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Figure 1. (A) Generic plot plan (plan view); ( B) vertical view of drive points used in deploying the 

direct-push, aerated, oxidant delivery system and (C) photograph of direct-push, aerated, oxidant 

delivery system. 

2.3. Oxidant Delivery System 

The drive points used to deliver oxidant to the aquifer consist of an outer screen that is emplaced 
with direct-push equipment and an inner screen th at holds the slow-release oxidant [28]. To cover 
the treatment zone, the outer screen extends from the targeted depth to slightly above the water table; 
this allows potential smear zones to be treated as the water table fluctuates. An aeration tube is placed 
in the gap between the outer and inner screens. For the reloadable design, the outer screen consists 
of multiple 6.0325 cm OD by 1.52 m SCH 40 PVC pipes with 0.0254 cm screens. The inner screen, 
which holds the 2.54-cm diameter oxidant candles, consists of 4.2164 cm OD SCH 80 PVC with 0.0254 
cm screens (Figure 1B). Compressed air supply and vent line headers were constructed of propylene 
pipe installed with a hydraulic vibratory plow  to a depth of 30–40 cm. Self-tapping branch 
connections tapped into the headers to connect to each insertion point with 6.35 mm polyethylene 
tubing (Figure 1C). 
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Figure 1. (A) Generic plot plan (plan view); (B) vertical view of drive points used in deploying the
direct-push, aerated, oxidant delivery system and (C) photograph of direct-push, aerated, oxidant
delivery system.

2.4. Visualizing Oxidant Dispersal from Aerated Oxidant Candles

To understand the flow patterns created by aerating the oxidant candles in the double screened
assembly (i.e., airlift pump), a large acrylic tank was filled with water and field-scale 1.52-m segments
of the outer and inner screen containing permanganate oxidant candles were lowered into the tank and
aerated. Temporal photographs were taken as the permanganate dissolved and circulated around the
outer screen. To aid in understanding the flow dynamics of the system, we used similarly dimensioned
clear outer and inner screens and added dye to specific locations between the outer and inner screen
(i.e., screen gap) and recorded water flow directions.

2.5. Field Testing of Aerated, Direct-Push, Oxidant Candles

Results from three field sites are presented. The site names and locations include: Freeman
(Sargent, NE, USA), Textron (Lincoln, NE, USA) and Hoover (Beatrice, NE, USA). All three sites were
treated with aerated oxidant candles that were installed with direct-push equipment. The Freeman site
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used a non-reloadable design whereas the Textron and Hoover site used a reloadable design that is
currently being used at other locations. The number of drive points installed at each site is shown in
the individual plot plans provided below; additional plot details and brief site histories are provided
in SM.

The aerated oxidant candle drive points were placed in the contaminant source areas for the
Freeman and Textron sites while the drive points at the Hoover site were positioned to test a pilot-scale
barrier design (Table 1). Each field site was located in a different geographical location within the
state of Nebraska (USA) and thus site and groundwater characteristics differed. Individual field site
characteristics are presented and include: depth to groundwater; screen depths of oxidant candles
and monitoring wells; soil textures; seepage velocity; groundwater quality characteristics and major
contaminants of concern (Table 1).

Table 1. General site characteristics of three field sites treated with aerated oxidant candle drive points.

Site Characteristics Freeman Textron Hoover

Treatment type Source Zone Source Zone Permeable Reactive
Barrier

Depth to Groundwater (m) 2.0 4.1 4.4

Screened Interval of Oxidant
Drive Points (m) 1.5–6.1 1.5–6.1 1.5–6.4

Screened Interval of
Monitoring wells (m) 1.2–4.3 1.5–6.1 3.4–6.4

Texture Layers of Clay and
Fine to Coarse Sand

Layers of Clay, Sandy
Clay, and Medium to

Fine Sand

Lean Clay with various
amounts of Fine Sands

Seepage Velocity (cm/d) 16.5 26.5 0.21

Contaminant(s) of Concern BTEX BTEX 1,4-dioxane, TCE, BTEX

Dissolved Oxygen (mg/L)
Initial Range 1 0.76–1.64 0.34–3.30 0.32–1.80

ORP (mV)
Initial Range −248.6 to −207.1 −118.9 to 48.0 −167.4 to −48.5

pH
Initial Range 6.45–6.78 6.15–6.98 6.47–7.06

1 Initial range of water quality parameters measured in site monitoring wells (Freeman: SG-10, SG-19 and SG-20;
Textron: TX-1, TX-2, TX-3 and TX-4 and Hoover: HV-1, HV-2 and HV-3) prior to initiating the aerated oxidant
candle treatment.

2.6. ISCO with Liquid Oxidant versus Aerated Oxidant Candle

Given that the Freeman site had been treated by ISCO using a liquid oxidant in a previous
investigation and aerated oxidant candles from this research, we compared the efficacy of using oxidant
candles versus liquid oxidant in a controlled wide flow box experiment. Tank experiments used Ottawa
graded sand (grain size 0.150–0.425 mm) that was packed into the tank by uniformly adding the sand
in layers while raising the water level during packing. Additional details of the flow box construction
(inlet, soil and outlet chambers) are presented in Supplementary Materials (Figure S4). To compare the
two forms of oxidant delivery, we used phenol as the surrogate contaminant and flooded the tank with
phenol (50 mg L−1) under constant advection. Once inlet and outlet phenol concentrations stabilized,
the tank inlet chamber was switched to tritiated water (3H2O) and pumped into the inlet chamber to
produce the same advection rate. Effluent samples were collected from the outlet chamber to produce
a tritiated water breakthrough curve. For the control treatment, the rise in 3H2O corresponded with a
decrease in phenol as it was physically flushed out of the tank.


