimated: 
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Sample Location 
Estimated Hydraulic 
Conductivity (ft/day) 

PBA-SB02-23-25 3.76 
PBA-SB12-20-25 36.5 
PBA-SB13-30-32 18.4 
PBA-SB13-35-40 16.7 
PBA-SB13-20-25 16.7 

  Average (Mean) 18.39 

Based on these estimates of hydraulic conductivity, a value of 18 ft/day was used 
for the aquifer hydraulic conductivity in the PRB-1 design calculations. 
 

2.1.2. Aquifer in PRB-2 area 
A pump test was performed by CDM in August 2008 at EX-3 close to the PRB-2 
alignment.  The pump test was performed for approximately 60 minutes at an 
average rate of 22 gpm and resulted in a steady drawdown of approximately 0.85 ft.  
A hydraulic conductivity of 116 ft/day was estimated from this portion of the 
aquifer and was used for the PRB-2 design calculations.  

 
2.2. Hydraulic Gradients 

 
2.2.1. Aquifer in PRB-1 area  

The horizontal hydraulic gradient in the PRB-1 area is estimated using historical 
water level records from wells EP-78 and EP-85, the closest upgradient and 
downgradient monitoring wells, respectively. These wells are approximately 525 ft 
apart. The historical groundwater elevation record is shown in the table and figure 
below. 

The groundwater elevations collected during the Fall 2011 monitoring event were 
measured as 3746.11 and 3730.38 at EP-78 and EP-85, respectively. The horizontal 
hydraulic gradient is calculated as: 

𝑖 = 𝑊𝐿 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝐻𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ⁄  

Therefore, for the Fall 2011 event:  

𝑖 =
15.73𝑓𝑡
525𝑓𝑡

= 0.03 𝑓𝑡/𝑓𝑡 
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Measurement 
Date 

WL Elev 
EP-85 

Measurement 
Date 

WL Elev 
EP-78 

WL 
Difference 

  (ft)   (ft) (ft) 
13-Aug-97 3735.31 13-Aug-97 3751.00 15.69 
17-Nov-97 3737.11 18-Nov-97 3751.20 14.09 

5-Feb-98 3731.41 6-Feb-98 3751.20 19.79 
14-May-98 3735.21 14-May-98 3749.25 14.04 
19-Aug-98 3734.01 19-Aug-98 3748.70 14.69 
11-Nov-98 3740.01 11-Nov-98 3754.21 14.20 
18-Feb-99 3735.51 18-Feb-99 3749.90 14.39 

11-May-99 3734.31 11-May-99 3748.60 14.29 
9-Aug-99 3740.81 9-Aug-99 3753.10 12.29 
27-Oct-99 3735.91 31-Oct-99 3750.70 14.79 
28-Jan-00 3734.11 28-Jan-00 3749.40 15.29 
2-May-00 3733.71 2-May-00 3748.40 14.69 
9-Aug-00 3737.01 9-Aug-00 3751.70 14.69 
9-Nov-00 3736.51 9-Nov-00 3752.30 15.79 

16-Feb-01 3734.71 15-Feb-01 3749.60 14.89 
14-May-01 3734.01 14-May-01 3748.50 14.49 

25-Jul-01 3733.41 25-Jul-01 3748.80 15.39 
13-Nov-01 3734.41 12-Nov-01 3749.90 15.49 
19-Feb-02 3733.91 15-Feb-02 3748.60 14.69 

10-May-02 3733.51 7-May-02 3747.90 14.39 
15-Aug-02 3739.81 14-Aug-02 3753.70 13.89 
13-Nov-02 3734.21 13-Nov-02 3749.90 15.69 
19-Feb-03 3733.91 19-Feb-03 3749.40 15.49 
5-May-03 3734.51 2-May-03 3749.40 14.89 

11-Aug-03 3732.41 11-Aug-03 3747.80 15.39 
19-Feb-04 3730.41 20-Feb-04 3746.07 15.66 
23-Aug-04 3738.60 19-Aug-04 3751.81 13.21 

7-Feb-05 3739.86 7-Feb-05 3749.76 9.90 
5-Sep-05 3739.41 12-Oct-05 3752.10 12.69 

10-Feb-06 3732.76 9-Feb-06 3748.29 15.53 
9-Aug-06 3746.03 15-Aug-06 3759.11 13.08 
8-Feb-08 3736.20 7-Feb-08 3755.30 19.10 

12-Sep-08 3742.36 12-Sep-08 3753.52 11.16 
10-Mar-09 3732.94 4-Mar-09 3748.30 15.36 
11-Aug-09 3735.81 11-Aug-09 3749.25 13.44 
30-Sep-10 3733.71 21-Sep-10 3748.10 14.39 
24-Feb-11 3730.84 24-Feb-11 3747.00 16.16 

  
Avg WL Difference (ft) 14.68 
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This calculated gradient is consistent with the average historical gradient of 
approximately 0.03 ft/ft.  

Further, PRB monitoring wells were installed the week of May 30th and initial water 
level data were examined to confirm horizontal hydraulic gradient estimates to a 
smaller resolution in the immediate area of PRB-1. The x,y and measured 
groundwater elevation are as follows: 

Monitoring 
Well Northing Easting 

Measuring 
Point 

Elevation 

Groundwater 
Measurement 

Groundwater 
Elevation 

EP-138 10666161.8 374573.0 3743.5 10.21 3733.29 
EP-139 10666115.0 374584.2 3743.0 9.66 3733.34 
EP-144 10666150.9 374459.3 3747.0 14.75 3732.25 
EP-145 10666100.9 374473.2 3747.5 15.10 3732.40 

Using these data, and Devlin’s best-fit gradient method (Devlin, 2003), a horizontal 
hydraulic gradient of 0.009 ft/ft is calculated.  

However, since there is only one data point available for these wells and 14 years 
available for EP-78 and EP-85, the more conservative estimate of 0.03 ft/ft is used 
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for PRB-1 design calculations.  This larger gradient estimate is conservative because 
it results in faster seepage velocities and shorter residence times to achieve 
treatment in the PRB.  

 
2.2.2. Aquifer in PRB-2 area  

The horizontal hydraulic gradient at PRB-2 is estimated using historical water level 
records from EP-85 and OBS-1, the closest upgradient and downgradient 
monitoring wells, respectively.  These wells are approximately 600 ft apart. The 
historical groundwater elevation for EP-85 is shown in the figure below; there are 
only three data points available for OBS-1and the average groundwater elevation is 
3722.13 ft amsl. 

The groundwater elevations collected during the Fall 2011 monitoring event were 
measured as 3730.38 and 3722.57 ft amsl at EP-85 and OBS-1, respectively.  The 
horizontal hydraulic gradient is calculated as: 

𝑖 = 𝑊𝐿 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝐻𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ⁄  

Therefore, for the Fall 2011 event:  

𝑖 =
7.81𝑓𝑡
600𝑓𝑡

= 0.013 𝑓𝑡/𝑓𝑡 

Further, PRB monitoring wells were installed the week of May 30th and initial water 
level data was examined to confirm horizontal hydraulic gradient estimates to a 
smaller resolution in the immediate area of PRB-2.  EP-147 and EP-154 are 
installed approximately 150 ft upgradient and 50 downgradient of the PRB-2 
location, respectively.  Coordinates and groundwater elevations are as follows: 

Monitoring 
Well Northing Easting 

Measuring 
Point 

Elevation 

Groundwater 
Measurement 

Groundwater 
Elevation 

EP-147 10666150.8 374245.4 3742.0 10.64 3731.36 
EP-154 10666202.3 374049.8 3737.8 8.91 3728.89 

Therefore, the gradient is calculated as:  

𝑖 =
2.47𝑓𝑡
202𝑓𝑡

= 0.012 𝑓𝑡/𝑓𝑡 

An estimated gradient of 0.013 ft/ft is used for PRB-2 design calculations. 
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2.2.3.  Potentiometric Surface Maps  
The potentiometric surface contours in Parker Brothers Arroyo in the vicinity of the 
PRBs for the Fall 2011event in are presented in Figure 5 of the PRB design report.  
 

2.3. Aquifer effective porosity  
The aquifer effective porosity is estimated at 20% based on the stratigraphic descriptions 
of the alluvium.  Tracer tests have not been conducted to measure the effective porosity 
in the field.  Results from tracer test studies for different aquifer materials have ranged 
between 2% and 18% (Remediation Hydraulics, 2008). 
 

2.4. Aquifer Specific yield, Storage Coefficient/Storativity  
The aquifer storage coefficient was estimated at 0.007 from the results of the EX-3 pump 
test.  
 

2.5. Aquifer Saturated Thickness 
The aquifer saturated thickness was taken from soil borings and permanent monitoring 
wells in vicinity of the PRBs.  The following points are in the immediate vicinity of the 
PRBs: 

PRB Location 

Saturated 
Thickness 

(b) 
PRB-1 PBA-SB-02 14 
PRB-1 PBA-SB-12 8.5 
PRB-1 PBA-SB-13 12 
PRB-1 PBA-SB-17 14 
PRB-1 EP-139  20 
PRB-1 EP-144  8.3 
PRB-1 EP-145  12.8 
PRB-2 EP-85 17 
PRB-2 PBA-SB06 23 
PRB-2 PBA-SB08 27 
PRB-2 EP-153  21 

 

The saturated thicknesses of the aquifer at the PRB-1 area based on recently collected 
data is approximately 15 ft.  A 25 ft saturated thickness was estimated for the aquifer in 
the PRB-2 area. 
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2.6. Aquifer Transmissivity   

Aquifer transmissivity (T) = Hydraulic Conductivity (K) * Saturated thickness (b) 

T (PRB-1) = 18 ft/day * 15 ft = 270 ft2/day 

T (PRB-2) = 116 ft/day * 25 ft = 2,900 ft2/day 

2.7. Groundwater Flow Equation 
The three-dimensional movement of groundwater flow through an aquifer under 
transient conditions can be described by the following partial differential equation: 
 
 

𝜕
𝜕𝑥

�𝐾𝑥
𝜕ℎ
𝜕𝑥

� +
𝜕

𝜕𝑦
�𝐾𝑦

𝜕ℎ
𝜕𝑦

� +
𝜕

𝜕𝑧
�𝐾𝑧

𝜕ℎ
𝜕𝑧

� − 𝑊 = 𝑆𝑠
𝜕ℎ
𝜕𝑡

 

 
Where: 
 
Kx, Ky, Kz [ft/day]: hydraulic conductivity values along the x, y, z axes along the 
principal directions of hydraulic conductivity 
 
h [ft] : potentiometric head 
 
W [t-1]: volumetric flux per unit volume representing sources/sinks of water  
 
 Ss [ft-1]: specific storage of aquifer material 
 
t [day]: time 
 
This partial differential equation is derived using the conservation of mass principle in 
combination with Darcy’s Law.  
 
For unconfined aquifers where the slope of the water table is small the Dupuit-
Forcheimer approximation can be applied, which implies that the flow is entirely 
horizontal and the pressure head distribution along any vertical axis is hydrostatic, which 
results in the following equation: 
 

𝜕
𝜕𝑥

�𝐾𝑥 ℎ 
𝜕ℎ
𝜕𝑥

� +
𝜕

𝜕𝑦
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𝜕ℎ
𝜕𝑦

� − 𝑊 = 𝑆𝑦
𝜕ℎ
𝜕𝑡
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Where: 
Sy [ ]: specific yield 
 
If the aquifer is homogeneous (i.e: Kx=Ky=K which is expected to be the case within the 
PRBs) it results in the non-linear Boussinesq equation: 
 

𝜕
𝜕𝑥

�ℎ 
𝜕ℎ
𝜕𝑥

� +
𝜕

𝜕𝑦
�ℎ 

𝜕ℎ
𝜕𝑦

� − 𝑊 =
𝑆𝑦
𝐾

𝜕ℎ
𝜕𝑡

 

 
Linearization of the Boussinesq equation is permissible when the spatial variation of h is 
small relative to h, which is expected to be the case across the PRBs where the head 
changes will be small (<0.1 ft) relative to the saturated thickness (15-25 ft) as calculated 
in Section 8.9.  In this case it is possible to replace the variable saturated thickness by an 
average thickness (b) resulting in the linearized Boussinesq equation: 
 

𝜕2ℎ
𝜕𝑥2 +

𝜕2ℎ
𝜕𝑦2 − 𝑊 =

𝑆𝑦
𝐾 𝑏

𝜕ℎ
𝜕𝑡

 

 
 
For groundwater flowing through the aquifer where the PRBs will be located; flow is 
expected to be perpendicular to the PRB’s cross section area and given the limited 
saturated thickness of the aquifer (15 to 25 ft) no significant vertical component of flow 
is expected to occur. In other words, flow occurs along the x axis, eliminating the y axis 
component of flow, resulting in the following equation: 
 

𝜕2ℎ
𝜕𝑥2 − 𝑊 =

𝑆𝑦
𝐾 𝑏

𝜕ℎ
𝜕𝑡

 

 
Where the x axis is perpendicular to the PRBs cross sectional area, assuming that the 
PRBs will be constructed perpendicular to groundwater flow. 
 
After surface water improvements are implemented in Parker Brothers Arroyo no 
significant seasonal fluctuations are expected to occur due to a reduction in enhanced 
groundwater recharge.  This will result in stable flow conditions, which can be best 
represented by assuming steady-state conditions (i.e: 𝜕ℎ

𝜕𝑡
 =0).  Additionally no 

sources/sinks will occur within the aquifer in the vicinity of the PRBs (i.e: W=0).  This 
results in the following equation describing groundwater flow in through the PRBs, 
which is known as the Laplace equation describing stead-state flow: 

𝜕2ℎ
𝜕𝑥2 = 0 
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This equation can be solved using the continuity equation (i.e. Qin = Qout) and Darcy’s 
Law to calculate the groundwater flux.  
 

2.8. Aquifer Darcy Flux  
The Darcy flux, which is the groundwater flux per unit area, can be calculated using 
Darcy’s law: 
 
q = K * i 
 
Where: 
 
K [ft/day]: hydraulic conductivity of the aquifer  
i [ ]: hydraulic gradient 

q PRB [ft3/ft2/day]= Hydraulic Conductivity (K) * Hyd gradient (i)  

For the PRB-1 area the Darcy flux in the aquifer is:  

qAQ-PRB-1 = 18 ft/day * 0.03 ft/ft * = 0.54 ft/day  

For the PRB-2 area the Darcy flux in the aquifer is: 

qAQ- PRB-2 = 116 ft/day * 0.013 ft/ft * = 1.51 ft/day  

 

2.9. Aquifer Seepage Velocity  
The seepage flux which is the rate of transport of constituents in groundwater by 
advection can be calculated with the following equation: 
 
v = q/Θeff 
 
Where: 
 
v[ft/day] = aquifer seepage velocity; 
 
q [ft/day] = Darcy flux from in the aquifer entering the PRB  
 
Θeff [ ] = effective porosity of the aquifer  
 
The estimated effective porosity for the aquifer is 20%.  
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For the aquifer upgradient of PRB-1 the seepage velocity is: 
 
vAQ-PRB-1 = q PRB-1 / Θeff-Aquifer = 0.54 / 0.2 = 2.7 ft/day 
 
For the aquifer upgradient of PRB-2 the seepage velocity is: 

vAQ PRB-2 = q PRB-2 / Θeff-Aquifer = 1.51 / 0.2 = 7.5 ft/day 

 

2.10. Aquifer Total Groundwater Flux  

Calculated total groundwater flux through the PRB. Note that the southern extent of 
PRB-1 is defined by the plant slope thus it does not capture the full saturated extent 
which contributes to the lower flux estimate at PRB-1 when compared to PRB-2.  The 
cross sectional areas were estimated at 2,200 ft2 and 3,200 ft2, for PRB-1 and PRB-2 
areas, respectively.  

GW Flux (Q) = Hydraulic Conductivity (K) * Hyd gradient (i) * Area (b*design length) 

QPRB-1 = 18 ft/day * 0.03 ft/ft * (2,200 ft2) = 1,188 ft3/day or 6.1 gpm 

QPRB-2 = 116 ft/day * 0.013 ft/ft * (3,200 ft2) = 4,825 ft3/day or 25.1 gpm 

 
 

3. Arsenic Loading   
 
3.1. Current Arsenic Loading Rate  

Arsenic Loading (LoadAs) = Arsenic concentration (C) * Groundwater flux (Q) 

This will be calculated based on 1) current arsenic concentrations and 2) expected 
average concentration over PRB lifetime.  

The current arsenic influent concentration at PRB-1 is taken 1.96 mg/L from EP-78 in 
February 2012, thus: 

LoadAs = 1.96 mg/L * 6.1 gal/min = 0.14 lbs As/day 

The current arsenic influent concentration at PRB-2 is taken 1.25 mg/L from EP-85 in 
March 2012, thus: 

LoadAs = 1.25 mg/L * 25.1 gal/min = 0.38 lbs As/day 
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3.2. Arsenic Loading Rate over PRBs Life-time 

Arsenic loading in the PBA has been decreasing as COCs from source areas are depleted 
due to natural leaching processes.  Arsenic concentrations at EP-78, located within the 
Ephemeral Pond source area, have decreased from approximately 5 mg/L in 1998 to <2 
mg/L in 2011 as shown below: 

 

 A first-order decay was matched to the historical data from EP-78: 

Estimated Concentration (Co) = Initial concentration (Ci) * e(-lt) 

Where: Ci = 4.7 mg/L 
    l = 0.00023 

This curve-fit shows a continued exponential decline over the lifetime of the PRBs, it is 
estimate that the average influent arsenic concentration over the lifetime of 20 years is 
approximately 1.0 mg/L. Thus, 

LoadAs = 1.0 mg/L * 6.1 gal/min = 0.1 lbs As/day for PRB-1 

with LoadAs rounded up to one decimal from 0.073 to 0.1.  Based on the decreasing 
trend in historical data (shown for EP-78) and projected performance of PRB-1, it is 
estimated that the average influent arsenic concentration at PRB-2 is 0.5 mg/L.  Thus,  

LoadAs = 0.5 mg/L * 25.1 gal/min = 0.15 lbs As/day for PRB-2 
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3.3. Arsenic load over PRB lifetime  

Total Arsenic Load = LoadAs * Design Lifetime 

For PRB-1, Total Arsenic Load = 0.1 lbs As/day * 20 years = 730 lbs As (rounded to 
tens) 

For PRB-2, Total Arsenic Load = 0.15 lbs As/day * 20 years = 1,100 lbs As (rounded to 
tens) 

 

4. ZVI corrosion chemistry and the mechanisms/kinetics of arsenic uptake 
 
4.1. Uptake mechanisms 

A large body of research has been performed to understand the different geochemical 
mechanisms controlling ZVI corrosion, the formation of secondary precipitates, and the 
sorption, precipitation, coprecipitation, and redox reactions of arsenic with ZVI 
corrosion products (e.g., Beak and Wilkin, 2009; Lien and Wilkin, 2005; Nikolaidis et 
al., 2003; Wilkin et al., 2008; references therein).  These studies demonstrate that the 
reactions involved are numerous, complex, and highly dependent on site-specific 
conditions (e.g., groundwater chemistry and type of ZVI used).  
 
Arsenic is taken up by ZVI through sorption and coprecipitation processes as the ZVI is 
oxidized.  ZVI oxidation is accompanied by oxygen consumption and hydrogen gas 
generation, and to a lesser extent nitrate and sulfate reduction if these anions are present.  
Oxygen will tend to be consumed quickly, yielding reducing conditions within the PRB.  
Examples of the principal redox reactions that may occur are as follows: 
 
Iron oxidation + H2 gas generation: Fe0 + 2H2O à Fe2+ + H2(g) + 2OH- 
Iron oxidation by O2 gas:   Fe0 + ½ O2 + H2O à Fe2+ + 2OH- 
Further iron oxidation by O2 gas:  2Fe2+ + ½ O2 + H2O à 2Fe3+ + 2OH- 
Sulfate reduction by H2 gas:  SO4

2- + 4H2(g) + H+ à HS- + 4H2O 
 
These reactions yield Fe2+ and Fe3+, which will precipitate as iron oxides/oxyhydroxides, 
green rusts, carbonates (e.g., siderite), and sulfides (Beak and Wilkin, 2009; references 
therein). 
 
The reactions generate OH-, increasing the pH.  This pH increase is partially neutralized 
by iron hydrolysis (formation of aqueous FeOH+ and FeOH2+ from aqueous Fe2+ and 
Fe3+, respectively, releasing H+) and precipitation of iron oxyhydroxides (e.g., FeOH2, 
FeOOH, Fe2O3).  However, overall pH increases are typical in ZVI bench tests and in 
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PRBs.  When groundwater is close to saturation with respect to carbonate phases (e.g., 
CaCO3), the pH increase can cause the precipitation of other carbonate phases in 
addition to FeCO3. 
 
Based on the literature studies cited above, the most important mechanisms of arsenic 
uptake include the interaction of dissolved arsenic with iron-containing corrosion 
products of ZVI.  Arsenic will be taken up primarily via adsorption (surface complex 
formation) and coprecipitation reactions of arsenate and arsenite with iron mineral 
phases.  For example: 
 
Arsenate adsorption: >FeOH + HAsO4

2- + H+  =  >FeHAsO4
- + H2O 

Arsenite adsorption: >FeOH + H3AsO3
0  =  >FeHAsO3

- + H+ + H2O 
 
where >FeOH represents a hydroxylated surface site on an iron oxide mineral.  
Coprecipitation of arsenic with iron oxides may occur with a host of phases, for 
example: 
 
Arsenite coprecipitation with carbonate green rust (Lien and Wilkin, 2005): 
4Fe2+ + 2FeOH2+ + (1-x)H3AsO3

0 + xHCO3
- + 10OH- + yH2O 

    =  Fe6(OH)12×xCO3×(1-x)HAsO3×yH2O + (2-x)H+ 
 
where x and y change with the mineral stoichiometry. 
 

4.2. Uptake kinetics 
As stated above, research has focused on determining arsenic uptake mechanisms on 
ZVI corrosion, and we now know the nature and types of reactions controlling arsenic 
removal.  However, the numerous and complex nature of the reactions involved makes it 
difficult to predict kinetics from first-principles (i.e. the specific contribution of these 
many concurrent reactions to the overall arsenic removal process).  Instead, bench tests 
are used to determine kinetic rate coefficients that include the kinetics of all of the 
geochemical processes outlined above within a single “lumped” or “bulk” parameter.  
Determination of lumped kinetic parameters for arsenic uptake by ZVI is a standard 
practice in the scientific literature (e.g., Lien and Wilkin, 2005; Su and Puls, 2001; Su, 
2006; references therein). 
 

5. Arsenic uptake capacity 
 
5.1. Summary of column study results 

Arsenic uptake capacity by Connelly GPM ZVI was estimated based on data obtained 
from bench tests performed by the University of Waterloo using soil and groundwater 
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obtained from the site.  Experimental details are summarized more fully in the summary 
report from the University of Waterloo (Bain and Blowes, 2012). 
 
Bench tests included four column experiments with weight percent (wt%) ZVI contents 
of 0 wt% (control), 2.5 wt%, 10 wt%, and 15 wt%. Influent and effluent arsenic 
concentrations from the column tests are shown in the figure below: 
 

 
These results illustrate that all ZVI-containing columns reduced the concentration of 
arsenic from an influent value of ~2 mg/L to effluent values of less than 0.03 mg/L over 
the 5-week course of the experiment. 
 
Geochemical observations from the column studies are consistent with the ZVI corrosion 
and arsenic uptake reactions described above.  In addition to arsenic removal, dissolved 
oxygen decreased from levels near 1-2 mg/L in the influent to non-detect in the effluent 
for ZVI-containing columns.  Sulfate concentrations dropped slightly, indicating some 
sulfate reduction and sulfide precipitation.  As noted above, arsenic removal is 
predominantly associated with the iron phase minerals present and forming in the 
column, although it is possible that some arsenic was taken up as arsenopyrite phases 
(e.g., As2S3).  
 
In the 10 wt% and 15 wt% ZVI column studies presented above, the pH increased to 
values between 8.5 and 9 before leveling off.  The pH increased whereas the bicarbonate 
alkalinity slightly decreased, providing evidence for the precipitation of carbonates. 
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Arsenic concentration profiles collected along the length of the columns during week 3 
of the experiment are also shown in the figure above.  The 2.5 wt% column was run with 
a lower ZVI content than intended in the field in order to observe ZVI saturation with 
arsenic at the upstream end of the column.  This concentration profile was used to 
calculate the total arsenic uptake capacity of the ZVI. 
 

5.2. Calculated uptake capacity based on 2.5 wt% column results 
Based on the 2.5 wt% column concentration profile, the column is assumed to be 
partially saturated between 0 and 8 cm, and effectively unsaturated past 8 cm on the date 
of collection of the profile: 
 

 
 
The arsenic uptake capacity is calculated using the following equation: 
 
QAs-ZVI = MAsTOT / MZVI 
 
Where: 
 
QAs-ZVI [mg As/g ZVI]: uptake capacity of the ZVI for arsenic; 
 
MAsTOT [mg]: total arsenic mass taken up by ZVI at saturation; 
 
MZVI [g]: ZVI mass; here, the ZVI mass between 0 and 8 cm within the column, 
estimated at 19.3 g; 
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Since the column is only partially saturated between 0 and 8 cm, ZVI uptake capacity 
remains.  The remaining capacity was estimated by comparison of the 2.5 wt% column 
profile with the 0 wt% column profile (see the figure above).  This comparison suggests 
that ~60% of the total uptake capacity of the 2.5 wt% column remains (i.e., 40% of the 
ZVI has been saturated).  Therefore, 
 
MAs = 0.4 ´ MAsTOT 
 
MAs = Cin ´ Vin 
 
Where: 
 
Cin [mg/L]: arsenic concentration in influent solution (1.9 mg/L); 
 
Vin [L]: volume of influent solution flushed through the column before collection of the 
concentration profile (5.1 L); 
 
MAs [mg]: the actual arsenic mass taken up by ZVI before reaching saturation 
 
For the 2.5 wt% column (between 0 and 8 cm) 
MAs-TOT = 1.9 ´ 5.1 / 0.4 = 24.2 mg 
 
QAs-ZVI = 24.2 / 19.3 = 1.3 mg As/g ZVI 
 

5.3. Comparison with published uptake capacities 
Literature values of total arsenic uptake capacity by ZVI range between 0.7 and 7.5 mg/g 
(e.g., Su, 2006), with values for Connelly GPM ranging between 0.77 and 4.4 mg/g 
(Nikolaidis et al., 2003).  This is also consistent with typical uptake capacities observed 
in column tests performed by ETI/University of Waterloo, which range between 1 and 2 
mg/g (ETI, personal communication).  The value estimated from the bench tests is 
within the literature range; however, a literature-derived value of 1.0 mg/g for Connelly 
GPM was used in the design calculations.  This is a more conservative estimate than the 
1.3 mg/g calculated from bench tests using site groundwater.  
 

5.4. Scale-up of Arsenic Uptake Capacity to Field-scale   
Arsenic uptake capacity, QAs-ZVI, was estimated directly from column studies that were 
designed to approximate field conditions.  The QAs-ZVI estimate was obtained using the 
column containing 2.5 wt% ZVI; however, the value of QAs-ZVI is expected to be 
independent of ZVI content and is applicable to systems with higher ZVI weight 
percentages.  The value of QAs-ZVI is not dependent on spatial scale.  This is consistent 
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with published interpretations of the arsenic uptake capacity and the suggested 
application of bench-scale data to PRB designs.  For example, Wilkin and co-authors 
used total uptake capacity derived from column experiments as a means of estimating 
treatment lifetime in a pilot-scale ZVI PRB implementation at a lead smelting facility in 
East Helena, MT (Lien and Wilkin, 2005; Wilkin et al., 2008; Wilkin et al., 2009).  
Additional discussion on the usefulness and applicability of column tests in constraining 
PRB designs is included in Gavaskar et al. (2000). 
 

6. Arsenic uptake kinetics 
 
6.1. Summary of column studies and kinetic model fitting 

The arsenic concentration profiles collected along the length of the columns in the bench 
tests described above were also used to determine arsenic uptake kinetics.  The primary 
goal in these tests was to choose flow rates that were sufficiently slow to yield complete 
uptake of arsenic and to be able to measure kinetic rates, while still having sufficient 
groundwater throughput to quantify uptake capacity, as is commonly the goal in similar 
column studies with ZVI (e.g., Lien and Wilkin, 2005).  The average residence time in 
the columns was approximately 2 days, with seepage velocities of 0.6 ft/day. 
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The concentration profiles for the ZVI-containing columns are shown in the figure 
above.  Concentrations are plotted as a function of travel time within the column, with 
travel times estimated from the sample point locations and the flow rates for each 
column. 
 
Recent observations suggest that arsenic uptake by ZVI can often be well described 
using a mixed zero-order/first-order reaction rate law, where uptake follows zero-order 
kinetics initially, followed by first-order uptake after arsenic concentrations drop below 
a certain level (Lien and Wilkin, 2005; references therein).  An attempt was made to fit 
the 15 wt% column data to a mixed rate law of this type.  This is shown in the figure 
below.  Note that each curve has a distinct shape on a log-concentration plot, with zero-
order exhibiting a concave-downward shape, and first-order a linear shape (the mixed-
order profile starts concave downward, then becomes linear).  This comparison 
illustrates that a simple first-order rate law describes the data better than a mixed 
zero/first-order rate law, since the data do not exhibit an initial concave-downward 
profile indicative of zero-order kinetics. 
 

 
 
The first-order kinetic model clearly provides a better fit to the data than the zero-order 
model.  This is consistent with previous observations that suggest zero-order kinetics at 
very high aqueous arsenic concentrations, followed by first-order kinetics at 
concentrations of a few mg/L and lower (Lien and Wilkin, 2005). 
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6.2. Estimation of arsenic uptake rate 
Concentration profile data in the figure above are plotted against zero-order and first-
order uptake simulations.  Zero-order predictions are based on rate coefficients estimated 
by the University of Waterloo for each dataset.  First-order rate coefficients were 
estimated by a least-squares fit of a first-order kinetic curve of the form: 
 
C(t) = Cin ´ e-lt 
 
Where: 
 
C(t) [mg/L]: concentration as a function of travel time; 
 
Cin [mg/L]: column influent concentration; 
 
l [day-1] : first order reaction rate coefficient; 
 
t [days]: travel/contact time of solution within the column 
 
The fits were performed in Microsoft Excel via a trend line fit to the data points 
indicated in the figure above.  The estimated first-order uptake rate coefficients are as 
follows: 
 
l2.5 wt% = 5.5 day-1 
l10 wt% = 7.6 day-1 
l15 wt% = 12.8 day-1 
 
Arsenic uptake half lives, rate coefficients, and R2 values for the first-order kinetic fits 
are also included in the figure above. 
 

The first-order rate coefficients estimated here, consistent with the common practice 
described above, include the kinetics of multiple complex geochemical processes within a 
single lumped coefficient.  It is not possible in a column experiment to determine 
separate kinetic terms for every potential physical and geochemical process.  Such 
differentiation is not necessary in estimating the expected uptake rate in the field.  The 
column experiments were designed to closely approximate field conditions, and it is 
expected that the same reactions and reaction rates will control arsenic uptake in the field. 
 

6.3. Potential temperature effects on reaction rates 
The column experiments were performed in a glovebox at 22 °C, plus or minus a 
maximum of 2 °C.  The average site groundwater temperature is approximately 24 °C, 
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therefore there is no need to adjust reaction rates due to temperature. This point is 
discussed further in section 9.2. 
 

6.4. Use of column-derived rates in the PRB design 
The first-order rate coefficient of 12.8 day-1, estimated from the 15 wt% ZVI column, 
was used in the PRB design.  This estimate is expected to be conservative.  The column 
tests illustrate that, as expected,  uptake rate increases with increasing ZVI content 
between 2.5 wt% and 15 wt%; however, we are applying a rate obtained for the 15 wt% 
column to field implementations that will contain significantly higher ZVI contents (see 
below), adding further conservatism to the design. 
 
As mentioned above, the column experiments were designed to approximate field 
conditions to the greatest extent possible.  The uptake rate coefficient is not expected to 
be dependent on spatial scale. 
 

7. ZVI Demand  
 
7.1. Calculated ZVI Demand 

The amount of ZVI to be placed within the PRBs can be calculated based on the total 
arsenic load expected to occur over the 20-year design life (Section 3.2) using the 
following equation: 
 
ZVIPRB = As-LoadPRB/ ZVIAsUptake 
 
Where: 
 
ZVIPRB [lbs] = ZVI mass to be placed with PRB 
 
As-LoadPRB [lbs] : total mass of arsenic to be sequestered within PRB over design 
lifetime of  20 years 
 
ZVIAsUptake [lbs/lbs] : the amount of arsenic in groundwater to be sequestered by a given 
amount of ZVI as calculated from the column studies 1 mg/g = 0.001lbs/lbs (Section 
4.2) 
 
 
For PRB-1 
 
ZVIPRB-1= As-LoadPRB-1/ ZVIAsUptake= 730 / 0.001= 730,000 lbs  
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For PRB-2 
 
ZVIPRB-2= As-LoadPRB-2/ ZVIAsUptake= 1,100 / 0.001= 1,100,000 lbs  
 

7.2. Arsenic Load Reductions 
The proposed groundwater remedy includes the implementation of multiple source 
remedial actions, which combined with the proposed surface water features that will 
reduced groundwater recharge, are expected to reduce the loading of arsenic to the 
proposed PRBs.  This could significantly extend the PRBs design lifetime beyond 20 
years.  
 

8. Minimum PRBs thickness 
 
8.1. Flow regime within PRBs 

The PRBs are being designed assuming “plug flow”.  This implies that transport within 
the PRBs is dominated by advective processes, which is a reasonable assumption 
considering the high seepage velocities that estimated to occur within the PRBs.  
 

8.2. Darcy flux in PRBs  
Applying the continuity equation between the groundwater flow in the aquifer and the 
flow in the PRBs implies that the Darcy flux in the aquifer entering the PRBs needs to be 
maintained:  

qAQ-PRB  = q PRB = Hydraulic Conductivity (K) * Hyd gradient (i)  

qAQ-PRB-1  = q PRB-1 = 18 ft/day * 0.03 ft/ft * = 0.54 ft/day  

qAQ-PRB-1  = q PRB-2 = 116 ft/day * 0.013 ft/ft * = 1.51 ft/day  

8.3. Minimum residence time 
The minimum residence time is the minimum time based on an influent concentration 
and a reaction-rate to achieve a target concentration and is calculated using the following 
equation: 
 
Ctarget = Cin´e-ltmin 
 
Solving for tmin: 
 
tmin = 1/l ´ Ln(Cin/ Ctarget)  
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Where: 
 
Ctarget [mg/L]: target effluent concentration, design is based on Ctarget = 0.01 mg/L, which 
is the MCL for arsenic; 
 
Cin [mg/L]: influent concentration to PRBs; 
 
l [day-1] : first order reaction rate, estimated at 12.8 day-1 from 15% ZVI column; 
 
tmin [days]: minimum time required to achieve target concentration of 0.01 mg/L  
 
For PRB-1 
Cin = 1.96 mg/L, based on 2/22/12 concentration at upgradient well EP-78 
 
tmin-PRB-1 = 1/12.8  ´ Ln(1.96/0.01)  = 0.41 days 
 
For PRB-2 
Cin = 1.25 mg/L, based on 3/1/12 concentration at upgradient well EP-85 
 
tmin-PRB-2 = 1/12.8  ´ Ln(1.25/0.01)  = 0.38 days 
 
The calculated residence times are considered to be conservative estimates based on 
current arsenic concentrations.  As arsenic influent concentrations decrease over the 
PRB’s lifetime the required minimum residence times will also decrease.  
 

8.4. Porosity Reduction within PRBs 
Anticipated porosity reductions within the PRBs due to mineral fouling were estimated 
based on the changes in influent and effluent chemistry observed in the 15 wt% column.  
These estimates were based on the following assumptions: 
 

· Consumption of dissolved oxygen resulting in Fe oxidation and the formation of 
iron oxides. 
 

· Consumption of bicarbonate resulting first in the formation of CaCO3, followed 
by MgCO3, followed by FeCO3 mineral phases. 

 
· Consumption of sulfate resulting in the formation of FeS mineral phases. 
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· Consumption of arsenic resulting in the formation of As2S3.  (Although As2S3 is 
assumed to be a minor arsenic phase, it accounts for the potential change in 
precipitate volume due to arsenic uptake.) 

 
The details of these calculations are shown in Tables 1 and 2 (of this Appendix) for 
PRBs 1 and 2, respectively. 
 
As stated above, an effective porosity of 0.25 and a total porosity of 0.35 are assumed 
within the PRBs.  All precipitation is conservatively assumed to occur in the mobile 
zone.  The assumed mobile fraction of the total porosity is reasonable and conservative 
in comparison to the column studies.  In the 10 wt% and 15 wt% columns, comparison 
of total porosity (measured gravimetrically) and mobile porosity (measured via bromide 
tracer transport) suggests that effectively all of the total porosity is mobile. 
 
Porosity reductions may also result from hydrogen gas formation and accumulation.  For 
100 wt% ZVI columns, typical porosity reductions of ~10% of the initial porosity have 
been observed in laboratory columns (e.g., Zhang and Gilham, 2005).  Since the ZVI 
content of the PRBs is substantially lower than 100%, and since no gas accumulation 
was observed in the 15 wt% ZVI column based on porosity and permeability estimates, a 
gas accumulation value of 5% of the initial porosity over the 20 year lifetime of the 
PRBs is assumed. 
 
The total porosity reduction is calculated using the following equation: 
 
DΘ = dΘprecip ´ t + DΘgas 
 
Where: 
 
DΘ [unitless]: total cumulative reduction in effective porosity over the PRB lifetime; 
 
dΘprecip [year-1]: annual reduction in effective porosity due to secondary mineral 
formation 
 
DΘgas [unitless]: cumulative reduction in effective porosity due to gas accumulation, here 
assumed to be 5% of the effective porosity; 
 
t [years]: PRB lifetime 
 
For PRB-1 
dΘprecip = 0.0019 year-1 
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DΘ = 0.0019 ´ 20 + 0.05 ´ 0.25 = 0.05 
 
For PRB-2 
dΘprecip = 0.0053 year-1 
DΘ = 0.0053 ´ 20 + 0.05 ´ 0.25 = 0.12 
 
Typical values for the annual change in porosity due to mineral precipitation observed in 
other PRBs range from 0.0007 to 0.03 per year (Li et al., 2005), depending strongly on 
flow rate and groundwater chemistry.  Both estimates of cumulative porosity loss are 
above this range, indicating that the design estimated rates of porosity loss above are 
likely conservative. 
 

8.5. Seepage Velocity in PRBs 
The seepage velocity in the PRBs is calculated using following equation: 
 
v = q/Θeff 
 
Where: 
 
v[ft/day] = seepage velocity; 
 
q [ft/day] = Darcy flux from the alluvium entering the PRB (calculated in section 2.8)  
 
Θeff [ ] = effective porosity of PRBs 
 
The estimated initial effective porosity for both PRBs is 25%.  
 
For PRB-1 the initial seepage velocity is: 
 
vPRB-1-Initial = q PRB-1 / Θeff Initial = 0.54 / 0.25 = 2.16 ft/day (inside  PRB) 
 < vAQ-PRB-1 = 2.7 ft/day (in aquifer) 
 
For PRB-2 the initial seepage velocity is: 

vPRB-1-Initial = q PRB-1 / Θeff Initial = 1.51 / 0.25 = 6.04 ft/day (inside PRB) 
< vAQ PRB-2 = 7.5 ft/day (in aquifer)  

The initial seepage velocities in the PRBs are lower than the groundwater in the aquifer 
entering the PRBs.  
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However, as groundwater flows through the PRBs porosity reductions caused by mineral 
fouling will occur, which will result in increased seepage velocities and reduced 
residence times at the end of the design PRB lifetime of 20 years.  For design purposes 
the minimum residence times need to be calculated at the end of the PRBs lifetime to 
meet design effluent concentrations throughout the PRBs operation period.    
 
The effective porosity reductions were calculated for both PRBs as described in section 
7.3.  
 
For PRB-1 the maximum reduction in effective porosity after 20 years is a total of 0.05, 
which results in a final effective porosity of 0.2.  
 
For PRB-2 the maximum reduction in effective porosity after 20 years is a total of 0.12, 
which results in a final effective porosity of 0.13. 
 
For PRB-1 the final seepage velocity is: 
 
vPRB-1-Final = q PRB-1 / Θeff Final = 0.54 / 0.2 = 2.7 ft/day 
 
For PRB-2 the final seepage velocity is: 
 
vPRB-2-Final = q PRB-2 / Θeff Final = 1.51 / 0.13 = 11.4 ft/day 
 

8.6. Minimum PRBs Thickness 
The minimum PRB thickness can then be calculated using the minimum residence time 
and the maximum seepage velocity within the PRB using the following equation: 
 
WPRB-Min = tmin-PRB * vPRB-Final 
 
Where: 
WPRB [ft] = minimum PRB flow through thickness to meet Ctarget  
 
For PRB-1 
WPRB-1-Min = tmin-PRB1 * vPRB1-Final= 0.41* 2.7= 1.1 ft 
 
For PRB-2 
WPRB-2-Min = tmin-PRB2 * vPRB2-Final= 0.38* 11.4= 4.3 ft 
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8.7. Residence Time Safety Factor 
The residence time safety factor can be calculated as the ratio of the residence time 
through the proposed PRB and the minimum residence time to achieve full treatment.  
The safety factor can also be calculated as the ratio of the proposed and minimum 
thickness using the following equation:  
 
SFPRB  = WPRB /WPRB-Min 
Where: 
 
WPRB [ft] : proposed thickness of PRBs. Eight feet based on proposed construction 
method.  
 
SFPRB[ ] : residence time safety factor 
 
For PRB-1 
SFPRB-1  = WPRB-1 /WPRB-1-Min = 8/1.1 = 7.2  
 
For PRB-2 
SFPRB-2  = WPRB-2 /WPRB-2-Min = 8/4.4 = 1.9 
 

8.8. Final Hydraulic Conductivity of PRBs 
The reduction in effective porosity due to mineral fouling and gas generation will also 
result in a reduction of the hydraulic conductivity of the PRB.  Another design factor 
that needs to be considered is that the hydraulic conductivity through the PRB lifetime 
needs to be greater than the hydraulic conductivity of the aquifer to prevent mounding 
and potential by-pass of impacted groundwater.  The Kozeny-Carman (K-C) equation 
can be used to estimate the reduction in hydraulic conductivity due to porosity reduction.  
This equation can be used to calculate the minimum initial hydraulic conductivity of the 
PRB that needs to be specified as part of the PRB design.  The K-C equation is as 
follows: 
 

𝐾𝑓𝑖𝑛𝑎𝑙 = 𝐾𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗  �
Θeff Initial −  ΔΘ

Θeff Initial
�

2

/ �
1 − Θeff Initial +  ΔΘ

1 − Θeff Initial
�

3

 

 
Where: 
 
K initial [ft/day]: minimum initial hydraulic conductivity of PRB backfill  
K final [ft/day]: hydraulic conductivity after porosity reduction 
ΔΘ [ ] : porosity reduction at the end of PRB lifetime (20 years), equal to the difference 
between Θeff Final and Θeff Initial 
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For PRB-1 
K initial = 42 ft/day 
ΔΘ = Θeff Final - Θeff Initial= 0.25-0.2 = 0.05 (total porosity reduction after 20 years) 
K final = 18.8 ft/day > Kaquifer-PRB-1= 18 ft/day 
 
This means that the initial hydraulic conductivity of PRB-1 needs to be at least 42 ft/day.  
 
For PRB-2 
K initial = 1,100 ft/day 
ΔΘ = Θeff Final - Θeff Initial= 0.25-0.13 = 0.12 (total porosity reduction after 20 years) 
K final = 122 ft/day > Kaquifer-PRB-2= 116 ft/day 
 
This means that the initial hydraulic conductivity of PRB-2 needs to be at least 
1,100 ft/day. 
 

8.9. Hydraulic Head Drop Across PRBs 
 

Solve Darcy’s Law for gradient: 

i =Q/(K*A) 

For PRB-1 

Use specified K of 42 ft/day as estimated in Section 8.8 

i = 1,188 ft3/day / (42 ft/day * 2,200 ft2) = 0.013 ft/ft 

So, for PRB-1 (8 ft thick), the estimated head loss across the wall is 0.10 ft 

 

For PRB-2 

Use specified K of 560 ft/day as estimated in Section 8.8 

i = 4,825 ft3/day /(560 ft/day * 3,200 ft2) = 0.0027 ft/ft 

So, for PRB-2 (8 ft thick), the estimated head loss across the wall is 0.022 ft 

 
8.10. Pore Volume Calculations 

 
The total pore volume of the PRBs can be calculated as: 
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Pore Volume (PV) PRB-1 = PRB Volume * Mobile Porosity (assumed 25%)  

PV PRB-1 = 2,200 ft2 * 8ft * 25% = 4,400 ft3 or 32,912 gallons 

PV PRB-2 = 3,200 ft2 * 8ft * 25% = 6,400 ft3 or 47,872 gallons 

The pore flushing rate of the PRBs can be calculated as: 

Pore Flushing Rate (PFR) = 1/ {Pore Volume (PV) / Groundwater Flux (Q)} 

PFRPRB-1 = 1/ {32,912 gallons / 6.1 gpm} = 0.26 PF/day or 97 PF/yr 

PFRPRB-2 = 1/ {47,872 gallons / 25.1 gpm} = 0.75 PF/day or 276 PF/yr 

Assuming a constant porosity throughout the lifetime of the PRBs, a total of 
approximately 2,000 and 5,500 pore flushes will occur over a lifetime of 20 years.  
However, with the porosity reductions that occur due to mineral precipitation and gas 
generation (discussed in Section 8.4), the porosity will decrease thus increasing the actual 
number of pore flushes over the lifetime of the PRBs 

 
8.11. Fate and Transport Equation through PRBs 

The fate and transport equation through the PRBs can be expressed with the following 
one-dimensional advection-dispersion-reaction equation for steady-state conditions 
(Cho, et al 2011): 

 
 
 
Where: 
 
C* [ ] : Ctarget /Cin 

 
x* [ ]: x/ WPRB-Min 

 
x [ft] : distance along PRB thickness 
 
Pe [ ]: Peclet number = vPRB-Final* WPRB-Min/D 
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D [ft ]: Dispersivity 
 
Da1[ ]: first Damkohler number = l* WPRB-Min/ vPRB-Final 

 

l [day-1] : first order reaction rate, estimated at 12.8 day-1 from 15% ZVI column 
 
WPRB-Min [ft] : minimum PRB thickness 
 
vPRB-Final [ft/day] = seepage velocity though PRB, after 20 years 
 
Due to the high seepage velocity and short travel distance through the PRBs, mechanical 
dispersion can be ignored which results in Pe= ∞ (no dispersion), which results in the 
following equation that can be used to calculate the minimum required PRB thickness: 
  

 
 
For PRB-1: 
 
C* = Ctarget /Cin= 1.96/0.01= 196 
 
x* = x/ WPRB-Min = 1 
 
 
The required Da1 to achieve Ctarget is: 
 
Da1 = Ln (C*) = Ln (196) = 5.28 
 
Then, 
 
WPRB1-Min= Da1* vPRB-1-Final/l = 5.28 * 2.7/12.8= 1.1 ft (same minimum thickness as 
calculated in section 7.4) 
 
For PRB-2: 
 
C* = Ctarget /Cin= 1.25/0.01= 125 
 



B-31 
 

x* = x/ WPRB-Min = 1 
 
The required Da1 to achieve Ctarget is: 
 
Da1 = Ln (C*) = Ln (125) = 4.82 
 
Then, 
 
WPRB2-Min= Da1* vPRB-2-Final/l = 4.82 * 11.6/12.8= 4.4 ft (same minimum thickness as 
calculated in section 8.6) 
 

 
9. PRB Design Summary: dimensions, backfill properties, and ZVI content. 

 
9.1. Physical dimensions and properties  

 
PRB-1: 
Width    140 ft 
Depth    15 ft 
Cross Sectional Area  2,200 ft2 

Volume   17,500 ft3 
Thickness   8 ft 
Tot Porosity    35% 
ZVI Weight   730,000 lbs 
Sand/Gravel Weight  1,648,000 lbs 
 
ZVI content (wt%) = ZVI Weight / (ZVI Weight + Sand/Gravel Weight) = 
738,000/(738,000+1,648,000) =  30.9 % by weight 
 
PRB-2: 
Width    120 ft 
Depth    27 ft 
Cross Sectional Area  3,200 ft2 

Volume    25,600 ft3 
Thickness   8 ft 
Tot Porosity    35% 
ZVI Weight   1,100,000 lbs 
Sand/Gravel Weight 2,389,000 lbs 
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ZVI content (wt%) = ZVI Weight / (ZVI Weight + Sand/Gravel Weight) = 
1,100,000/(1,100,000+2,389,000) =  31.5 % by weight 
 

9.2. Temperature, Eh, and pH through PRBs 
The temperature of groundwater within Parker Brothers Arroyo averages 24 °C, varying 
seasonally over a total range of less than 5° at wells EP-78 and EP-85, reaching a low of 
21 °C in the winter (see figure below).  It is anticipated that the temperature within the 
PRBs will be controlled by the ambient temperature of the groundwater and will 
therefore remain close to 24 °C. 
 

 
 
As an example, studies of arsenate and arsenite adsorption by magnetite (a mixed 
Fe(II)/(III) oxide phase that is an important ZVI corrosion product) indicate small but 
measurable differences in uptake as a function of temperature (Shipley et al., 2009).  
Specifically, it was found that by increasing the temperature from 20 °C to 30 °C, the 
quantity of arsenic adsorbed by magnetite nanoparticles after 1 hour increased between 
10 and 20%, due either to increased uptake capacity or faster kinetics. 
 
The column tests used to calculate arsenic uptake capacity and first-order uptake rate 
were performed at 22 °C +/- 2 °C, which is just below the average site groundwater 
concentration.  Therefore, the column-estimated uptake capacity and rate parameters will 
be highly applicable to the field PRBs, if not slightly conservative from a temperature 
standpoint.  The small seasonal temperature fluctuation described above is expected to 
have a small effect on the rate of uptake of arsenic by ZVI. 
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The Eh and pH within the PRBs is expected to follow the trends observed in the column 
studies and other ZVI field applications.   Eh in the 15 wt% column steadily decreased, 
ultimately reaching values below -300 millivolts.  The continued corrosion of ZVI will 
maintain reducing conditions within the PRBs.  The pH within the 10 and 15 wt% 
columns increased and leveled off to a value between 8.5 and 9.  Although it is possible 
that pH within the PRBs may exceed 9 given the higher ZVI content of 30%, it is not 
expected to be substantially above 9, since bicarbonate within the groundwater will 
buffer further pH changes. 
 

9.3. Arsenic speciation and implications  
Arsenic speciation in the groundwater collected for column studies was quantified by the 
University of Waterloo, and it was determined that between 95 and 100% was in the 
form of arsenate.  Although the sorption behavior of arsenate and arsenite as a function 
of groundwater chemistry can be complex, it has been observed that the kinetic uptake 
behavior of arsenate and arsenite by ZVI is similar (Lien and Wilkin, 2005).  Changes in 
the redox state of arsenic in contact with ZVI may occur, although such changes in 
arsenic speciation after reaction with ZVI, which can include reduction of arsenate to 
arsenite and further reduction to As(0) as well as oxidation of arsenite to arsenate by 
Fe(III) phases, are complicated and poorly understood (Beak and Wilkin, 2009; 
references therein). 
 
However, it will not be necessary to understand such changes in arsenic speciation after 
contact with ZVI.  The arsenic redox reactions in the PRBs are expected to be similar to 
those that occurred in the column studies, since the column studies were designed to 
approximate field conditions. 
 

9.4. Efficiency of PRBs in arsenic removal  
The efficiency of the PRBs in arsenic removal is expected to be similar to the efficiency 
observed in the column studies.  The arsenic removal efficiency is calculated as follows: 
 
Eff = (Cin – Cout)/Cin 
 
Where: 
 
Eff [unitless]: Removal efficiency 
Cin [mg/L]: Influent concentration 
Cout [mg/L]: Effluent concentration 
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For the 15 wt% ZVI column 
 
Eff = (1.9 – 0.0068) / 1.9 = 0.996= 99.6% 
 
where 0.0068 mg/L is the average effluent arsenic concentration from the 15 wt% 
column after two pore volumes (average of five values, all within the instrument 
detection limit).  
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Summary
Annual porosity decrease 0.0019 per year
     (as percentage of mobile porosity) 0.75% per year
Cumulative porosity decrease 0.038 lifetime
     (as percentage of mobile porosity) 15.06% lifetime

Details
Expected life of PRB 20 yrs.
Thickness of wall 8 ft.
Cross sectional area of Wall 2,200 ft2

Volume of wall 17,600 ft3

Darcy Flux 0.54 ft/day
PRB mobile porosity 0.25
PRB total porosity 0.35
Mobile Pore Volume of Wall 4,400 ft3

Initial Conductivity of Wall 42 ft/day
Total Flow through wall 1188.0 ft3/day
Total Flow through wall 33620.4 L/day
Total Flow through wall 6.2 gpm
Number of Pore Volumes per year 98.6 PV/yr
Influent Dissolved Oxygen (DO) 1.029 mg/L
Effluent DO 0 mg/L
Influent Chloride 309 mg/L
Effluent Chloride 321 mg/L
Influent Sulfate 927 mg/L
Effluent Sulfate 870 mg/L
Influent Alkalinity 357 mg/L
Effluent Alkalinity 166 mg/L
Influent Calcium 74 mg/L
Effluent Calcium 31 mg/L
Influent Magnesium 49 mg/L
Effluent Magnesium 19 mg/L
Influent Aluminum 0.001 mg/L
Effluent Aluminum 0.002 mg/L
Influent Arsenic 1.88 mg/L
Effluent Arsenic 0.000 mg/L
Influent Lead 0.001 mg/L
Effluent Lead 0.001 mg/L
Influent Copper 0.003 mg/L
Effluent Copper 0.002 mg/L
Change in Porosity Due to Aluminum Chemistry
Moles of Al precipitated 0 moles/day Al
Gibbsite (AlOOH)
Mass of Gibbsite (AlOOH) formed 0 g/day AlOOH
Volume of Gibbsite (AlOOH) formed 0 mL/day AlOOH
Total precipitate mass 0 lbs AlOOH 
Total precipitate volume 0 ft3 AlOOH
% Decrease in porosity from Al precipitates 0.000% % year
% Decrease in porosity from Al precipitates 0.000% % lifetime
Change in Porosity Due to Arsenic Chemistry
Moles of As precipitated 0.8 moles/day As
Mass of As2S3 formed 104 g/day As2S3
Volume of As2S3 formed 30 mL/day As2S3
Total precipitate mass 1,673 lbs
Total precipitate volume 8 ft3/yr
% Decrease in porosity from As precipitates 0.009% % year
% Decrease in porosity from As precipitates 0.17% % lifetime

Porosity Reduction Estimates Due to Mineral Precipitation: PRB-1



Porosity Reduction Estimates Due to Mineral Precipitation: PRB-1
Change in Porosity Due to Lead Chemistry
Moles of Pb precipitate formed 0 moles/day Pb
PbS
Mass of PbS formed 0 g/day PbS
Volume of PbS formed 0 ft3/day PbS
Total precipitate mass 0 lbs
Total precipitate volume 0 ft3

% Decrease in porosity from PbS 0.0000% %
PbCO3

Mass of PbCO3 formed 0 g/day PbCO3
Volume of PbCO3 formed 0 ft3/day PbCO3
Total precipitate mass 0 lbs
Total precipitate volume 0 ft3

% Decrease in porosity from PbCO3 0.0000% % lifetime
Change in Porosity due to Iron Chemistry
FeS  
Sulfate Flux 1,920 g/day
Molar Sulfate Flux 20 mol/day
Moles of FeS formed 20 mol/day FeS
Mass of FeS formed 1,757 g/day FeS
Volume of FeS formed 363 mL/day FeS
FeS generated over life of wall 28281 lb.
FeS generated over life of wall 94 ft3

% Decrease in porosity from FeS 0.1% % per year
% Decrease in porosity from FeS 2.1% % lifetime
Fe(OH)3  

DO Flux 34,593 mg/day
Molar DO Flux 1.0810 mol/day
Moles of Iron oxidized by DO 1.441 mol/day
Moles of Fe(OH)3 formed 1 mol/day Fe(OH)3

Mass of Fe(OH)3 formed 154 g/day Fe(OH)3

Volume of Fe(OH)3 formed 44 mL/day Fe(OH)3

Fe(OH)3 generated over life of wall 2479 lbs
Fe(OH)3 generated over life of wall 11 ft3

% Decrease in porosity from Fe(OH)3 0.01% % per year
% Decrease in porosity from Fe(OH)3 0.26% %
Change in Porosity due to Carbonate Chemistry
Mass of alkalinity removed by wall 6426868 mg/day
Moles of alkalinity removed by wall 64 mol/day
Mass of calcium removed by wall 1449235 mg/day
Moles of calcium removed by wall 36 mol/day
Mass of magnesium removed by wall 1014956 mg/day
Moles of magnesium removed by wall 42 mol/day
Moles of CaCO3 formed 36 mol/day CaCO3
Mass of CaCO3 formed 3619 g/day CaCO3
Volume of CaCO3 formed 1293 mL/day CaCO3
Moles of MgCO3 formed 28 mol/day MgCO3
Mass of MgCO3 formed 2364 g/day MgCO3
Volume of MgCO3 formed 799 mL/day MgCO3
Moles of FeCO3 formed 1 mol/day FeCO3
Mass of FeCO3 formed 167 g/day FeCO3
Volume of FeCO3 formed 42 mL/day FeCO3
Volume of CO3 species generated over life of wall 550 ft3

% Decrease in porosity from CO3 precipitates 0.63% % per year
% Decrease in porosity from CO3 precipitates 12.50% %
Annual porosity decrease 0.0019 per year
     (as percentage of mobile porosity) 0.75% per year
Cumulative porosity decrease 0.038 lifetime
     (as percentage of mobile porosity) 15.06% lifetime



Summary
Annual porosity decrease 0.0053 per year
     (as percentage of mobile porosity) 2.10% per year
Cumulative porosity decrease 0.11 lifetime
     (as percentage of mobile porosity) 42% lifetime

Details
Expected life of PRB 20 yrs.
Thickness of wall 8 ft.
Cross sectional area of Wall 3,200 ft2

Volume of wall 25,600 ft3

Darcy Flux 1.51 ft/day
PRB mobile porosity 0.25
PRB total porosity 0.35
Mobile Pore Volume of Wall 6,400 ft3

Initial Conductivity of Wall 1,000 ft/day
Total Flow through wall 4825.6 ft3/day
Total Flow through wall 136,564 L/day
Total Flow through wall 25.1 gpm
Number of Pore Volumes per year 275.2 PV/yr
Influent Dissolved Oxygen (DO) 1.029 mg/L
Effluent DO 0 mg/L
Influent Chloride 309 mg/L
Effluent Chloride 321 mg/L
Influent Sulfate 927 mg/L
Effluent Sulfate 870 mg/L
Influent Alkalinity 357 mg/L
Effluent Alkalinity 166 mg/L
Influent Calcium 74 mg/L
Effluent Calcium 31 mg/L
Influent Magnesium 49 mg/L
Effluent Magnesium 19 mg/L
Influent Aluminum 0.001 mg/L
Effluent Aluminum 0.002 mg/L
Influent Arsenic 1.88 mg/L
Effluent Arsenic 0.000 mg/L
Influent Lead 0.001 mg/L
Effluent Lead 0.001 mg/L
Influent Copper 0.003 mg/L
Effluent Copper 0.002 mg/L
Change in Porosity Due to Aluminum Chemistry
Moles of Al precipitated 0 moles/day Al
Gibbsite (AlOOH)
Mass of Gibbsite (AlOOH) formed 0 g/day AlOOH
Volume of Gibbsite (AlOOH) formed 0 mL/day AlOOH
Total precipitate mass -5 lbs AlOOH
Total precipitate volume 0 ft3 AlOOH
% decrease in porosity from Al precipitates 0.000% % year
% Decrease in porosity from precipitates 0.000% % lifetime
Change in Porosity Due to Arsenic Chemistry
Moles of As precipitated 3 moles/day As
Mass of As2S3 formed 422 g/day As2S3
Volume of As2S3 formed 120 mL/day As2S3
Total precipitate mass 6,790 lbs
Total precipitate volume 31 ft3

% Decrease in porosity from As precipitates 0.024% % year

% Decrease in porosity from As precipitates 0.48% % lifetime

Porosity Reduction Estimates Due to Mineral Precipitation: PRB-2



Change in Porosity Due to Lead Chemistry
Moles of Pb precipitate formed 0 moles/day Pb
PbS
Mass of PbS formed 0 g/day PbS
Volume of PbS formed 0 ft3/day PbS
Total precipitate mass 1 lbs
Total precipitate volume 0 ft3

% Decrease in porosity from PbS 0% %
PbCO3

Mass of PbCO3 formed 0 g/day PbCO3
Volume of PbCO3 formed 0 ft3/day PbCO3
Total precipitate mass 1 lbs
Total precipitate volume 0 ft3

% Decrease in porosity from PbCO3 0.0000% % lifetime
Change in Porosity due to Iron Chemistry
FeS  
Sulfate Flux 7,801 g/day
Molar Sulfate Flux 81 mol/day
Moles of FeS formed 81 mol/day FeS
Mass of FeS formed 7,138 g/day FeS
Volume of FeS formed 1,475 mL/day FeS
FeS generated over life of wall 114854 lb.
FeS generated over life of wall 380 ft3

% Decrease in porosity from FeS 0.3% % per year
% Decrease in porosity from FeS 5.9% % lifetime
Fe(OH)3  

DO Flux 140,513 mg/day
Molar DO Flux 4 mol/day
Moles of Iron oxidized by DO 6 mol/day
Moles of Fe(OH)3 formed 6 mol/day Fe(OH)3

Mass of Fe(OH)3 formed 626 g/day Fe(OH)3

Volume of Fe(OH)3 formed 179 mL/day Fe(OH)3

Fe(OH)3 generated over life of wall 10068 lbs
Fe(OH)3 generated over life of wall 46 ft3

% Decrease in porosity from Fe(OH)3 0.04% % per year
% Decrease in porosity from Fe(OH)3 0.72% %
Change in Porosity due to Carbonate Chemistry
Mass of alkalinity removed by wall 26105636 mg/day
Moles of alkalinity removed by wall 261 mol/day
Mass of calcium removed by wall 5886723 mg/day
Moles of calcium removed by wall 147 mol/day
Mass of magnesium removed by wall 4122703 mg/day
Moles of magnesium removed by wall 169 mol/day
Moles of CaCO3 formed 147 mol/day CaCO3
Mass of CaCO3 formed 14702 g/day CaCO3
Volume of CaCO3 formed 5251 mL/day CaCO3
Moles of MgCO3 formed 114 mol/day MgCO3
Mass of MgCO3 formed 9604 g/day MgCO3
Volume of MgCO3 formed 3244 mL/day MgCO3
Moles of FeCO3 formed 6 mol/day FeCO3
Mass of FeCO3 formed 678 g/day FeCO3
Volume of FeCO3 formed 171 mL/day FeCO3
Volume of CO3 species generated over life of wall 2236 ft3

% Decrease in porosity from CO3 precipitates 1.75% % per year
% Decrease in porosity from CO3 precipitates 34.93% %
Annual porosity decrease 0.0053 per year
     (as percentage of mobile porosity) 2.10% per year
Cumulative porosity decrease 0.11 lifetime
     (as percentage of mobile porosity) 42% lifetime

Porosity Reduction Estimates Due to Mineral Precipitation: PRB-2
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Date: May 16, 2012 

To:  

Copy:  

From: Gastón Leone, Aaron Kempf 

Project No.: 06835001 

 
Subject: 
Evaluation of EX-3 Pumping Test Conducted at the Former ASARCO Smelter, El Paso, 
Texas 
 

Background 
Multiple pumping tests were conducted by CDM from April to August of 2008 to assess 
the local aquifer hydraulic conductivity.  Tests were conducted at wells EX-1, EX-2, and 
EX-3.  Data collected from the tests conducted at wells EX-1 and EX-2 were evaluated 
by CDM using the Theis Time Drawdown evaluation using the water level response at 
adjacent monitoring wells.  Well EX-2 was the observation well for the test conducted at 
well EX-1, while EX-1 was the observation well for the test conducted at well EX-2.  The 
results of tests conducted at EX-1 and EX-2 indicate that the aquifer transmissivity was 
9,422 and 10,480 square feet per day (ft2/d), respectively.  Storage coefficients were 
0.006 and 0.004 (dimensionless) for these two tests (CDM, 2009).   
 

Pumping Test at Well EX-3 
Data collected from the test conducted at well EX-3 was not analyzed by CDM.  
However, a detailed log of pumping rates, water levels in response to pumping, and a 
well log were provided by CDM (Attachment 1; CDM, 2009).  These results were 
analyzed by ARCADIS to estimate aquifer hydraulic conductivity in the vicinity of the 
proposed permeable reactive barriers located in Parker Brothers Arroyo.  This constant-
rate pumping test was approximately 60 minutes in duration, with pumping rates ranging 
from 19 to 24 gallons per minute.  Total water level drawdown was approximately 0.9 
feet. 
 
The observed water level response in the test well was analyzed using the parameter 
estimation program AQTESOLVTM. The Theis Solution for unconfined aquifers was 
used to simulate the observed water levels to provide estimates of localized aquifer 
transmissivity and storativity.  The estimated aquifer transmissivity was approximately 
4,500 ft2/d, and storativity was 0.007.  The aquifer saturated thickness of 39 feet was used 
to calculate the hydraulic conductivity of approximately 116 feet per day (Attachment 2).  
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These results are consistent with expected values based on the lithologic descriptions 
provided in the boring log at well EX-3.   

Reference 
CDM. 2009. Groundwater Remediation Status Report. Former Asarco Smelter Site, El 

Paso, TX. February 2009. 
 
 



 

 

 

 

 

 

 

 

 

Attachment 1 

EX-3 Pumping Test Data from CDM 2009 Groundwater Remediation Status Report







 

 

 

 

 

 

 

 

 

 

Attachment 2 

Well EX-3 Pumping Test AQTESOLV™ Output 
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EX-3 PUMPING TEST

Data Set:  G:\...\EX-3.aqt
Date:  05/16/12 Time:  11:36:19

PROJECT INFORMATION

Company:  ARCADIS
Client:  Asarco
Location:  El Paso, TX
Test Well:  EX-3
Test Date:  8/12/08

WELL DATA

Pumping Wells
Well Name X (ft) Y (ft)
EX-3 0 0

Observation Wells
Well Name X (ft) Y (ft)

EX-3 0 0

SOLUTION

Aquifer Model:  Unconfined Solution Method:  Theis

T  = 4515. ft2/day S  = 0.006761
Kz/Kr = 1. b  = 39. ft



  

APPENDIX C 
 

FIELD DEMONSTRATION POWERPOINT PRESENTATION (UPDATED) 



Agenda 

n Project Schedule and Budget Overview 
n Rationale for installation of two PRBs 
n Description of Bench-scale Testing 
n Description of Design Parameters 
n Questions 



2010 2015 

PLANNING & PROCUREMENT 

GROUNDWATER REMEDY  

SITE DEMOLITION 

SURFACE SOILS & SURFACE WATER REMEDY 

PROPERTY DISPOSITION 

LONG TERM MAINTENANCE 

2011 2012 2013 2014 

Remediation Timeline Estimate 

PRB INSTALLATION 

PERFORMANCE PERIOD 



Permeable Reactive Barrier Field 
Demonstration – Introduction 

 
 

Current view of Parker Brothers Arroyo Parker Brothers Arroyo before excavation 



Permeable Reactive Barrier Field 
Demonstration – Purpose and Objectives 

n Bench-scale shows that treatment technology works  
ü Validation of bench-scale results at the field-scale 
ü Confirm the hydraulic performance of the PRBs 
ü Evaluate the longevity of the PRBs 

 

n PRB-1 
ü Treat all of the north fork of Parker Brothers Arroyo and a substantial 

portion of the south fork 
ü Treat groundwater as close to the current sources as possible (East 

Property, Ephemeral Pond, Fines Pile, Railroad Tracks)  

n PRB-2 
ü Treat all groundwater in Parker Brothers Arroyo 
ü Will be completed into bedrock channel (natural funnel) 

• Prevent short-circuiting or bypassing of PRB 

 



Permeable Reactive Barrier Field 
Demonstration – Installation Rationale 

 
n Slag and affected soils have been excavated (5 to 22 

feet removed to temporary grade) 
ü Reduces volume of material that needs to be excavated and managed 

n Performance period is within the 5-year schedule for site 
completion 
ü Additional remedial actions can be taken within the 5-year period, based 

on the results of the field demonstration 

n Provides time to monitor groundwater remedy within the 
planned performance period 

n Long-term access to PRB-1 after landfill construction  
 
 

 



Permeable Reactive Barrier Field 
Demonstration – Cost Savings 

n Cost savings to install PRB-2 now versus later  
$1,000,000 
ü Estimated cost to install PBR-2 now ~$894,500 
ü Estimated cost to install PBR-2 later ~$1,894,500 

 

n Reduce mobilization and prep 
n Eliminate phased construction of landfill and interim 

channel 
n Less volume to excavate and easier to access key-in 

points 
n Long-term access still possible as contingency 

 
 



Field Demonstration Design Steps 

n Pre-Design Data Collection 
ü Review of existing hydrogeologic and geochemical data 
ü Installation of 15 borings and 35 test pits 
ü Monitoring of water quality 
ü Sequential Selective Extraction  

n Laboratory Treatability Testing 
ü From bench-scale to field-scale  

n PRBs Design 



Zerovalent Iron: Bench Testing 

n Column test materials 
ü 4 columns with varying wt% ZVI: 0% (control), 2.5%, 10%, 15% 
ü Packed with Connelly GPM ZVI, balance of Site sand from alluvium 

(PBA-17 located upgradient of PRB-1) 
ü Influent: Site groundwater containing 2 mg/L arsenic (MW EP-78) 

n Experiment details 
ü Columns received influent flow for 5 weeks 
ü Influent and effluent chemistry monitored regularly 
ü Days 19-22:  Water chemistry profiles obtained along the lengths of the 

columns for estimating arsenic uptake capacity and kinetics 
ü Other parameters monitored: metals, pH, alkalinity, redox 
 (see Waterloo Final Report for details) 



Zerovalent Iron: Bench Testing – PRB Design 

n Key Design Parameters Calculated from Bench Testing 
 
ü Uptake Kinetics: estimate uptake reaction rates used to determine 

minimum residence time and thickness to achieve full treatment within 
PRBs. 

ü Arsenic Uptake Capacity: amount of ZVI needed to sequester arsenic 
from groundwater expressed as mg As/ g ZVI. This parameter is used to 
determine the amount of ZVI needed to treat the anticipated arsenic flux 
over the PRB lifetime.  



Zerovalent Iron Bench Test Results 

n Arsenic attenuation 
ü All ZVI-containing columns removed arsenic to < 0.03 mg/L   
ü Column profiles indicate kinetic limitation on As uptake 
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Determination of Uptake Kinetics 

n First-order uptake kinetics of arsenic 
ü Uptake rates estimated for the three ZVI-containing columns  
ü Removal kinetics resulting from sorption to ZVI, corrosion, and mass transfer 
ü First-order rates compared against zero-order rates estimated by Waterloo 
ü First-order rates clearly provide better fit to data 
ü Rate coefficient from 15 wt% column used in PRB design: 12.8 day-1 
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Travel time in column (h) 

               2.5 wt% ZVI column 
First-order rate constant: 5.5 d-1 

First-order half life: 3.0 h 

Full data set 

Data used in fitting 

Zero-order reaction 

First-order fit (data < 28 h) 
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Travel time in column (h) 

               10 wt% ZVI column 
First-order rate constant: 7.6 d-1 

First-order half life: 2.2 h 

Full data set 

Data used in fitting 

Zero-order reaction 

First-order fit (data < 25 h) 
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Travel time in column (h) 

               15 wt% ZVI column 
First-order rate constant: 12.8 d-1 

First-order half life: 1.3 h 

Full data set 

Data used in fitting 

Zero-order reaction 

First-order fit (data < 16 h) 



Determination of Uptake Capacity 
n Uptake capacity determined using 2.5 wt% column 
ü Assume uptake equilibrium, with partial capacity reached upgradient of 8 cm. 
ü Comparison with control column: 60% of capacity remains upgradient of 8 cm. 
ü Result:   Uptake capacity = 1.3 mg As/g ZVI   
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Distance into column (cm) 

Arsenic Concentration Profiles, Week 3 

No ZVI 

2.5 wt% ZVI 

At Capacity 

Influent concentration 

Remaining capacity below 8 cm ~ 60% 

Full capacity above 8 cm 

Elapsed time:   21 days 
Solution eluted:   5.1 L 
Influent arsenic:   1.9 mg/L 
Total arsenic load:  9.7 mg 
 
Column length:   36 cm 
ZVI mass in column:  87 g 
Length consumed:  8 cm 
ZVI consumed:   19 g 
 
       Arsenic load        = 1.3 mg/g  
ZVI consumed ´ (1-0.6) 



Determination of Uptake Capacity 

n Comparison with Published Values 
ü Literature values of total uptake capacity range between 0.7 and 7.5 mg/g. 
ü Values for Connelly-GPM (used here): 0.77 – 4.4 mg/g. 
ü Typical range observed in ZVI column tests by ETI-University of Waterloo: 

1-2 mg/g. 
ü We conservatively used 1.0 mg As/g ZVI in design calculations, reduced 

from the 1.3 mg/g estimated from bench test results. 

Su, Chunming. Utilization of zerovalent iron for arsenic removal from groundwater and wastewater. Published 
in “Zerovalent iron reactive materials for hazardous waste and inorganics removal”. ASCE, 2006. 



Design Outline 

n Step through PRB-1 design 
calculations 

n Highlight aquifer parameter 
differences in PRB-2 design 

n Design follows ITRC 2011 PRB 
guidance 
 





PRB-1 Hydrogeology – Hydraulic Conductivity 

Sample ID K (ft/day)
PBA-SB02-23-25 3.8
PBA-SB12-20-25 36.5
PBA-SB13-30-32 18.4
PBA-SB13-35-40 16.7
PBA-SB13-20-25 16.7

Average (mean) 18.4

Slug-Testing 
performed by 
ARCADIS in 2004 

Low-Flow 
sampling by MP in 
2011 

KC Equation (Carrier 2003) 



PRB-1 Hydrogeology – Hydraulic Gradient 

WL Change / Horizontal Distance = 
15’/500’ = 0.03 ft/ft 
 
Gradient  calculated between wells 
EP-78 and EP-85, fall 2011 



PRB-1 Hydrogeology – Seepage Velocity 

GW Seepage Velocity (Vs) = Darcy Flux/ mobile porosity  
= (0.54 ft/day)/ 0.2 = 2.7 ft/day  

Darcy Flux = Hydraulic Conductivity *Hydraulic Gradient = K*i 
= 18 ft/day * 0.03 = 0.54 ft/day  



PRB-1 Arsenic Loading-Influent Concentration 

20 years 

Influent concentration 
estimated over PRB 
lifetime 



PRB-1 Arsenic Loading 

As Loading = Groundwater Flux * Avg Arsenic Concentration  
= Darcy Flux * width * depth * As Conc. 
 = 0.5 ft/d * 140 ft * 15 ft * 1.0 mg/L 
= 0.1 lbs As/day (rounded to nearest tenth) 

= 730 lbs over 20 years 



PRB-1 ZVI Demand 

ZVI  Demand = Arsenic Loading / Uptake Capacity 
= 730 lbs/ 1.0 mg As/g ZVI 
= 730,000 lbs 



PRB-1 Retention Time/ Wall Thickness 

Reaction Rate (l) = 12.8 day-1 (from Bench Testing, 15% ZVI column) 

Min Retention Time = 1/l ´ Ln (Cinfluent / CTarget Effluent)  
= (1 /12.8d-1) ´ Ln (1.96 mg/L / 0.01 mg/L)  
= 0.41 days 

C = C0´e-lt,  t = 1/l ´ Ln(C0/C) 



PRB-1 Retention Time /  Wall Thickness 

Minimum Thickness 
• Calculated based on expected maximum velocities at end of 

lifetime 
• Considers porosity reductions due to mineral precipitation and 

gaseous by-product accumulation 
• Mineral precipitation – estimated at 0.2%/yr (based on bench 

testing data) 
• Gas Accumulation – 5%  porosity loss over lifetime (Zhang and 

Gilham, 2005) 



PRB-1 Retention Time /  Wall Thickness 

Ko = Initial hydraulic conductivity 
K = Final hydraulic conductivity 
No= Initial porosity  
N = Final porosity 
∆N = Change (decrease) in porosity 
 
Li et al, 2006 

Year 
Net Total 
Porosity 

Net 
Mobile 

Porosity 
Estimated 
K (ft/day) 

Estimated 
Seepage 
Velocity 
(ft/day) 

0 35% 25% 42 2.2 

20 30% 20% 19 2.7 

Min. Wall thickness (ft)= Min Ret Time (days)* Vs (ft/day)= 0.41 d* 2.7 ft/day= 1.1 ft 



PRB-1 Retention Time /  Wall Thickness 

• Actual thickness dictated by construction method – 8’ 
 

• Final Dimensions: 
• 140 ft wide, 15 ft deep, 8 ft thick 
• 730,000 lbs ZVI 
• ZVI content = 31% by mass 

 
• Safety factor = Thickness/Minimum thickness = 7.2 



PRB-2 Design 



PRB-2 Design 

Safety Factor = PRB thickness/ min PRB thickness = 8 ft /4.3 ft= 1.9   
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INTRODUCTION 

In situ mixing of zero valent iron (ZVI) into a saturated aquifer is being considered as an option for 

remediating arsenic contaminated groundwater at an ARCADIS site. To evaluate the ability of 

mixtures of aquifer sediments with different amounts of ZVI to remediate groundwater at the site, a 

four-column bench-scale flow-through column test was conducted in the Department of Earth and 

Environmental Sciences at the University of Waterloo (UW). The flow through portion of the 

column experiments was started on December 16, 2011 and ended on January 19, 2012. The 

columns were filled with aquifer sand from the site, mixed to have 0, 2.5, 10 or 15 wt% content of 

ZVI. The columns were operated with similar residence times that range from 2.3 to 1.0 days of 

contact with the mixtures, depending on the column. By the end of the project 8 to 9 liters of site 

water flowed through each of the columns. Influent As concentrations were generally near 2 mg/L. 

Geochemical monitoring results indicate that the various admixtures of ZVI were effective for 

removing 2 mg/L of influent As to less than 0.03 mg/L for more than 21 PV of flow, thus indicating 

a favourable potential for in situ mixed ZVI to be effective for treating As contaminated 

groundwater at the site. Increases in effluent As concentrations reflecting loss of reactivity were not 

evident during the short duration of the project. Potential As removal mechanisms include the 

precipitation of low solubility As-Fe sulfides or adsorption onto or coprecipitation with iron oxides. 

This document describes the final flow monitoring and geochemical results from the project. 

RESULTS AND DISCUSSION 

Four 40 cm long, 7.7 cm inner diameter Plexiglas
TM

 columns were constructed by UW for the 

project. The columns have influent and effluent ports and side ports at 2, 5, 10, 15, 20, 25 and 30 

cm from the influent end of the column (Figure 1 and Table 1). The columns have an internal 

volume of 1.838 L. The columns were hand-packed with a mixture of zero-valent iron (ZVI) and 

aquifer sediments obtained from the site. The granular ZVI used in the mixtures is ETI-CC-1004, 

was obtained by UW from Connelly GPM, Chicago. A cooler containing a 20 L pail of partially 

saturated sediment from the investigation site was received at UW on Dec. 5, 2011. This material 

was found to have a moisture content of 9.1 weight percent (wt%) and had been screened to minus 

0.25 inch before shipment. The pail containing the mixture was broken in several places but the 

sediment remained contained in the cooler. Six 20 L high density polyethylene jugs filled with site 

Column construction details
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groundwater were received at UW on Dec.5, 2011. The jugs were completely filled and had no 

headspace.  

Four column mixtures (Table 2) using aquifer sediment from the site were prepared at UW:  

• ARCA0 0 wt% ZVI (control column) 

• ARCA2.5 2.5 wt% ZVI 

• ARCA10 10 wt% ZVI 

• ARCA15 15 wt% ZVI 

 

Using ZVI and sand bulk densities of 2.2 and 1.5 g/cm
3
 respectively, Arca2.5, 10 and 15 contained 

approximately 1.7 volume percent (vol%) ZVI, 7 vol% ZVI and 10.7 vol% ZVI, respectively. 

Weighed subsamples of the aquifer sediment were homogenized with appropriate dry masses of 

ZVI by mixing and tumbling in a ziplock bag. On a bench in the laboratory, the columns were filled 

with the mixtures in 2.5 cm increments. Each increment was compressed manually using a plunger. 

The amount of compression achieved was gauged based upon feel. One to two centimeters of ~1 

mm pure silica sand were placed at the bottom and top of the sediment-ZVI mixture in each 

column, to assume uniform flow. The final mass of mixture added to each column was 3500 g +/- 

25 g. The column mixtures have similar packed bulk densities that range from 2.09 to 2.13 g/cm
3
 

(Table 2). The resulting distribution or homogeneity of ZVI in the columns was not evaluated 

during the project, but can be evaluated by ARCADIS when the solid samples are evaluated. 

Before saturating the columns with site water, the columns were purged with CO2 to replace air 

contained in the pore spaces. The greater solubility of CO2 compared to air in water generally 

allows more thorough saturation of the column materials. The columns were saturated by pumping 

site water upward through the mixtures at ~250 mL/day.  

The saturated pore volume of the columns was determined gravimetrically based on the difference 

between the dry and saturated mass of the columns, to which the original water content of the 

aquifer sand was added. At 9.1 wt% water content for the aquifer sand, the columns has an original 

water content of 317, 312, 287 and 271 mL in Arca0, 2.5, 10 and 15, respectively. The 

measurements indicate that the columns have saturated porosities of 27 to 34% (Table 2) and 
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gravimetric pore volume values of  561, 550, 616 and 505 mL respectively, for Arca0, 2.5, 10 and 

15. 

The saturated columns were placed in an anaerobic glove box (approximately 2.5% H2/97.5% N2) 

for the flow-through experiments (Figure 2). A palladium catalyst in the glove box maintained the 

O2 levels in the chamber at a level that could not be detected with anaerobic test strips. An influent 

source water jug was placed inside the anaerobic chamber during operation of the columns; jugs 

awaiting use were stored, as received, in a cold room. During the first few days of use, an increase 

in the pH of the first jug of influent water indicated that CO2 was degassing from the water. To 

prevent further significant degassing of CO2 from the site water, a balloon containing 10% CO2 in 

nitrogen was attached to the influent water jug and was used at all times after Dec 22. In 

maintaining a headspace with a few percent CO2 over the water, the pH of the influent water was 

maintained at a relatively constant value near 7.6 during the project. 

 

Pressure gauges were attached opposite the side ports located at 5 and 35 cm above the base plate of 

the columns (30 cm or 11.8 inches apart) for monitoring the pressure drop across the columns. The 

pressure drop is converted to hydraulic gradient (units: length/length) by dividing by the distance 

between the gauges (Table 3). The hydraulic gradient may provide insight into changes in the 

permeability of the mixtures caused by the accumulation of N2 or H2 gas bubbles, or by 

precipitation of secondary minerals in the column. Data collected prior to Jan. 5 is considered 

erroneous because the height of the effluent tube for each column was set near the base of the 

columns. After Jan. 5 the height of the effluent tube was set approximately at the level of the top 

pressure gauge; results are reported for dates after Jan 6, to allow time for stabilization after the 

change in tube height.  

The flow of groundwater into the columns was started on Dec. 15, 2011 and stopped on Jan. 19, 

2012. To maintain similar flow rates for each column, water was pumped through the columns 

using a single multi-channel peristaltic pump. After several PV of flow passed through the columns, 

tracer tests were conducted on Arca0 and Arca15 (Dec 29-Jan2), on Arca2.5 (Jan 10-12), on Arca10 

(Jan16-19) and repeated on Arca15 (Jan 16-19) using bromide (from NaBr) as a conservative tracer. 

A subsample of the influent water was spiked with NaBr to have a final Br concentration of near 

Column flow conditions
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100 mg/L, and this water was substituted for the standard influent water for between 8 and 23 

hours, giving a pulse input. These tests provide an accurate determination of the velocity of water in 

the columns, and from this an accurate saturated pore volume can be calculated. The velocity of the 

tracer during the tests was determined by modeling the breakthrough curves (Figure 3) with the 

CXTFIT module in STANMOD (Simunek et al., 1999). Based on velocity estimates from the 

model and flow amounts determined from the tracer test, revised pore volume estimates for the 

columns are 438 mL for Arca0, 416 mL for Arca2.5, 663 mL for Arca10 and 578 mL for Arca15 

(Table 4). The smaller value of the tracer PV estimates for the Arca0 and Arca2.5 columns 

compared to the gravimetric values may indicate that these columns have preferential flow paths or 

unconnected saturated porosity. Because the gravimetric PV was determined > 2 weeks before the 

tracer test PV, the difference between these values could also indicate that the PV of the column 

decreased over the period.  

The accumulation of N2 or H2 gas bubbles has been reported to occur in reductive reactive barrier 

materials, including barriers that contain ZVI (Henderson and Demond, 2011). These gas bubbles 

have the potential to occupy porosity, thereby decreasing the tracer test PV. Under anaerobic 

conditions, bacterially mediated dissimilatory nitrate reduction can remove nitrate through the 

production of nitrogen gas (Equation 1), 

5CH2O + 4NO3
-
 + 4H

+
 → 5CO2 + 7H2O + 2N2     (1)  

where CH2O is the generic form of an organic carbon substrate. Zero valent iron can abiotically 

reduce nitrate to nitrogen gas or ammonia (Till et al., 1998; Su and Puls, 2004a; Equations 2 and 3). 

Hydrogen gas, generated during the anaerobic corrosion of ZVI (Equation 4) can also stimulate 

dissimilatory nitrate reduction (Equation 5) and can be used as a terminal electron acceptor in 

sulfate reduction (Abram and Nedwell, 1978; Gu et al., 1999; Equation 6). 

2NO3
−
 + 5Fe

0
+ 12H

+
 → 5Fe

2+
 + N2(g)+ 6H2O    (2) 

NO3
−
 + 4Fe

0
 + 9H

+
 → 4Fe

2+
 + NH3 + 3H2O     (3) 

Fe
0
 + 2H2O → Fe

2+
 + H2(g) + 2OH

-
      (4) 

NO3
-
 + 4H2 + H

+
→ NH3 + 3H2O      (5) 
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SO4
2-

 + 4H2 + 2H
+
→ H2S + 4H2O      (6) 

Nitrate is present at elevated concentrations in the influent water (~30 mg/L), thus N2 gas or 

ammonia may have formed in any of the columns, while H2 gas likely formed only in the ZVI-

bearing columns. Despite the probable occurrence of these reactions in the columns, a buildup of 

accumulating gas bubbles was not evident in the column materials. The entry of ~20 mL of pore gas 

into the sampling syringe of Arca2.5 during the collection of effluent sample on Dec. 29 suggests 

that gases produced in the column may have migrated to the top of the mixture, on route to escape. 

Periodic interruptions in the discharge of effluent water from Arca10 around Jan. 11 may have been 

associated with the escape of gas bubbles from the columns. Pore gas capture during collection of 

other effluent samples was generally negligible (< 2 mL). The slightly larger tracer PV estimate for 

the Arca10 and Arca15 columns compared to the gravimetric value may indicate that the level of 

saturation in these columns increased over time, and suggests that gas bubble accumulation was not 

a factor in these columns.  

For consistency, the tracer test PV values are used in all text, tables and figures in this report. By 

the end of the project, the columns received the following amounts of influent water: 

• Arca0 = 9180 mL, 20.9 PV 

• Arca2.5 = 8910 mL, 21.4 PV 

• Arca10 = 8032 mL, 12.1 PV 

• Arca15 = 8774 mL, 15.2 PV 

 

The lower total volume of water pumped through Arca10 is a consequence of interruptions in flow 

caused by intermittent blockages in the influent or effluent ports, which were not experienced in the 

other columns.  

Flow rates through the columns were determined by regular measurements of the mass of effluent 

water released from the columns. Flow rates during the first week (~2 to 4 pore volumes (PV) of 

flow) were irregular (Figures 4-7), and varied between 0.1 and 0.5 PV/day (i.e. residence time of 2 

to 10 days). These variations were probably a result of physical changes in the columns (e.g. 

dissolution of CO2 and air bubbles during column packing, shifting of materials), and due to 

disturbances caused by frequent sampling at early time. Over the next ten days (~Dec 24 to Jan 3) 
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of flow, flow rates and residence time in the columns were relatively stable at 250 to 300 mL/day, 

resulting in residence times of 1.4 to 1.7 days in Arca0, Arca2.5; 2.2 to 2.5 days in Arca10 and 2 to 

2.2 days in Arca15. Corresponding linear groundwater velocities in the columns during this period 

were in the range of 95 m/yr for Arca0 and 2.5; 65 m/yr for Arca10; and 70 m/yr for Arca15. The 

residence times for water in the columns differ due to their different saturated pore volume values, 

despite having similar daily flow rates and similar total volume of flow through the columns.  

On January 9, noting that analyses indicated that As was being effectively removed with residence 

times used to date, pumping rates were increased to ~360 to 400 mL/day to achieve a ~25% 

decrease in the residence time in the columns. During the last 2 liters of flow through the columns 

(14-21 PV in Arca0 and 2.5; 8-12 PV in Arca10; 10-15 PV in Arca15), Arca0 and Arca2.5 had 

residence times of 1 to 1.2 days Arca10 and 15 had residence times of 1.5 to 1.6 days (Figures 4-7). 

The final two effluent monitoring values for each column were collected during this period of 

higher flow. Corresponding linear groundwater velocities in the columns were in the range of 130 

m/yr for Arca0 and Arca2.5 and 92 m/yr for Arca10 and Arca15. The geochemical performance of 

the columns with the decreased residence time is discussed in a later section. 

The hydraulic gradient across Arca0 was fairly constant (1.1) during the project, while the gradient 

across Arca2.5 increased from ~1.3 to ~2.3 as the project proceeded (Figure 8 and Table 3). The 

gradient across Arca10 and Arca15 (~2.1) was about two times what was observed for Arca0, but 

this value was relatively constant over the monitored period. These results suggest that Arca0 was 

the most permeable mixture, and that the permeabilities of Arca0, 10 and 15 did not change 

significantly during the project. The two low gradient measurements at the end of the Arca10 and 

15 monitoring are excluded from the comparison because they are from a period when the height of 

the effluent tube was lowered slightly for the tracer test. The permeability of Arca2.5 was initially 

similar to Arca0, but decreased moderately as the project proceeded. As noted earlier, 

approximately 20 mL of pore gas was captured during sampling of effluent from Arca2.5 on Dec. 

29, perhaps indicating that pore gas accumulation in Arca2.5 was causing the loss of permeability. 

Pore gas capture during collection of effluent from the other columns was generally negligible (< 2 

Decreased residence time 

Column permeability 
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mL), thus changes in permeability due to gas bubble accumulation in the other columns is 

considered to be minor.  

Arca10 and Arca15 had similar hydraulic gradient throughout the project (Figure 8), suggesting that 

the permeabilities of these mixtures were similar to each other, and did not change significantly 

over the monitored period. Although all of the column mixtures have similar packed bulk densities, 

the higher initial gradient across Arca10 and 15 suggests that these mixtures may have an inherently 

lower permeability than Arca0 and 2.5, perhaps due to the physical arrangement of ZVI filings in 

these columns. Noting that the gradient monitoring results are only for the period that started about 

2 weeks after the columns were initially saturated, it can’t be determined if Arca10 and Arca15 

went through a loss of permeability similar to what was recorded for Arca2.5. Our interpretation of 

changes in the hydraulic gradient is not conclusive because the hydraulic gradient may also be 

affected by packing differences and structural changes that can occur in the mixtures during the 

normal operation of the columns (e.g. settling and particle movement, clogging of outlet screen or 

tubes by particles or fines, and formation or loss of preferential pathways along the side of the 

columns). When ARCADIS has the opportunity, direct examination of particles from the columns 

will be useful for determining if secondary mineral formation was causing losses of permeability, as 

well as for determining the nature of the As-removal mechanisms. 

The chemistry of the influent water (Table 5 and Figure 9) and of water from the effluent ports of 

the columns (Tables 6-9; Figures 10-13) was monitored at 1-2 day intervals in the first week and at 

approximately 5 day intervals afterward. All water samples were collected in gas-tight glass 

syringes inside of the anaerobic chamber. All samples for analytical determinations were filtered to 

0.45 µm. Measurements of pH, redox and dissolved oxygen were conducted inside of the anaerobic 

chamber. Measurements of alkalinity and dissolved sulfide were done outside the chamber within 

1-2 minutes after being ejected from the glass syringe. Dissolved sulfide concentrations were 

measured with a CHEMets™ visual test kit (K-9510), which has a detection limit of 0.1 mg/L. 

Samples that were clearly > 0 but < 0.1 mg/L dissolved sulfide were recorded as 0.05 mg/L. Plots 

of the influent and effluent water chemistry during the project are shown in Figures 5-9. Full details 

of the procedures used for the sampling and analyses are described in the project proposal. Charge 

balance error for dissolved species in the influent and effluent samples was always less than 10% 

Influent water chemistry
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and generally less than 5%, indicating that major inconsistencies in the analytical procedures were 

not a factor. 

Each influent water jug provided five to seven days of flow for the columns. The concentration of 

major ions such as SO4, Cl, NO3, Ca, Na, Mg and carbonate alkalinity in the influent water was 

relatively consistent during the project (Table 5). Between the different jugs of influent water, SO4 

concentrations ranged between 1000 and 800 mg/L. Influent concentrations of metals including Fe, 

Mn, Ni, Pb, and Zn were consistently at low levels (<0.05 mg/L); influent dissolved molybdenum 

(Mo; not in tables) and selenium (Se) were generally between 0.05 and 0.1 mg/L. Influent As 

concentrations were consistently between 1.9 and 2.1 mg/L. 

The degassing of CO2 from the water was found to cause a significant rise in its pH. With the 

addition of CO2 to the headspace, pH values of the influent water were maintained near the initial 

condition values of 7.5 to 7.7. Dissolved oxygen concentrations of the influent water were generally 

in the range of 0.5 to 1.5 mg/L, while nitrate values varied between 25 and 40 mg/L. Influent water 

redox values (corrected to the standard hydrogen electrode, Eh), were in the range of +350 mV 

between the start of the project and Jan 3. Although the electrodes responded properly in redox 

verification solutions, on Jan. 3 it was determined that the electrodes were responding poorly to the 

weak redox state of the water and that corrosion may have affected some of the electrode wiring or 

sensor. On Jan 4 the redox probe was replaced and on Jan 6, the measurement technique was 

adjusted with more stirring and use of a greater sample volume. Subsequent influent water Eh 

values after Jan 6 were generally in the range of -350 mV. High Eh values recorded prior to Jan 3 

are considered erroneous, although with the low concentrations of dissolved Fe in the influent water 

(<0.05 mg/L), the influent Eh values are probably only generally indicative of the redox state of the 

water.  

The redox state of As in the influent water was determined in duplicate on samples from influent 

jug 2 on Dec 22, jug 4 on Jan 12, jug 5 on Jan 13 and on and on jugs 5 and 6 on Jan 20. Using the 

method of Ficklin (1983), the AsIII concentration of the influent water on Jan 20 averaged  0.1 

mg/L, thus with As total values of ~2 mg/L, AsV accounts for nearly 100% of the As in the influent 

water.  
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pH and redox conditions 

The effluent pH of all of the columns increased over the first 10 PV of flow to relatively stable 

values of 7.5, 8.1, 8.6 and 8.8 for Arca0, 2.5, 10 and 15, respectively (Figures 10-13; Tables 6-9) . 

Figures 14-16 compare selected effluent parameters and influent water for each column .The pH of 

Arca0 effluent is close to that of influent water (Figure 14). During the first 4.5 to 5.5 L of flow, 

effluent redox values were 300 to 400 mV lower than influent values. The redox probe was replaced 

with a new one and the measurement technique was adjusted at ~13PV (5.5L) of flow for Arca0 

and 2.5, and at ~7 PV (4.6L) of flow for Arca10 and ~9 PV (5.4L) for Arca15. With these changes 

there was a ~600 mV downward shift in the influent redox values (Figure 9) and a ~350 mV 

downward shift in effluent redox values (Figure 14). Effluent redox values for the final 2 L of flow 

were 50 to 100 mV lower than influent values, suggesting that in general the conditions in all of the 

columns are moderately reduced. Unlike the influent water, the effluent waters have moderate 

levels of dissolved Fe, increasing our confidence in the relevance of the effluent Eh values. The 

profile results indicate that near-effluent level pH and Eh value were reached within the first 5 cm 

of travel distance in all of the columns.  

Oxygen, nitrate and sulfate reduction 

The higher pH values in the three ZVI columns reflect the reduction of nitrate (equation 2), water 

(equation 4) and oxygen (equation 7) by ZVI.  

2Fe
0
 + O2 + 2H2O → Fe

2+
 + 4OH

-
      (7) 

This finding is in agreement with the observation that the column effluents had low levels of 

dissolved oxygen (equation 7) and nitrate (equations 1 and 2 ; Tables 6-9). Influent dissolved 

oxygen values of up to 1.5 mg/L were reduced to non-detect levels (<0.1 mg/L) in all of the column 

effluents, probably through oxidation of the ZVI and organic carbon. The profile sampling (Figures 

17-18; Table 10) indicate that dissolved oxygen was not detected past the first sampling port. The 

profile information also indicate that nitrate concentrations decreased to low levels within the first 5 

cm of contact with the column materials in Arca10 and 15, within 7.5 cm in Arca2.5 and within 

12.5 cm in Arca0. As with the removal of oxygen, the high influent nitrate concentrations were also 

Effluent water chemistry 
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removed to <0.01 mg/L by oxidation of the ZVI (equations 2 and 3) and organic carbon (equation 

1). Effluent ammonia concentrations were similar to influent values, and nitrite was not detected in 

the effluent. These findings indicate that nitrate reduction to nitrogen gas probably dominated over 

reduction to ammonia or nitrite.  

For the first few PV of flow after the start of the site water, effluent SO4 concentrations from all 

columns were significantly higher than influent SO4 values (Figure 15). Thereafter, effluent SO4 

concentrations from all columns were generally 20 to 50 mg/L (2 to 5x10
-4

 mol/L) less than influent 

values. The profile plots indicate that SO4 concentrations decreased primarily in the first 10 cm of 

contact with the materials in each column and were relatively stable further into the column. 

Gypsum (CaSO4·2H2O) precipitation and dissolution is a common control on dissolved SO4 

concentrations. Geochemical equilibrium/speciation modeling calculations conducted with 

MINTEQA2 (Allison et al., 1990) indicate that the column effluents are unsaturated (-1.5< SI <-

0.7; Table 11) with respect to gypsum at all times. This implies that although gypsum dissolution 

may have accounted for the early time high SO4 values, later SO4 concentrations that are lower than 

influent values are probably not a result of gypsum precipitation. The detection of dissolved 

hydrogen sulfide in effluent from Arca0, 2.5 and 10 suggest that sulfate losses were also due to 

sulfate reduction and metal sulfide precipitation. Dissolved sulfide concentrations were highest in 

Arca0 (0.5 mg/L) but were not insignificant in Arca2.5 and 10 (0.05 to 0.15 mg/L H2S
-
). Hydrogen 

sulfide was probably generated as a result of anaerobic abiotic sulfate reduction (equation 6) and 

more commonly by bacterially mediated sulfate reduction (BSR; equation 8), 

SO4
2-

 + 2CH2O � H2S + 2HCO3
-
        (8) 

where CH2O is a generic form of organic carbon. The occurrence of sulfate reduction in the 

columns suggests that the aquifer materials contain organic carbon, however, the organic carbon 

content of the aquifer material was not quantified. Dissolved oxygen and nitrate can out-compete 

sulfate for electrons from the reactive materials; these reactions, combined with consumption of the 

available organic carbon in the columns may account for the limited the amount of sulfate removal 

that occurred as a result of sulfate reduction. Dissolved sulfide can then precipitate as low solubility 

metal sulfides (equation 9), 

Me
2+

 + H2S � MeS + 2H
+
        (9) 
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where Me represents a variety of metal or metalloids such as Fe, Cd, Cu, Ni, Pb, Zn, As or Sb, and 

MeS is a sparingly soluble amorphous metal sulfide (Benner et al., 1997; Waybrant et al., 1998). 

The combined concentration of dissolved metals in the influent water is too low for their 

precipitation as metal sulfides to have caused a significant decrease in SO4 concentrations. 

However, due to the availability of dissolved Fe from ZVI corrosion and from the reduction of iron 

oxyhydroxides in the aquifer materials, the precipitation of Fe sulfides is probably responsible for 

the decreases in SO4. Although dissolved sulfide was not detected in Arca15, this is probably a 

consequence of scavenging of the sulfide from the water to lower levels by greater precipitation of 

iron sulfides, due to the greater supply of dissolved iron from its higher ZVI content. 

Although BSR produces carbonate alkalinity (equation 8), an increase in carbonate alkalinity is not 

evident in the results. This is due to competing processes (carbonate precipitation) that may be 

removing alkalinity from the water. MINTEQA2 saturation index (SI) calculations of near 

equilibrium (SI=0) or slightly supersaturated (SI>0) conditions of the effluent water with respect to 

siderite (FeCO3), calcite (CaCO3) and magnesite (MgCO3) suggest that the precipitation of these 

carbonates contributed to the observed decrease in alkalinity and also in the decreases in Fe, Ca and 

Mg. 

Dissolved metals 

Effluent dissolved Fe concentrations from all of the columns were significantly higher than influent 

values (<0.1 mg/L) for the first few PV of flow. The early-time effluent Fe concentrations roughly 

correlated to the amount of ZVI present in the columns, with the highest concentrations released 

from Arca15 and systematically lower values in Arca10, Arca2.5 and Arca0. During this period, Fe 

was may have been released from Arca2.5, 10 and 15 as a result of reductive dissolution of iron 

oxyhydroxides (ferrihydrite, goethite) initially present on the ZVI particles and from aerobic 

oxidation of the ZVI particles. Low Fe concentrations released by Arca0 were probably from the 

reductive dissolution of iron oxyhydroxides that formed on the aquifer material during exposure to 

the atmosphere during collection and handling. After about 5 PV of flow, Arca10 and Arca15 had 

the lowest concentrations of dissolved Fe (<0.5 mg/L), while Arca0 and 2.5 continued to release 1 

to 2 mg/L Fe. Influent Se values of near 0.1 mg/L were reduced in the columns to <0.01 mg/L by 
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all of the ZVI columns. Influent Mo values of 0.25 to 0.3 mg/L were generally unaffected by travel 

through the columns. 

Arsenic 

During the first ~6 liters of flow, (12 PV in Arca0 and 2.5; 7 PV in Arca10 and 11 PV in Arca15) 

before residence times were decreased, influent As concentrations of approximately 2 mg/L (Table 

5; Figures 10-13 and Figure 15) were removed to less than 0.03 mg/L in Arca2.5 (Table 7). The 

level of As removal achieved with Arca10 and 15 (0.01 mg/L; Tables 8 and 9) was greater than for 

Arca2.5. Although Arca15 contains more ZVI than Arca10, the longer residence time for removal 

in Arca10 allowed similar levels of As removal to be achieved in Arca10. As noted earlier, the final 

two effluent sampling dates were conducted during the period of decreased residence time. The 

shorter residence times resulted increased the Arca15 effluent As concentrations from ~0.005 mg/L 

to approximately 0.01 mg/L in the final sampling at 15 PV (8.8 liters) of flow. The shorter 

residence time sharply increased Arca10 effluent As concentrations from 0.005 mg/L to 0.02 mg/L 

at 12 PV (8.0 liters). For Arca2.5, the decreased residence time resulted in an increase in effluent As 

concentrations from ~0.012 mg/L to values between 0.015 and 0.027 mg/L at 21.4 PV (8.9 liters) of 

flow. For all of the ZVI columns, taking into consideration increases in As concentration due to 

decreased residence times at the end of the project, other increases potentially reflecting a general 

loss of reactivity toward As were not evident. Arsenic concentrations in effluent from Arca0 

steadily increased from initial values of ~0.2 mg/L to about 0.9 mg/L at the end of the project 

irrespective of the residence time. Effluent concentrations of As were too low to allow the 

AsIII/AsV ratio to be determined using the Ficklin (1983) ion exchange method. MINTEQA2 

speciation of As based on effluent Eh measurements suggest that some or all of the As in the 

influent water (predominantly AsV) would be reduced to AsIII within the columns. 

MINTEQA2 calculations (Table 11) indicate that after ~5 PV of flow, the effluent from Arca2.5, 10 

and 15 was generally near equilibrium to slightly supersaturated with respect to siderite (FeCO3), 

ferrihydrite (Fe(OH)3) and/or goethite (αFeOOH). MINTEQA2 calculations conducted assuming 

that a trace level of 0.001 mg/L dissolved sulfide was present in effluent samples where sulfide was 

not measured or detected indicate that for samples with >0.001 mg/L dissolved sulfide, the effluents 

Metal and arsenic removal 
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from Arca0, 2.5 and 10 range from slightly undersaturated to slightly supersaturated with respect to 

several low solubility metal sulfides, including amorphous FeS, mackinawite (FeS), millerite (NiS), 

and sphalerite (ZnS). The combined precipitation of secondary iron sulfides, siderite, ferrihydrite 

and goethite in the columns is probably responsible for the low levels of Fe in effluent from 

Arca2.5, 10 and 15. MINTEQA2 calculations indicate that during this period, Fe concentrations in 

Arca0 were primarily limited by equilibrium with respect to siderite. The effluent from Arca15 and 

10 were also near equilibrium with respect to wustite (FeO), a probable corrosion product on the 

ZVI. Secondary green carbonate and sulfate rusts are commonly detected in ZVI systems that have 

high carbonate alkalinity and sulfate (Gu et al., 1999; Roh et al., 2000; Ritter et al., 2002; Kohn et 

al., 2005; Lien and Wilkin, 2005; Phillips et al., 2010). While the high carbonate alkalinity and SO4 

content of the influent water is favourable for the formation of these secondary products and the 

removal of Fe, SO4 and alkalinity in Arca2.5, 10 and 15, their potential occurrence cannot be 

predicted with MINTEQA2 because they are not included in its thermodynamic database.  

Specific mechanisms of As removal are not evident from the effluent and profile chemistry, but 

potential mechanisms of As removal can be considered. The precipitation of amorphous As sulfide 

(e.g. orpiment, As2S3) has been recognized as a potential mechanism that may remove As from the 

water when dissolved sulfide is present (equation 10; O’Day et al., 2004; Keimowitz et al., 2005). 

The effluent waters of Arca0, 2.5 and 10 are highly supersaturated for orpiment and slightly 

undersaturated for realgar (AsS). These conditions suggest that while orpiment precipitation may be 

occurring in these columns, it is not a strong mechanism for As removal. Effluent from Arca15 was 

undersaturated with respect to these As sulfides at all times. Orpiment SI values for Arca15 were 

always less than -1.9. The effluent waters were also strongly undersaturated with all arsenate 

minerals in its database. Under reducing conditions, As can be coprecipitated with low solubility 

iron sulfides (Wilkin and Ford, 2006). Near equilibrium conditions with respect to amorphous FeS 

and mackinawite (Table 11) suggest that As removal as a result of reduction of the influent As to 

AsIII in the columns, followed by coprecipitation with these phases, could account for the low As 

concentrations in the water.  

Near the influent end of the columns, sharp decreases in dissolved oxygen and nitrogen and the 

increase in pH indicate that the ZVI particles were undergoing corrosion. Iron oxides, 

oxyhydroxides and green rusts that make up ZVI corrosion surfaces are favourable for the pH 
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dependent sorption of both AsIII and AsV (Randall et al., 2001; O’Day et al., 2004; Su and Puls, 

2004b; Lien and Wilkin, 2005; Gao et al., 2006) and are the possible controls of As concentrations 

in these columns. The greater removal of As in the columns that have higher ZVI content reflect the 

higher abundance of these secondary surfaces in these columns. The removal of As in Arca0 

probably occurred by adsorption onto iron oxyhydroxide surfaces that were initially present in the 

aquifer materials or that formed in the aquifer materials after being exposed to atmospheric 

conditions during excavation, sieving, shipping and column packing. With no source of additional 

Fe into the column, the capacity for Arca0 to remove As from the water is limited in comparison to 

the other three columns and never achieved effluent As concentrations <0.1 mg/L. 

Water samples were collected from side ports on the columns from Jan 3-6, 2012, at a rate of two 

ports per day (Table 10). The profile was collected before the flow rates were increased on Jan 9. In 

the week prior to the profile, flow rates were stable. The residence time in the columns during the 

profiles averaged ~1.6 days in Arca0 and 2.1 days in Arca15. Unexplained disruptions in overnight 

flow during the week of the profile resulted in higher residence times for Arca10, averaging 5.7 

days over the period and Arca2.5, averaging 2.8 days over the period. These flow disruptions often 

occur as a consequence of the sampling effort. At the start of the profiles, Arca0 and 2.5 had 

experienced ~12 PV (5 liters) of flow, Arca10 had experienced 7 PV (4.4 liters) of flow, and 

Arca15 had experienced 11 PV (4.8 liters) of flow.  

The profile plots (Figures 17 and 18) indicate that the composition of the influent water changed 

rapidly once in contact with the materials in all of the columns. The positioning of the removal 

fronts in the column profiles gives an idea of the rate of removal of these components from the 

water, while monitoring movement of the removal front over time can give an idea of the rate at 

which the reactivity of the column materials is being consumed. Sharp removal fronts were evident 

in the profiles for dissolved oxygen, NO3, SO4, As, Se and Zn. In all cases, the removal rate was 

greatest for Arca10 and Arca15, and in most cases was faster for Arca2.5 than for Arca0.  

At the first sampled port near the influent end of Arca10 and 15, As concentrations were < 0.05 

mg/L, indicating 98% removal of the influent As in ~2 hours, or ~3 cm of contact with the column 

mixtures (Table 10). Further removal to < 0.01 mg/L in Arca10 and 15 was achieved within 5.5 cm 

Rate of removal and capacity estimates 
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(4 hours) contact with the Arca10 mixture and within 12.5 cm (10 hours) contact with the Arca15 

mixture. The greater removal of As in Arca10 than Arca15 is probably a result of the longer 

residence time for flow in Arca10 during the week. Arsenic removal to < 0.01 mg/L in Arca2.5 

required 30 cm of travel (~30 hours) in contact with the reactive materials, however, most of the 

removal occurred in the first 15 cm (~15 hours) of contact with the reactive materials. In Arca0, As 

concentrations decreased gradually along the length of the column. For the removal of As from 

influent levels to <0.02 mg/L, As removal rates in the columns were on the order of 0.02 mg/L/hour 

for Arca0, 0.095 mg/L/hr for Arca2.5, 0.37 mg/L/hr for Arca10 and 0.27 mg/L/hr for Arca15. 

Reasons for the faster removal in Arca10 than Arca15 are not evident, but may relate to differences 

in the packing of the columns, for example, the ZVI content and distribution, porosity, bulk density 

or preferential flow paths.  

Because profiles of the chemistry were collected on only one date, an evaluation of the potential 

rate of consumption of reactivity can be conducted only by assuming that the reactivity of the 

materials toward As was fully consumed in the first ~3 cm of the Arca10 and 15 column materials. 

With this assumption, the first 3 cm of mixture removed As from ~2 mg/L to < 0.01 mg/L for 7 PV 

(4.4 liters) of flow in Arca10 and 11 PV (4.8 liters) of flow in Arca15 before reactivity was 

consumed. These values correlate to treatment capacities of 2.3 PV of treatment per centimeter of 

Arca10 and 3.6 PV of treatment per centimeter of Arca15, for the removal of As from ~2 to <0.01 

mg/L. These estimates are conservative because there is no indication that the reactivity of the first 

3 cm of these columns has been consumed. On the other hand, the estimates may not be relevant for 

future removal (further into the columns) because changes (secondary precipitates, preferential flow 

paths) occurring in the materials downgradient from the removal front may be reducing their 

reactivity. Similar calculations indicate that the first ~20 cm of Arca2.5 treated 12 PV (4.9 liters) of 

flow to 0.02 mg/L before reactivity was consumed. These values correlate to a treatment capacity of 

~0.6 PV per centimeter of Arca2.5 mixture. 

At the conclusion of the flow-through part of the project, the columns were opened in the glove box 

to obtain samples for further testing by ARCADIS. Inside the glove box, solids were removed from 

the columns in 1 cm increments for the first 4 cm of reactive material, starting at the influent end of 

the columns, and at 5 cm increments for the remainder of the column. The samples were sealed 

Solid phase sampling 
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together with oxygen absorbing packets in glass jars that have Teflon-lined lids, and were then 

frozen. The frozen jar samples were packed with ice and shipped to the ARCADIS treatability 

laboratory in Durham, NC. Analysis of these solids was not within the scope of work for UW, but 

UW would be very interested to share in the findings. ARCADIS’ examination of the column solids 

will be valuable for determining the phases in which As is removed and the mechanisms of As 

removal. Additionally, the types, quantity and distribution of secondary minerals and oxidation 

products in the columns can be determined, giving insight into the potential longevity and evolving 

permeability characteristics of the mixtures. 

SUMMARY 

The three columns that contain ZVI filings mixed with the aquifer sediment were all effective for 

removing influent groundwater As concentrations of around 2 mg/L to low levels. This level of 

treatment was achieved for between 12 and 21 PV of flow (depending on the column). Flow 

through the columns was stopped before there was evidence of depleted reactivity toward As 

removal. Arsenic removal rates from influent values to < 0.02 mg/L were 0.1 mg/L/hr for Arca2.5, 

0.37 mg/L/hr for Arca10 and 0.27 mg/L/hr for Arca15. Except for differences caused by 

interruptions in the flow, for the short duration of the project, there was no clear difference in the 

performance of Arca10 and Arca15 for the removal of As, while the lower ZVI content of Arca2.5 

clearly decreased its As removal rate. The mechanisms by which As was removed in the columns 

could not be determined with the available data. ARCADIS’ examination of the column solids will 

be valuable for determining the phases in which As is removed, the types, quantity and distribution 

of secondary minerals and oxidation products in the columns. The extent of sulfate reduction that 

occurred in the columns was probably limited by a low amount of available organic carbon in the 

aquifer materials and the competitive reduction of dissolved oxygen and high concentrations of 

nitrate. For the short duration of the project, input water treatment capacities were 0.6 PV/cm of 

Arca2.5; 2.3 PV/cm of Arca10 and 3.6 PV/cm of Arca15.  

Monitoring of hydraulic gradient across the columns suggested that the permeability of Arca0, 10 

and 15 did not change significantly in the duration of the project, but increased steadily for Arca2.5. 

Although the columns had similar bulk densities, low hydraulic gradients across Arca0 suggest that 

it had the highest initial permeability of all of the mixtures. This finding suggests that the physical 

arrangement of ZVI particles may affect the permeability of the materials used in the columns. 
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Table 1. Port positions and position of the silica sand layers and aquifer mixture in the columns, relative 

to the base plate (influent position) and relative to the top of the bottom silica sand layer. 

 

 

 

Port positions Arca2.5

above base plate above sand layer

Top plate 40.3 38 cm

Top of mixture 38.5 36.2

P10 35 32.7 P gauge

P9 30 27.7

P8 25 22.7

P7 20 17.7

P6 15 12.7

P5 12.5 10.2

P4 10 7.7

P3 7.5 5.2

P2 5 2.7 P gauge

P1 2.5 0.2

Top of sand 2.3 0

Base plate 0 -2.3

Length of mixture 36.2

Port positions Arca0

above base plate above sand layer

Top plate 40.3 38.3 cm

Top of mixture 38.5 36.5

P10 35 33 P gauge

P9 30 28

P8 25 23

P7 20 18

P6 15 13

P5 12.5 10.5

P4 10 8

P3 7.5 5.5

P2 5 3 P gauge

P1 2.5 0.5

Top of sand 2 0

Base plate 0 -2

Length of mixture 36.5
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Table 1. Continued 

 

 

Port positions Arca10

above base plate above sand layer

Top plate 40.3 38.3 cm

Top of mixture 38.5 36.5

P10 35 33 P gauge

P9 30 28

P8 25 23

P7 20 18

P6 15 13

P5 12.5 10.5

P4 10 8

P3 7.5 5.5

P2 5 3 P gauge

P1 2.5 0.5

Top of sand 2 0

Base plate 0 -2

Length of mixture (cm) 36.5

Port positions Arca15

above base plate above sand layer

Top plate 40.3 37.8 cm

Top of mixture 38.5 36

P10 35 32.5 P gauge

P9 30 27.5

P8 25 22.5

P7 20 17.5

P6 15 12.5

P5 12.5 10

P4 10 7.5

P3 7.5 5

P2 5 2.5 P gauge

P1 2.5 0

Top of sand 2.5 0

Base plate 0 -2.5

Length of mixture (cm) 36
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Table 2. Column mixture and filling details. Volume percent calculations are based on 2.2 g/cm
3
 and 1.5 

g/cm
3
 bulk density for the ZVI and sand, respectively. 

 

Table 3. Pressures (inches H2O) recorded at bottom and top pressure gauges located at 5 and 35 cm above 

the base plate of the column and within the aquifer mixture of each column and the hydraulic gradient 

between these gauges. Until Jan 5, the effluent tube discharged near the influent port (0 cm elevation). On 

Jan 6, the effluent port was at the elevation of the upper monitoring gauge. 

 

Column
Mass aquifer 

sand (g)

Mass ZVI 

(g)

Dry bulk 

density of 

mixture 

(g/cm
3
)

Gravimetric 

porosity (%)

Gravimetric 

pore volume 

(mL)

Estimated 

volume 

percent sand

Estimated 

volume 

percent ZVI

Arca0 3479 0 2.09 31 561 100 0

Arca2.5 3433 88 2.13 30 550 98.3 1.7

Arca10 3150 350 2.1 34 616 93 7

Arca15 2975 525 2.13 27 505 89.3 10.7

Bottom Top Gradient Bottom Top Gradient Bottom Top Gradient Bottom Top Gradient

Date/Time inches H2O inches H2O inch/inch inches H2O inches H2O inch/inch inches H2O inches H2O inch/inch inches H2O inches H2O inch/inch

Bottom Top Bottom Top Bottom Top Bottom Top

13/12/2011 9:10

15/12/2011 9:10

16/12/2011 9:10

16/12/2011 15:07 7 0 25 6 10 5 18 5

19/12/2011 9:35 8 8 4 0 15 14 18 5

19/12/2011 18:56

20/12/2011 8:25

20/12/2011 14:45 6 0 0 0 >30 0 16 4.5

21/12/2011 11:22 0 0 0 0 15 8 12.5 0

22/12/2011 10:50 0 0 0 0 21 8 0 0

22/12/2011 19:00

23/12/2011 9:00 0 0 15 4 30 0 0 0

23/12/2011 13:15

24/12/2011 11:45

26/12/2011 15:40

29/12/2011 10:40 19 8 0.93 0 0 17 0 1.44 7.5 0 0.64

30/12/2011 13:48 12 0 8.5 0 15 5 7 0

02/01/2012 13:05 10.5 0 9.8 0 15.5 5.4 7.5 0

03/01/2012 8:50 18 3 11 0 30 2 20 8

04/01/2012 9:00 5 0 7 0 18 4 15 0

05/01/2012 8:55 11 0 0.93 9 0 0.76 25 3 1.86 11 0 0.93

06/01/2012 8:35 15 2 1.10 16 0 1.35 30 10 1.69 26 0 2.20

09/01/2012 10:30

09/01/2012 17:35 19 6 1.10 19 2.5 1.40 32 5.5 2.24 31 4 2.29

10/01/2012 10:20 16 3 1.10 16 2 1.19 31 5 2.20 31 5 2.20

10/01/2012 15:00

10/01/2012 18:15

11/01/2012 11:15 17 3.8 1.12 30 3.8 2.22

12/01/2012 11:10 17 14.5 0.21 31 6 2.12

13/01/2012 8:55 16 3 1.10 24 0 2.03 22 0 1.86 30 6 2.03

13/01/2012 15:55

13/01/2012 18:40 15 2.5 1.06 20.5 2.5 1.52 30 2 2.37 30 3 2.29

15/01/2012 15:35

16/01/2012 9:00 16 3 1.10 29 1 2.37 29 1 2.37 32 7 2.12

17/01/2012 9:05 17 4 1.10 28 2 2.20 24 0 2.03 25 0 2.12

18/01/2012 9:45 16 3 1.10 31 3 2.37 23 0 1.95 23 0 1.95

19/01/2012 8:00 17 3 1.19 30 2 2.37 22 0 1.86 19 0 1.61

Arca2.5Arca0 Arca10 Arca15
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Table 4. Summary of tracer test findings based on modeled pore water velocity estimates and volumetric 

flow readings from the tracer test. 

 

Arca0, Dec.29 1.101 36.33 438 561

Arca2.5, Jan 10 1.396 28.65 416 550

Arca10, Jan 10 0.946 42.29 663 616

Arca15, Dec 29 0.812 49.24 573 505

Arca15 repeat, Jan 16 1.046 38.24 578 Not calculated

Gravimetric 

PV (mL) Dec. 

16, 2011

Velocity (cm/hr)
Time for 1PV 

(hr)

Tracer test PV 

(mL)
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Table 5. Influent water chemistry. 

 

  

Date / Time

Input 

Jug# pH Eo Eh Alk F Cl NO2 NO3 SO4 H2S DO NH3 As Ca Fe K Mg Mn Na Ni Pb Se Si Sr Zn

13/12/2011 9:10 7.53 185 429 362 n.a. 321 n.a. 34.8 1001

15/12/2011 9:10

16/12/2011 9:10 1 7.6 128 372 346 n.a. 322 n.a. 34.1 998 1.942 76 0.007 40 49 0.0009 699 0.001 0.00 0.098 12.9 3.91 0.004

16/12/2011 15:07 1

19/12/2011 9:35 1 8.04 -49 155 378 n.a. 323 n.a. 35.0 1001 1.5 1.905 77 0.063 40 50 0.0017 740 0.001 0.00 0.114 13.0 3.97 0.007

19/12/2011 18:56 1

20/12/2011 8:25 1

20/12/2011 14:45 1 8.14columns and other parameters not measured

21/12/2011 11:22 1 8.31columns and other parameters not measured

22/12/2011 10:50 1 8.35 134 338 332 1.0 283 3.6 26.3 808 1.516 58 0.02 33 42 0.0056 529 0.001 0.001 0.094 10.0 3.16 0.011

22/12/2011 19:00 1

23/12/2011 9:00 1

23/12/2011 13:15 2 7.58 96 300 374

24/12/2011 11:45 2

26/12/2011 15:40 2 7.15not done

29/12/2011 10:40 2 7.15 187 391 364 1.3 272 n.a. 29.2 786 1.925 76 0.02 40 51 0.0048 669 0.001 0.0014 0.102 12.3 4.03 0.021

30/12/2011 13:48 3 7.59 -52 152 361 1.2 304 n.a. 32.7 898

02/01/2012 13:05 3

03/01/2012 8:50 3 7.62 154 358 358 1.5 315 n.a. 29.1 953 0 0.75 2.157 77 0.02 40 50 0.0015 668 0.001 0.001 0.101 11.9 3.76 0.326

04/01/2012 9:00 3

05/01/2012 8:55 3 7.77 96 300 1.25

06/01/2012 8:35 4 7.58 136 340 375 0 0.75

09/01/2012 10:30 4 using new Eh probe starting Jan 4

09/01/2012 17:35 4 using improved cup-method Eh starting Jan 7

10/01/2012 10:20 4 7.72 -564 -360

10/01/2012 15:00 4

10/01/2012 18:15 4

11/01/2012 11:15 4

12/01/2012 11:10 4 7.75 -510 -306

13/01/2012 8:55 4

13/01/2012 15:55 4 7.69 -576 -372 382 n.a. 318 n.a. 39.4 928 0.75 1.891 77 0.02 39 51 0.0020 677 0.001 0.001 0.091 12.1 3.86 0.014

13/01/2012 18:40 5 7.66 -77 127 324 1.5 6.05 1.928 78 0.02 41 51 0.00003 673 0.001 0.001 0.106 12.0 3.90 0.038

15/01/2012 15:35 5

16/01/2012 9:00 5

17/01/2012 9:05 5

18/01/2012 9:45 5

19/01/2012 8:00 5 7.59 -561 -357 332 1.4 329 11.3 24.2 1003 0 5.10 1.874 74 0.003 41 49 0.0041 666 0.002 0.001 0.11 12.8 3.93 0.016
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Table 6. Effluent chemistry for the Arca0 column. 

 

pH standard units, Eh (mV), alkalinity mg/L CaCO3, metal and anion concentrations in mg/L, n.a. = not detected 

  

Date / Time PV

Residence 

Time

Volume of 

flow mL

Input 

Jug# pH Eo Eh Alk F Cl NO2 NO3 SO4 H2S DO NH3 As Ca Fe K Mg Mn Na Ni Pb Se Si Sr Zn

13/12/2011 9:10 0.00 0.00 0

15/12/2011 9:10 0.00 0.00 0

16/12/2011 9:10 0.39 2.59 170 1 6.52 40 284 1153 n.a. 354 n.a. n.a. 1125 0.235 280 0 46 122 1.59 867 0.65 0.001 0.116 23.2 7.39 0.36

16/12/2011 15:07 0.47 3.02 206 1

19/12/2011 9:35 2.23 1.57 979 1 6.89 -32 172 628 n.a. 330 n.a. n.a. 1033 0.166 175 0 40 77 1.10 721 0.02 0.02 0.035 18.3 4.74 1.47

19/12/2011 18:56 2.28 8.14 1000 1

20/12/2011 8:25 2.55 2.07 1119 1

20/12/2011 14:45 2.64 3.01 1158 1

21/12/2011 11:22 2.93 2.97 1285 1

22/12/2011 10:50 3.27 2.88 1434 1 7.1 -62 142 499 2.2 326 n.a. n.a. 993 0.224 138 1.84 35 64 1.20 647 0.466 0.001 0.002 15.1 3.96 0.23

22/12/2011 19:00 3.37 3.40 1478 1

23/12/2011 9:00 3.84 1.23 1687 1

23/12/2011 13:15 3.95 1.67 1733 2

24/12/2011 11:45 4.58 1.49 2009 2

26/12/2011 15:40 6.09 1.43 2672 2

29/12/2011 10:40 7.95 1.49 3492 2 7.38 -233 -29 467 2.6 315 n.a. n.a. 886 0.6 <1 0.332 104 1.17 28 50 1.24 676 0.20 0.0015 0.003 16.0 3.19 0.011

30/12/2011 13:48 8.71 1.49 3824 3

02/01/2012 13:05 10.69 1.50 4694 3

03/01/2012 8:50 11.26 1.45 4943 3 7.38 -283 -79 424 2.4 318 n.a. n.a. 912 0.4 <1 0.481 100 1.26 27 47 1.14 669 0.431 0.001 0.004 15.5 2.80 0.002

04/01/2012 9:00 11.87 1.64 5213 3

05/01/2012 8:55 12.04 6.18 5283 3 using new Eh probe starting Jan 4

06/01/2012 8:35 12.55 1.90 5511 4 using improved cup-method Eh starting Jan 7

09/01/2012 10:30 12.55 0.00 5511 4

09/01/2012 17:35 12.78 1.30 5611 4

10/01/2012 10:20 13.27 1.44 5824 4

10/01/2012 15:00 13.45 1.04 5906 4

10/01/2012 18:15 13.57 1.13 5958 4

11/01/2012 11:15 14.18 1.17 6224 4

12/01/2012 11:10 15.03 1.16 6600 4

13/01/2012 8:55 15.72 1.33 6899 4

13/01/2012 15:55 15.96 1.21 7005 4 7.52 -411 -207 385.5 1.9 322 n.a. n.a. 910 0.5 <<1 0.679 87 0.86 24 42 0.834 659 0.12 0.001 0.001 15.2 2.55 0.006

13/01/2012 18:40 16.06 1.15 7049 5

15/01/2012 15:35 17.69 1.15 7764 5

16/01/2012 9:00 18.34 1.11 8050 5

17/01/2012 9:05 19.20 1.17 8427 5

18/01/2012 9:45 20.09 1.15 8820 5

19/01/2012 8:00 20.91 1.13 9180 5 7.54 -556 -352 360 2.4 328 n.a. n.a. 978 0.5 3.0 0.866 87 0.81 29 44 0.83 671 0.003 0.0003 0.01 16.1 2.69 0.006

26/01/2012 16:00 0.00 0.00 0
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Table 7. Effluent chemistry for the Arca2.5 column. 

 

pH standard units, Eh (mV), alkalinity mg/L CaCO3, metal and anion concentrations in mg/L, n.a. = not detected 

 

  

Date / Time PV

Residence 

Time

Volume of 

flow mL

Input 

Jug# pH Eo Eh Alk F Cl NO2 NO3 SO4 H2S DO NH3 As Ca Fe K Mg Mn Na Ni Pb Se Si Sr Zn

13/12/2011 9:10 0.00 0.00 0

15/12/2011 9:10 0.00 0.00 0

16/12/2011 9:10 0.72 1.38 301 1 7.09 209 453 488 n.a. 362 n.a. n.a. 1098 0.007 139 12 34 75 1.42 735 0.05 0.00 0.036 9.6 3.27 0.32

16/12/2011 15:07 0.88 1.61 365 1

19/12/2011 9:35 2.65 1.56 1103 1 7.70 -196 8 298 n.a. 333 n.a. n.a. 1018 0.006 102 2 28 52 0.74 729 0.09 0.00 0.006 5.5 2.52 0.01

19/12/2011 18:56 2.69 10.81 1118 1

20/12/2011 8:25 2.95 2.14 1227 1

20/12/2011 14:45 3.04 2.96 1265 1

21/12/2011 11:22 3.34 2.89 1388 1

22/12/2011 10:50 3.70 2.70 1539 1 7.71 -208 -4 351 1.8 293 n.a. n.a. 733 0.012 74 5.61 23 40 0.51 555 0.006 0.002 0.004 4.9 1.89 0.02

22/12/2011 19:00 3.81 3.15 1584 1

23/12/2011 9:00 3.91 5.82 1626 1

23/12/2011 13:15 3.91 5.82 1626 2

24/12/2011 11:45 4.59 1.38 1908 2

26/12/2011 15:40 6.11 1.42 2542 2

29/12/2011 10:40 8.04 1.45 3345 2 7.88 -212 -8 352 2.3 322 n.a. n.a. 883 n/a n/a 0.013 65 1.85 22 38 0.20 635 0.09 0.0005 0.004 4.6 1.72 0.011

30/12/2011 13:48 8.74 1.61 3636 3 8.00 -405 -201 346 0.0

02/01/2012 13:05 10.46 1.73 4351 3

03/01/2012 8:50 11.24 1.05 4677 3 7.93 -279 -75 340 1.9 312 n.a. n.a. 869 0.0 <1 0.013 64 2.44 24 40 0.14 658 0.043 0.001 0.005 4.2 1.78 0.007

04/01/2012 9:00 11.88 1.58 4942 3

05/01/2012 8:55 12.51 1.59 5202 3

06/01/2012 8:35 13.17 1.48 5480 4 using improved Eh measurement method and new probe

09/01/2012 10:30 13.17 0.00 5480 4

09/01/2012 17:35 13.36 1.56 5559 4

10/01/2012 10:20 13.52 4.51 5623 4

10/01/2012 15:00 13.69 1.14 5694 4

10/01/2012 18:15 13.80 1.20 5741 4

11/01/2012 11:15 14.41 1.16 5996 4

12/01/2012 11:10 15.63 0.82 6502 4

13/01/2012 8:55 16.11 1.88 6703 4

13/01/2012 15:55 16.31 1.46 6786 4 8.15 -596 -392 329 1.5 321 n.a. n.a. 906 0.1 <<1 0.027 57 1.52 22 39 ### 683 0.02 0.001 0.001 3.5 1.78 0.002

13/01/2012 18:40 16.42 1.10 6829 5

15/01/2012 15:35 17.99 1.19 7483 5

16/01/2012 9:00 18.69 1.04 7773 5

17/01/2012 9:05 19.59 1.11 8149 5

18/01/2012 9:45 20.51 1.11 8534 5

19/01/2012 8:00 21.42 1.02 8910 5 8.15 -577 -373 314 1.8 321 n.a. n.a. 979 0.1 3.4 0.015 58 1.70 29 45 0.11 667 0.02 0.00 0.00 3.9 2.01 0.012
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Table 8. Effluent chemistry for the Arca10 column. 

 

pH standard units, Eh (mV), alkalinity mg/L CaCO3, metal and anion concentrations in mg/L, n.a. = not detected 

  

Date / Time PV

Residence 

Time

Volume of 

flow mL

Input 

Jug# pH Eo Eh Alk F Cl NO2 NO3 SO4 H2S DO NH3 As Ca Fe K Mg Mn Na Ni Pb Se Si Sr Zn

13/12/2011 9:10 0.00 0.00 0

15/12/2011 9:10 0.00 0.00 0

16/12/2011 9:10 0.13 7.97 83 1 6.83 278 522 244 n.a. 493 n.a. n.a. 1214 0.004 125 59 37 76 1.51 765 0.08 0.001 0.004 11.8 3.33 0.63

16/12/2011 15:07 0.19 3.82 126 1

19/12/2011 9:35 1.37 2.34 909 1 7.43 -546 -342 233 n.a. 326 n.a. n.a. 986 0.002 81 15 27 44 0.66 655 0.03 0.001 0.004 6.1 2.12 0.08

19/12/2011 18:56 1.40 12.91 929 1

20/12/2011 8:25 1.58 3.25 1044 1

20/12/2011 14:45 1.66 3.11 1100 1

21/12/2011 11:22 1.76 8.45 1167 1

22/12/2011 10:50 1.83 13.66 1215 1 7.85 -183 21 285 1.4 378 n.a. n.a. 909 0.028 82 0.21 32 39 0.38 622 0.030 0.001 0.004 2.7 2.05 0.01

22/12/2011 19:00 1.89 6.63 1249 1

23/12/2011 9:00 1.91 27.98 1262 1

23/12/2011 13:15 1.91 27.98 1262 2

24/12/2011 11:45 2.28 2.51 1509 2

26/12/2011 15:40 3.23 2.27 2141 2

29/12/2011 10:40 4.53 2.16 2997 2 8.25 -243 -39 240 2.5 321 n.a. n.a. 862 0.0 <1 0.006 34 1.04 17 19 0.07 640 0.04 0.0015 0.003 2.3 1.00 0.006

30/12/2011 13:48 4.98 2.50 3297 3

02/01/2012 13:05 6.25 2.34 4138 3

03/01/2012 8:50 6.60 2.34 4372 3 8.48 -294 -90 243 1.9 325 n.a. n.a. 906 0.0 <1 0.006 31 0.95 18 19 0.04 700 0.039 0.001 0.004 2.0 0.91 0.0002

04/01/2012 9:00 6.72 8.91 4446 3

05/01/2012 8:55 6.87 6.37 4550 3

06/01/2012 8:35 7.06 5.24 4674 4 using improved Eh measurement method and new probe

09/01/2012 10:30 7.06 0.00 4674 4

09/01/2012 17:35 7.20 1.98 4766 4

10/01/2012 10:20 7.53 1.96 4985 4

10/01/2012 15:00 7.65 1.52 5064 4

10/01/2012 18:15 7.73 1.57 5117 4

11/01/2012 11:15 8.15 1.58 5393 4

12/01/2012 11:10 8.30 6.02 5495 4

13/01/2012 8:55 8.73 1.60 5780 4

13/01/2012 15:55 8.87 2.03 5869 4 8.62 -630 -426 242 1.6 316 n.a. n.a. 880 0.2 <<1 0.020 26 0.33 19 19 0.022 700 0.03 0.001 0.002 1.5 0.89 0.001

13/01/2012 18:40 8.90 3.05 5892 5

15/01/2012 15:35 9.98 1.62 6606 5

16/01/2012 9:00 10.41 1.58 6889 5

17/01/2012 9:05 10.99 1.61 7274 5

18/01/2012 9:45 11.58 1.61 7666 5

19/01/2012 8:00 12.13 1.56 8032 5 8.61 -578 -374 222 1.8 320 n.a. n.a. 945 0.2 6.7 0.019 25 0.18 27 27 0.02 677 0.02 0.00 0.00 1.5 1.09 0.003

0
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Table 9. Effluent chemistry for the Arca15 column. 

 

pH standard units, Eh (mV), alkalinity mg/L CaCO3, metal and anion concentrations in mg/L, n.a. = not detected 

 

  

Date / Time PV

Residence 

Time

Volume of 

flow mL

Input 

Jug# pH Eo Eh Alk F Cl NO2 NO3 SO4 H2S DO NH3 As Ca Fe K Mg Mn Na Ni Pb Se Si Sr Zn

13/12/2011 9:10 0.00 0.00 0

15/12/2011 9:10 0.00 0.00 0

16/12/2011 9:10 0.35 2.89 201 1 6.91 57 301 288 n.a. 470 n.a. n.a. 1365 0.002 113 136 34 86 1.93 792 0.15 0.002 0.004 18.6 3.59 0.56

16/12/2011 15:07 0.44 2.61 256 1

19/12/2011 9:35 1.83 2.00 1057 1 7.37 -580 -376 169 n.a. 300 n.a. n.a. 839 0.003 74 22 24 42 0.83 616 0.01 0.001 0.004 6.9 1.98 0.01

19/12/2011 18:56 1.87 8.35 1084 1

20/12/2011 8:25 2.07 2.78 1201 1

20/12/2011 14:45 2.14 4.03 1239 1

21/12/2011 11:22 2.30 5.51 1329 1

22/12/2011 10:50 2.41 8.93 1393 1 8.49 -163 41 153 1.4 306 n.a. n.a. 781 0.005 76 0.29 21 37 0.51 594 0.002 0.001 0.003 3.0 1.94 0.01

22/12/2011 19:00 2.47 5.47 1429 1

23/12/2011 9:00 2.76 2.02 1596 1

23/12/2011 13:15 2.82 2.76 1633 2

24/12/2011 11:45 3.22 2.33 1866 2

26/12/2011 15:40 4.23 2.14 2452 2

29/12/2011 10:40 5.60 2.05 3240 2 8.14 -240 -36 144 2.3 326 n.a. n.a. 852 0.0 <1 0.006 38 0.67 16 19 0.11 648 0.04 0.0003 0.004 1.8 1.00 0.002

30/12/2011 13:48 6.17 1.96 3574 3

02/01/2012 13:05 7.48 2.28 4329 3

03/01/2012 8:50 7.89 2.01 4566 3 8.87 -359 -155 171 2.2 328 n.a. n.a. 892 0.0 <1 0.005 28 0.70 16 15 0.05 666 0.002 0.001 0.004 1.5 0.81 0.004

04/01/2012 9:00 8.34 2.21 4830 3

05/01/2012 8:55 8.79 2.22 5091 3

06/01/2012 8:35 9.25 2.14 5357 4

09/01/2012 10:30 9.25 0.00 5357 4

09/01/2012 17:35 9.41 1.88 5448 4

10/01/2012 10:20 9.62 3.28 5571 4

10/01/2012 15:00 9.76 1.44 5649 4

10/01/2012 18:15 9.84 1.63 5697 4

11/01/2012 11:15 10.27 1.63 5948 4

12/01/2012 11:10 10.88 1.63 6302 4

13/01/2012 8:55 11.43 1.66 6618 4

13/01/2012 15:55 11.60 1.75 6714 4 8.81 -645 -441 168 2.2 317 n.a. n.a. 882 0.0 <<1 0.008 20 0.32 16 13 0.029 699 0.04 0.001 0.002 1.0 0.69 0.005

13/01/2012 18:40 11.67 1.53 6758 5

15/01/2012 15:35 12.81 1.65 7415 5

16/01/2012 9:00 13.29 1.51 7694 5

17/01/2012 9:05 13.93 1.56 8067 5

18/01/2012 9:45 14.58 1.59 8440 5

19/01/2012 8:00 15.15 1.61 8774 5 8.84 -539 -335 196 1.7 328 n.a. n.a. 951 0.0 6.1 0.010 17 0.33 23 17 0.03 702 0.04 0.00 0.00 1.0 0.79 0.003
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Table 10. Profile chemistry for the columns, collected Jan 3-6, 2012. The Arca0 profile was at ~12 PV(5 liters) of flow; Arca2.5 was at 12 PV (4.9 

liters) of flow; Arca10 was at 7 PV (4.4 liters) of flow; Arca15 was at 11 PV (4.8 liters) of flow. All concentrations are in mg/L. 

 

Date Location Port Dist cm

Travel 

time hr

Input 

Jug# pH Eh (mV)

Alkalinity 

mg/L CaCO3 H2S F Cl NO3 NO2 SO4 DO As Ca Fe K Mg Mn Mo Na Se Si Zn

Arca0 12PV, 5.2L

03-Jan-12 'Arca0-P0' 0 0.0 0.0 Jug4 7.62 358 358 0 1.47 315 29.1 n.a. 953 0.75 2.16 77 0.01 40 50 0.018 0.25 668.3 0.101 11.91 0.326

06-Jan-12 'Arca0-P2' 2 3.0 3.3 Jug4 7.67 -384 355 n.a. 319 14.4 n.a. 953 <1 1.65 76 0.22 39 48 0.408 0.30 665.8 0.066 12.18 0.201

05-Jan-12 'Arca0-P3' 3 5.5 6.1 Jug4 7.74 -323 359 0.075 n.a. 306 8.5 n.a. 909 1.67 78 0.17 40 48 0.357 0.29 683.4 0.051 12.3 0.008

05-Jan-12 'Arca0-P4' 4 8.0 8.8 Jug4 7.77 -149 382 0.1 n.a. 315 n.a. n.a. 905 1.47 72 0.32 34 42 0.523 0.30 605.2 0.033 11.47 0.012

04-Jan-12 'Arca0-P6' 6 13.0 14.3 Jug3 7.57 -336 391 0.3 n.a. 310 n.a. n.a. 878 0.95 69 0.46 27 36 0.695 0.28 535.2 0.009 11.2 0.016

04-Jan-12 'Arca0-P7' 7 18.0 19.8 Jug3 7.75 -117 380 0.15 n.a. 313 n.a. n.a. 891 0.72 75 0.59 27 38 0.784 0.26 567.9 0.004 12.48 0.012

03-Jan-12 'Arca0-P9' 9 28.0 30.8 Jug3 7.6 -131 407 0.15 n.a. 314 n.a. n.a. 883 0.59 97 0.66 29 46 0.943 0.32 650.7 0.007 15.9 0.017

03-Jan-12 'Arca0-Eff' eff luent 36.5 40.2 Jug3 7.38 -79 424 0.4 2.44 318 n.a. n.a. 912 <1 0.48 100 0.97 27 47 1.145 0.31 668.5 0.007 15.49 <0.002

Arca2.5 12PV, 4.9L

03-Jan-12 'Arca2.5-P0' 0 0.0 0.0 7.62 358 358 0 1.47 315 29.1 953 0.75 2.16 77 0.01 40 50 0.018 0.25 668.3 0.101 11.9 0.326

06-Jan-12 'Arca2.5-P2' 2 2.7 2.8 8.14 -385 361 n.a. 312 15.5 n.a. 958 <1 0.7078 64 0.41 35 42 0.058 0.26 559.3 0.075 8.7 0.019

05-Jan-12 'Arca2.5-P3' 3 5.2 5.4 Jug4 8.11 -316 376 n.a. 317 7.9 n.a. 957 0.5892 73 1.18 40 49 0.126 0.28 676.3 0.059 8.9 0.048

05-Jan-12 'Arca2.5-P4' 4 7.7 8.0 Jug4 8.1 -201 391 0 n.a. 309 7.9 n.a. 912 0.5615 73 0.81 38 48 0.151 0.28 665.2 0.051 8.3 0.008

04-Jan-12 'Arca2.5-P6' 6 12.7 13.2 Jug3 7.96 -316 360 0 n.a. 321 n.a. n.a. 908 0.036 70 2.36 33 46 0.182 0.26 687.3 0.016 6.0 0.010

04-Jan-12 'Arca2.5-P7' 7 17.7 18.4 Jug3 8.06 -167 382 n/a n.a. 314 n.a. n.a. 897 0.024 68 2.22 32 45 0.204 0.24 680.5 0.006 5.2 0.005

03-Jan-12 'Arca2.5-P9' 9 27.7 28.9 8.01 -131 341 0.1 n.a. 320 n.a. n.a. 878 0.012 58 0.87 23 38 0.137 0.17 568.2 0.014 3.8 0.007

03-Jan-12 'Arca2.5-Eff ' eff luent 36.2 37.7 7.93 -75 340 0 1.86 312 n.a. n.a. 869 <1 0.004 64 2.18 24 40 0.123 0.20 657.5 0.012 4.2 <0.002

Arca10 7PV, 4.4L

03-Jan-12 'Arca10-P0' 0 0 0.0 7.62 358 358 0 1.47 315 29.1 953 0.75 2.16 77 0.01 40 50 0.018 0.25 668.3 0.101 11.9 0.326

06-Jan-12 'Arca10-P2' 2 3 2.2 8.25 -348 n.a. 319 n.a. n.a. 985 <1 0.045 58 0.90 39 47 0.053 0.28 667.6 0.026 3.5 0.007

05-Jan-12 'Arca10-P3' 3 5.5 4.0 Jug4 8.34 -263 314 n.a. 313 n.a. n.a. 939 0.006 51 1.19 40 44 0.069 0.23 684.9 0.016 2.7 0.003

05-Jan-12 'Arca10-P4' 4 8 5.8 Jug4 8.45 -159 288 0 n.a. 311 n.a. n.a. 892 <0.001 42 0.40 38 40 0.050 0.25 658.2 0.003 2.2 0.006

04-Jan-12 'Arca10-P6' 6 13 9.4 Jug3 8.53 -333 279 0 n.a. 316 n.a. n.a. 882 <0.001 38 0.88 36 41 0.074 0.28 677.4 0.002 2.1 0.008

04-Jan-12 'Arca10-P7' 7 18 13.0 Jug3 8.57 -249 287 0 n.a. 316 n.a. n.a. 864 0.014 36 0.78 34 40 0.070 0.28 677.3 0.006 2.1 0.007

03-Jan-12 'Arca10-P9' 9 28 20.3 8.45 -114 260 0 n.a. 313 n.a. n.a. 870 0.015 35 0.69 26 30 0.055 0.00 665 0.013 2.0 0.007

03-Jan-12 'Arca10-Eff ' eff luent 36.5 26.4 8.48 -90 243 0 1.93 325 n.a. n.a. 906 <1 0.006 31 0.78 18 19 0.014 0.31 699.7 0.011 2.0 <0.002

Arca15 11PV, 4.8L

03-Jan-12 'Arca15-P0' 0 0.0 0.0 7.62 358 358 0 1.47 315 29.1 953 0.75 2.16 77 0.007 40 50 0.018 0.25 668.3 0.101 11.9 0.326

06-Jan-12 'Arca15-P2' 2 2.5 2.0 8.39 -394 349 0 n.a. 315 n.a. n.a. 953 <1 0.050 52 0.185 40 47 0.101 0.26 677.9 0.024 3.7 0.012

05-Jan-12 'Arca15-P3' 3 5.0 4.1 Jug4 8.35 -303 334 n.a. 313 n.a. n.a. 901 0.00 0.018 46 1.135 41 46 0.052 0.27 668.9 0.007 2.7 0.007

05-Jan-12 'Arca15-P4' 4 7.5 6.1 Jug4 8.41 -56 308 n.a. 318 n.a. n.a. 868 0.014 41 0.528 39 45 0.073 0.24 685.8 0.007 2.1 0.020

04-Jan-12 'Arca15-P6' 6 12.5 10.2 Jug3 8.69 -311 316 0 n.a. 308 n.a. n.a. 884 0.002 31 0.773 39 41 0.052 0.23 691.2 <0.001 1.5 0.010

04-Jan-12 'Arca15-P7' 7 17.5 14.2 Jug3 8.75 -311 256 0 n.a. 314 n.a. n.a. 879 0.007 25 0.615 33 31 0.019 0.28 662.7 0.004 1.4 0.002

03-Jan-12 'Arca15-P9' 9 27.5 22.3 8.64 -164 184 0 n.a. 312 n.a. n.a. 867 0.007 22 0.10 18 15 0.010 0.36 594.9 0.013 1.0 0.007

03-Jan-12 'Arca15-Eff ' eff luent 36.0 29.2 8.87 -155 171 0 2.19 328 n.a. n.a. 892 <1 0.011 28 0.57 16 15 0.054 0.38 665.5 0.002 1.5 0.003
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Table 11. Effluent water saturation index values calculated with MINTEQA2. 
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D
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S
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H
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O
N
IT
E

S
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H
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L
E
R
IT
E

W
U
S
T
IT
E

Arca0

16/12/2011 0.39 170 0.42 0.80 -5.59 0.14 -4.27 5.92 -0.57 13.84 3.66 -3.54 3.68 -0.20 12.72 -0.41 -9.84 -19.62 -0.31 -1.22 -1.57 3.59 -4.77

19/12/2011 2.23 979 0.37 0.70 -6.81 -0.35 -3.83 5.44 -0.71 12.87 3.17 -3.09 2.70 -0.25 12.81 -2.00 -6.98 -16.35 -0.24 -0.79 -0.76 4.42 -3.73

22/12/2011 3.27 1434 0.40 0.77 -6.06 0.63 -2.39 6.42 -0.79 14.83 4.15 -1.66 4.66 -0.20 16.04 -0.04 -5.77 -15.52 -0.07 0.19 -1.45 4.18 -2.49

29/12/2011 7.95 3492 0.54 1.08 -8.96 -1.75 0.92 4.04 -0.93 10.06 1.77 1.65 -0.10 -0.04 11.54 2.96 12.90 -5.08 0.17 0.13 -6.66 2.33 -2.22

03/01/2012 11.26 4943 0.48 0.95 -10.90 -2.58 0.77 3.20 -0.93 8.40 0.94 1.51 -1.77 -0.11 9.89 3.18 13.60 -3.79 0.11 0.11 -7.12 1.75 -2.21

13/01/2012 15.96 7005 0.52 1.04 -16.58 -4.34 1.03 1.44 -0.98 4.88 -0.82 1.77 -5.29 -0.06 6.65 2.80 13.87 -1.61 -2.86 0.21 -6.78 2.25 -1.93

19/01/2012 20.91 9180 0.50 1.02 -23.79 -6.75 1.06 -0.97 -0.96 0.06 -3.23 1.79 -10.11 -0.06 1.87 1.22 14.03 0.93 0.06 0.20 -6.79 2.27 -1.88

Arca2.5

16/12/2011 0.72 301 0.36 0.77 -4.50 3.91 -4.45 9.70 -0.77 21.39 7.43 -3.72 11.22 -0.17 20.59 -1.01 -30.06 -32.93 -0.02 -1.83 -1.33 4.25 -4.40

19/12/2011 2.65 1103 0.64 1.31 -9.42 0.19 -1.25 5.97 -0.89 13.93 3.71 -0.52 3.77 0.09 16.39 0.01 -4.71 -13.25 0.07 0.60 -2.48 3.87 -1.26

22/12/2011 3.70 1539 0.63 1.31 -8.82 0.49 -0.75 6.27 -1.10 14.54 4.01 -0.02 4.37 0.10 17.49 -1.26 -3.31 -12.36 -0.02 1.16 -2.43 3.85 -0.79

29/12/2011 8.04 3345 0.71 1.50 -9.20 0.41 -1.03 6.20 -1.10 14.39 3.93 -0.30 4.22 0.21 17.16 -0.02 -4.62 -13.07 -0.33 0.81 -2.60 3.76 -0.94

03/01/2012 11.24 4677 0.74 1.60 -10.35 -0.58 -0.95 5.20 -1.12 12.40 2.94 -0.21 2.24 0.28 15.27 -0.29 -0.58 -9.95 -0.46 0.84 -2.81 3.61 -0.84

13/01/2012 16.31 6786 0.88 1.91 -24.31 -5.37 1.28 0.42 -1.16 2.82 -1.85 2.01 -7.34 0.45 6.09 1.51 7.24 -1.77 -2.21 1.00 -3.44 3.03 -0.44

19/01/2012 21.42 8910 0.86 1.92 -23.59 -5.04 1.24 0.74 -1.13 3.48 -1.52 1.97 -6.68 0.48 6.76 1.35 6.59 -2.40 -0.48 0.98 -2.65 3.85 -0.44

Arca10

16/12/2011 0.13 83 -0.24 -0.39 -3.73 4.47 -4.78 10.25 -0.77 22.49 7.99 -4.04 12.33 -0.72 21.33 -0.82 -33.29 -35.48 -0.45 -2.23 -1.42 4.24 -4.77

19/12/2011 1.37 909 0.18 0.41 -25.44 -5.66 -0.92 0.12 -0.98 2.24 -2.14 -0.18 -7.93 -0.35 5.08 -0.77 -0.36 -4.82 -0.25 1.15 -1.85 4.29 -0.92

22/12/2011 1.83 1215 0.69 1.39 -9.37 -0.15 -2.05 5.64 -1.00 13.27 3.37 -1.31 3.10 0.11 15.02 -0.42 -5.71 -14.08 -0.12 -0.27 -2.58 3.85 -1.91

29/12/2011 4.53 2997 0.63 1.34 -9.99 0.68 -0.90 6.46 -1.37 14.92 4.20 -0.16 4.76 0.13 18.12 -0.11 -6.99 -13.95 -0.66 0.70 -2.94 3.68 -0.49

03/01/2012 6.60 4372 0.80 1.72 -10.70 0.43 -0.70 6.21 -1.40 14.42 3.95 0.03 4.25 0.34 18.00 -0.16 -6.04 -12.74 -0.82 0.85 -4.56 2.10 -0.10

13/01/2012 8.87 5869 0.85 1.90 -24.81 -5.46 1.16 0.33 -1.49 2.65 -1.94 1.90 -7.51 0.46 5.94 2.01 6.45 -1.99 -2.38 0.40 -6.11 2.86 -0.37

19/01/2012 12.13 8032 0.78 1.93 -22.38 -4.75 0.99 1.03 -1.49 4.05 -1.23 1.73 -6.11 0.56 7.17 1.86 6.42 -2.88 -1.09 0.20 -5.67 3.33 -0.53

Arca15

16/12/2011 0.35 201 -0.17 -0.15 -4.19 4.46 -1.13 10.24 -0.80 22.47 7.98 -0.40 12.31 -0.55 24.99 -0.53 -19.89 -25.08 -0.24 1.42 -1.38 4.28 -1.28

19/12/2011 1.83 1057 -0.03 0.01 -27.26 -6.20 -0.51 -0.42 -1.05 1.16 -2.68 0.22 -9.01 -0.54 4.10 -0.70 0.21 -4.04 -0.29 1.17 -2.84 3.67 -0.83

22/12/2011 2.41 1393 1.03 2.07 -12.47 -1.21 -1.16 4.58 -1.05 11.15 2.31 -0.43 0.99 0.46 14.34 -1.25 -1.91 -9.41 0.23 0.23 -2.65 4.17 -0.48

29/12/2011 5.60 3240 0.37 0.76 -9.87 0.35 -1.06 6.13 -1.31 14.26 3.87 -0.33 4.09 -0.19 17.19 0.08 -5.99 -13.44 -0.62 0.32 -3.30 3.52 -0.76

03/01/2012 7.89 4566 0.96 1.98 -11.53 0.26 -0.54 6.04 -1.45 14.08 3.78 0.19 3.91 0.44 18.21 -1.31 -5.98 -11.80 -0.66 0.82 -3.41 3.44 0.46

13/01/2012 11.60 6714 0.76 1.65 -24.86 -5.14 -0.94 0.65 -1.59 3.29 -1.61 -0.21 -6.87 0.32 6.97 0.01 -1.95 -4.87 -1.37 0.42 -3.27 3.57 0.02

19/01/2012 15.15 8774 0.76 1.84 -19.26 -3.29 -0.96 2.49 -1.65 6.98 0.23 -0.23 -3.19 0.50 10.66 -0.14 -1.87 -6.66 -0.87 0.46 -3.57 3.22 0.03
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Figure 1. Schematic of the column design. 

 

Figure 2. Schematic of column setup in the anaerobic chamber. A headspace containing <10% CO2 was 

placed on the input water reservoir. 
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Figure 3. Bromide tracer breakthrough data points and results modeled (curve) with CXTFIT, for Arca0 and 

Arca15, 22.8 hour input at 92 mg/L Br; for Arca2.5, 8.1 hr input at 90 mg/L Br; and for Arca10 and 

Arca15_repeat, 8 hour input at 102 mg/L Br.  
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Figure 4. Pore volumes (PV) of flow passed through the Arca0 column (assumes 438 mL PV) and residence 

time (days per PV).  

 

Figure 5. Pore volumes (PV) of flow passed through the Arca2.5 column (assumes 416 mL PV) and 

residence time (days per PV).  
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Figure 6. Pore volumes (PV) of flow passed through the Arca10 column (assumes 663 mL PV) and residence 

time (days per PV). 

Figure 7. Pore volumes (PV) of flow passed through the Arca15 column (assumes 578 mL PV) and residence 

time (days per PV). 
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Figure 8. Hydraulic gradient between pressure gauges set 11.8 inches apart in the columns. Effluent ports 

were set close to the elevation of the top pressure gauge. The two low gradient measurements at the end of 

the Arca10 and 15 monitoring are excluded from the comparison because they are from a period when the 

height of the effluent tube was lowered slightly for the tracer test. 
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Figure 9. Selected influent water chemistry parameters.   
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Figure 10. Selected effluent water chemistry parameters for the Arca0 column 
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Figure 11. Selected effluent water chemistry parameters for the Arca2.5 column. 
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Figure 12. Selected effluent water chemistry parameters for the Arca10 column. 
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Figure 13. Selected effluent water chemistry parameters for the Arca15 column. 
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Figure 14. Comparison of effluent pH, Eh and alkalinity for each of the columns and input values vs. PV of 

flow. 
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Figure 15. Comparison of effluent dissolved As, SO4 and Fe for each of the columns and input values vs. PV 

of flow. Residence times were decreased at 12 PV in Arca0 and 2.5; 7 PV in Arca10 and 11 PV in Arca15. 
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Figure 16. Comparison of effluent NO3, Ca and Mg for each of the columns and input values vs. PV of flow. 
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Figure 17. Plots of pH, Eh, alkalinity and dissolved SO4, As, Fe, NO3 and Mn concentrations measured in a 

profile along each column on the week of Jan 3, 2012. 
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Figure 18. Plots of dissolved Ca, Mg, Se, K, Ni and Zn concentrations measured in a profile along each 

column on the week of Jan 3, 2012. 
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Figure 19. Photos of the column setup. 
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SUMMARY OF SEQUENTIAL SELECTIVE EXTRACTION (SSE) TESTS 
FOR ARSENIC EXTRACTION FROM AQUIFER SOILS WITHIN THE 

PARKER BROTHERS ARROYO 

 

Extraction Solutions 

1) 1 mol/L (M) MgCl2, pH 7.  Target: Exchangeable (weakly sorbed) ions. 

2)  0.1 M NaH2PO4, adjusted to pH 5 with H3PO4.  Target: Oxoanions (such as arsenate 
and arsenite) that are more strongly sorbed to oxide surfaces and can be displaced by 
phosphate. 

3) Citrate-bicarbonate-dithionite (CBD):  0.3 M Na-citrate, 0.2 M NaHCO3, 1 g/g soil Na-
dithionite.  Target: Metals coprecipitated with iron oxyhydroxides. 

4) Microwave digestion in nitric/hydrochloric acid (EPA Method 3051A/6010).  Target: All 
residual metals not extracted in previous steps, primarily associated with crystalline 
oxides and silicates. 

Results 

Sequential selective extraction (SSE) data were collected to understand the nature of the 
association of arsenic with the PBA aquifer soils.  Extraction by magnesium chloride yields an 
estimate of easily-desorbable arsenic, while extraction by phosphate estimates the content of the 
more strongly-sorbed fraction.  Extraction results are shown in Figure 1 below.  Within the PBA, 
easily-desorbable arsenic ranges between 0.3 and 6 mg/kg soil, while total desorbable arsenic 
(sum of MgCl2 and NaH2PO4 extractions) ranges between 3 and 20 mg/kg soil. 

As the arsenic loading downgradient of PRB-1 decreases due to wall uptake and source removal, 
labile arsenic within Parker Brothers Arroyo has the potential to desorb.  The current aqueous 
arsenic concentration within this zone is approximately 1-2 mg/L.  As the more readily-
desorbable arsenic is transported out of this zone, aqueous concentrations will decrease faster 
than sorbed concentrations, since the arsenic that remains will be sorbed more strongly. 
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Figure 1.  Concentrations of arsenic released by each extraction, given on a soil mass basis, for 
locations within Parker Brothers Arroyo.  The EPA-4 sample was collected from an unaffected 
background area east of Interstate 10. 
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KINETIC ANALYSIS OF WATERLOO 
ZEROVALENT IRON BENCH TEST RESULTS 

FORMER ASARCO SMELTER SITE, EL PASO, TEXAS 
 

Background and Procedure 

Column-scale bench tests were performed within the David Blowes Laboratory at the University 
of Waterloo to determine the rate and extent of arsenic uptake under site-relevant conditions.  
The column tests used groundwater obtained from the site (Well EP-85, 1.9 mg/L arsenic), with 
columns packed with a mixture of ZVI (Connelly GPM) and aquifer solids collected from the 
site.  Four columns were tested with ZVI loadings of 0%, 2.5%, 10%, and 15% by solid mass.  
Groundwater was flushed through the columns for 5 weeks, with target flow rates adjusted to 
obtain column residence times of 2.5 days.  During the 35-day flow period, influent and effluent 
samples were monitored regularly for Site COCs and AOIs and additional water quality 
parameters.  Between days 19 and 22, sample ports along the length of the columns were also 
sampled to obtain concentration profiles.  Additional details on the column testing can be found 
in the final report provided by the laboratory. 

This document summarizes a kinetic analysis performed by ARCADIS on the Day 19-22 arsenic 
concentration profiles collected from the 2.5%, 10%, and 15% columns (shown below and in 
Figure 17 of the Waterloo final report).  Accurate estimations of the kinetic uptake rate are 
critical in the engineering design of the permeable reactive barriers.  The current analysis was 
performed in order to assess and refine the zero-order kinetic estimates provided by the Waterloo 
laboratory. 

For the kinetic analysis, distances along the column were converted to travel times using water 
velocities estimated from the measured flow rates, pore volumes, and packed dimensions of each 
of the columns (Table 1).  Because the flow rates were highly variable within each column over 
time, the flow rates used in the calculations were based on the values measured during and 
immediately preceding the collection of the profile data.  Pore volumes were estimated by 
Waterloo via direct gravimetric measurement of water content and based on tracer transport; in 
each case, the lower of the two values was used here to yield conservative rate estimations 
(Tables 2 and 4 in Waterloo report).  The tracer-estimated value of 416 mL was used for the 
2.5% ZVI column because it was significantly lower than the gravimetric estimate of 550 mL 
(indicating a large immobile pore volume), whereas the gravimetric pore volumes were used in 
the 10% and 15% ZVI columns. 

Results 

Measured vs. calculated arsenic profiles for the 2.5%, 10%, and 15% columns are shown in 
Figures 1-3, respectively.  Zero-order arsenic uptake results (green curves) were calculated using 
the rate constants provided by Waterloo (Table 1).  These results are compared to first-order 
arsenic uptake calculations (red curves), in which the rate is linearly dependent on arsenic 
concentration.  The first-order rate constants were estimated by an exponential trend line fit in 
Excel using the data points indicated, with the intercept set at the influent arsenic concentration.  



 

  Page: 
2/3 

Fit results (equations and R2 values) are shown in Figures 1-3, where C(t) is the arsenic 
concentration as a function of time, and the coefficient in the exponent represents the fitted first-
order rate constant in inverse-hours. 

The first-order rate law clearly provides a better fit to the data than the zero-order rate law.  
Given the exponential decay, it also provides a more conservative estimate of the time required 
to reach very low arsenic concentrations.  Arsenic uptake is well-described down to the MCL of 
0.01 mg/L in all cases, particularly in the 15% ZVI column where concentrations remain below 
0.01 mg/L beyond 10 hours (Figure 3).  The half lives of aqueous arsenic calculated from the 
rate constants (Table 1) follow an increasing trend with decreasing ZVI content, reflecting a 
larger diffusive limitation between mobile pore water arsenic and ZVI surfaces.  

Table 1.  Column experiment parameters and estimated rate constants.  The experiment 
parameters were used to estimate travel times with the columns, given in Figures 1-3. 

2.5% ZVI 10% ZVI 15% ZVI
Flow rate (mL/day) 277 130 270
Tracer pore volume (mL/PV) 416 616 505
Pore volumes per day 0.67 0.21 0.53
Packed length (cm) 36.2 36.5 36
Velocity (cm/day) 24.1 7.7 19.2
Zero-order rate constant 1 (mg/L/h) 0.095 0.37 0.27
First-order rate constant 2 (1/day) 5.5 7.6 12.8
Half life for first-order uptake (h) 3.0 2.2 1.3
1 Waterloo final report
2 This study  

Figure 1.  Day 19-22 Arsenic profile data for the 2.5% ZVI column, plotted against 
calculated results assuming zero- and first-order arsenic uptake. 
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Figure 2.  Day 19-22 Arsenic profile data for the 10% ZVI column, plotted against 
calculated results assuming zero- and first-order arsenic uptake. 
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Figure 3.  Day 19-22 Arsenic profile data for the 15% ZVI column, plotted against 
calculated results assuming zero- and first-order arsenic uptake. 
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ARSENIC TRENDS AND FIRST-ORDER DECAY 



ARSENIC TRENDS AND FIRST-ORDER DECAY
FORMER ASARCO SMELTER SITE

EL PASO, TEXAS

1/1

Well
ID Date Days Years

Total Arsenic 
Result
(mg/L)

Estimated Conc., Co
(mg/L)

EP-78 08/09/99 0 0.0 5.2 4.7
EP-78 10/31/99 83 0.2 4.6 4.6
EP-78 01/28/00 172 0.5 4.8 4.5
EP-78 05/02/00 267 0.7 4 4.4
EP-78 08/09/00 366 1.0 3.5 4.3
EP-78 11/09/00 458 1.3 3.8 4.2
EP-78 02/15/01 556 1.5 3.7 4.1
EP-78 05/14/01 644 1.8 3.9 4.1
EP-78 07/25/01 716 2.0 3.5 4.0
EP-78 11/12/01 826 2.3 4.1 3.9
EP-78 02/15/02 921 2.5 3.6 3.8
EP-78 05/07/02 1,002 2.7 3 3.7
EP-78 08/14/02 1,101 3.0 3.7 3.6
EP-78 11/13/02 1,192 3.3 3.6 3.6
EP-78 02/19/03 1,290 3.5 3.2 3.5
EP-78 05/02/03 1,362 3.7 3.4 3.4
EP-78 08/11/03 1,463 4.0 3.4 3.4
EP-78 02/20/04 1,656 4.5 2.7 3.2
EP-78 08/19/04 1,837 5.0 3 3.1
EP-78 02/07/05 2,009 5.5 2.7 3.0
EP-78 10/12/05 2,256 6.2 2.72 2.8
EP-78 02/09/06 2,376 6.5 2.49 2.7
EP-78 08/15/06 2,563 7.0 2.91 2.6
EP-78 02/07/08 3,104 8.5 2.19 2.3
EP-78 09/12/08 3,322 9.1 2.05 2.2
EP-78 03/04/09 3,495 9.6 2 2.1
EP-78 08/11/09 3,655 10.0 1.94 2.0
EP-78 09/21/10 4,061 11.1 1.93 1.8
EP-78 03/01/11 4,222 11.6 1.87 1.8
EP-78 03/01/11 4,222 11.6 1.87 1.8
EP-78 03/01/11 4,222 11.6 1.85 1.8
EP-78 01/28/11 4,190 11.5 1.81 1.8
EP-78 02/22/12 4,580 12.5 1.96 1.6
EP-78 02/26/21 7,872 21.6 -- 0.8
EP-78 02/24/31 11,522 31.6 -- 0.3
EP-78 02/21/41 15,172 41.6 -- 0.1
EP-78 02/19/51 18,822 51.6 -- 0.1

Half-Life (days)

4.7Initial Conc (Ci)

Lamda 0.00023

3,000

0 

0.5 

1 

1.5 

2 

2.5 

3 

3.5 

4 

4.5 

5 

5.5 

6 

To
ta

l A
rs

en
ic

 C
on

nc
en

tr
at

io
n,

 E
P-

78
 

Date 

Actual Concentration 

Estimated Concentration (First-
Order Decay) 

PRB-1 Construction 

𝐶_𝑜=𝐶_(𝑖 )×𝑒^(−𝜆𝑡) 



  

APPENDIX H 
 

CONSTRUCTION QUALITY ASSURANCE PLAN 



 

   

H-1 

CONSTRUCTION QUALITY ASSURANCE PLAN 

Introduction 

This Construction Quality Assurance Testing Appendix has been developed for the installation 
of the field demonstration permeable reactive barriers (PRBs) at the Parker Brothers Arroyo 
(PBA) at the Former ASARCO Smelter Site in El Paso, Texas. The scope of work discussed 
herein includes construction of two PRBs as discussed in the body of this report.  

Engineered Backfill 

The ZVI will be mixed with an engineered backfill produced by Russell Sand and Gravel in Las 
Cruces, TX. The backfill material will be excavated and screened to the specified grain size 
distribution below; different backfills will be used will be used for each PRB. The grain size 
specification for the PRB-1 backfill is shown below in Table 1. An initial constant-head 
permeability test (ASTM D 2434) was performed on a laboratory-screened sample mixed with 
30% ZVI; an average permeability of 311.8 ft/day and a porosity of 37.1% were estimated. 
These estimates meet the requirements for PRB-1.  

Table 1. PRB-1 Backfill Gradation Specification#16 Minus 
Screened Sand - Gradation Specification 

Sieve No. 
Sieve size 

(mm) 
Maximum % 

Passing 
Minimum % 

Passing 
3" 76.2     
2" 50.8     

1.5" 37.5     
#16 1.19 100.0% 100.0% 
#18 1     
#20 0.841     
#30 0.595 70.0% 50.0% 
#40 0.425 45.0% 20.0% 
#50 0.297 20.0% 5.0% 
#100 0.15 3.0% 0.0% 
#200 0.075 1.0% 0.0% 

 

The grain size specification for the PRB-2 backfill is shown below in Table 2; this material is 
generally finer than a # 4 sieve and coarser than a #16 sieve. An initial constant-head 
permeability test (ASTM D 2434) was performed on a laboratory-screened sample mixed with 
30% ZVI; an average permeability of 7,370 ft/day and a porosity of 41.5% were estimated. 
These preliminary estimates meet the design requirements for PRB-2. 
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Table 2. PRB-2 Backfill Gradation Specification 

#4 Minus #16 Plus Screened Sand - Gradation Specification 

Sieve No. 
Sieve size 

(mm) 
Maximum % 

Passing 
Minimum % 

Passing 
3/8" 9.5 

  1/4" 6.35 
 

100.0% 
#4 4.75 100.0% 95.0% 
#8 2.38 70.0% 30.0% 
#10 2 55.0% 20.0% 
#12 1.68 40.0% 10.0% 
#14 1.41 

  #16 1.19 2.0% 0.0% 
#100 0.15 1.0% 0.0% 
#200 0.075 0.3% 0.0% 

Prior to initiating shipping of the backfill material, a Malcolm Pirnie representative will visit the 
backfill site and observe the production of the backfill material. This will include sample 
collection for both materials and submittal to geotechnical laboratory for sieve analysis (ASTM 
D422). The results will confirm the gradation specification of the backfill materials and will 
initiate production for construction; grain size specification will be confirmed at the frequency of 
one sample per 100 cubic yards during construction.  

ZVI Mixing 

ZVI will be mixed with the engineered backfill described above at American Eagle Brick 
Company which is adjacent to the Site. The materials will be mixed to a design of 30% ZVI by 
mass and will be verified based on  the specification for ZVI content below (Table 3). These 
field tests will be performed every batch (approximately 10 cy) for approximately the first five 
batches to determine the batch quantities of backfill and ZVI. The ZVI content of subsequent 
batches will be confirmed through monitoring of batch quantities and ZVI fields test every 100 
cy. The test is described below. 

· ZVI content – A sample volume of approximately one gallon will be collected, dried, and 
weighed. After recording the bulk weight, the iron will be removed from the backfill with 
a magnet. The remaining sand/gravel will be re-weighed, allowing for calculation of 
percent ZVI by mass. If the mass percent is not within allowable limits, the batch will be 
amended with sand or ZVI as required, mixed, and tested again.  
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Table 3. Acceptable ZVI Content 

 

ZVI Content (% by  mass) 

Frequency Minimum Target Maximum 

25 cubic yards 25% 30% 35% 

200 cubic yards (moving 
average of previous 8 tests) 28% 30% 32% 

Mixing will be performed using a truck-mounted pug mill with an auger mixer. The mill is 
designed to run using hopper systems for continuous feed of material. Mixing will be 
accomplished by feeding the backfill into the mill first followed by the ZVI; the materials will be 
mixed with the augers until completely mixed (determined through field observations and using 
the testing method described above).  The mixed material will thenbe transported from the 
American Eagle site to the Smelter site where it will be staged until placement. 

Once backfill mixing is complete, any remaining ZVI will be relocated to the site for storage and 
tarped in an appropriate location.  

ZVI Handling 

Zerovalent iron (ZVI) will be shipped to the mixing site and staged prior to mixing. It will be 
delivered weekly, in amounts of approximately 600 cubic yards (44 tons) per week. The bulk 
ZVI must be kept covered using the tarps supplied by the vendor in order to protect it from 
corrosion resulting from moisture/precipitation. Every night during construction, visual 
confirmation that the raw ZVI is fully covered must be obtained. If precipitation is likely, the 
integrity of tarps covering the ZVI must be verified. 

Surveying 

Following benching, the alignments will be marked with stakes flagged with high visibility tape 
every 50 feet and at the corners based on GPS coordinates. The alignments may be adjusted 
based on field conditions. After completion of each slide rail cell, stakes will be placed at the 
former corners. Once the entire alignment has been completed, it will be surveyed, as marked by 
the stakes. 

Excavation 

During excavation, the field geologist will maintain a photographic log of each slide rail cell and 
record lithology once every five vertical feet. Once the cell has been fully excavated, one grab 
groundwater sample will be collected and submitted for laboratory analysis of site COCs. 
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Depth Confirmation 

Excavation will proceed in each cell to approximately two feet below first encountering bedrock, 
as determined by the field geologist. The final depth of the excavation will be measured at the 
center and at each corner of the slide rail cell.  

Reporting 

The results of the construction quality assurance activities discussed herein will be included in 
the summary report to be submitted approximately six months after construction. This report will 
include all details associated with the “as-built” construction of the PRBs 
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