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Software Spotlight/ Chunmiao Zheng, Software Editor

PHT3D: A Reactive Multicomponent Transport
Model for Saturated Porous Media
reviewed by C.A.J. Appelo1 and Massimo Rolle2

This column reviews the general features of PHT3D
Version 2, a reactive multicomponent transport model that
couples the geochemical modeling software PHREEQC-2
(Parkhurst and Appelo 1999) with three-dimensional
groundwater flow and transport simulators MODFLOW-
2000 and MT3DMS (Zheng and Wang 1999). The
original version of PHT3D was developed by Henning
Prommer and Version 2 by Henning Prommer and
Vincent Post (Prommer and Post 2010). More detailed
information about PHT3D is available at the website
http://www.pht3d.org.

The review was conducted separately by two review-
ers. This column is presented in two parts.

PART I by C.A.J. Appelo

Introduction
PHT3D is a computer code for general reactive trans-

port calculations, coupling MODFLOW/MT3DMS for
transport and PHREEQC for chemical reactions. It was
developed by Henning Prommer in the 1990s and has
been applied by him and his coworkers to various ground-
water problems of practical interest. The resulting pub-
lications (http://www.pht3d.org/pht3d public.html) show
an impressive applicability of the code and illustrate the
underlying understanding of quite complicated interac-
tions (e.g., Prommer and Stuyfzand 2005; Prommer et al.
2008, 2009). In the original version, transport is calculated
during a time step, an input file is written for PHREEQC
for calculating reactions such as ion exchange and pre-
cipitation or dissolution of minerals, and these steps are
repeated for subsequent time steps until finished. This
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loose coupling has the advantage that updates of the
master programs can be installed without much effort.
A disadvantage is that the calculation of the chemical
reactions needs to be initialized time and again for each
cell in the model, which adds another time-consuming
step to calculations that are already computer-intensive.
Another disadvantage is that surface complexation reac-
tions need to be calculated first using the water compo-
sition from the previous time step and then reacted with
the changed water concentrations. This procedure was not
implemented in the original version of PHT3D, and sur-
face complexation reactions could not be calculated.

Prommer and Post recently released the second
version of PHT3D that resolves the shortcomings and
works very well. The improvement is owing firstly to
the implementation of total-variation-diminishing (TVD)
scheme that MT3DMS uses for calculating advective and
dispersive transport (Zheng and Wang 1999). Secondly,
it is because PHREEQC is now being used for storing
the chemical data of the model, including the chemical
activities and the composition of surface complexes from
the previous time step. In addition, the procedure to
transport total oxygen and hydrogen has been adapted
from PHAST (PHAST is the 3D reactive transport model
developed by Parkhurst et al. 2004, based on HST3D
and PHREEQC). This enables the user to obtain the
redox state of the solution without having to transport
individual redox concentrations of the elements (e.g., C
being distributed over carbon-dioxide, C(4), and methane,
C(–4)). The tighter coupling quickens the calculations
twofold at least, but probably by an order of magnitude for
the more interesting cases. In this review, the background
of the new implementation is presented and illustrated
with examples and compared with results from PHREEQC
and PHAST.

How Are pe and pH Calculated in the New
Version

The calculation of pe and pH from total hydrogen and
oxygen, and charge balance has been implemented in the
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Long-Term Evaluation of Mulch Biowall 
Performance to Treat Chlorinated Solvents

by Kenneth L. Walker Jr., Travis M. McGuire, David T. Adamson, and R. Hunter Anderson

Abstract
Permeable reactive barriers (PRBs), such as mulch biowalls, have been installed at numerous groundwater cleanup sites, and laboratory 

and field studies have demonstrated biotic and abiotic processes that degrade chlorinated volatile organic compounds (CVOCs) in groundwa-
ter passing through these engineered remedies. However, the longevity of mulch biowalls remains a fundamental research question. Soil and 
groundwater sampling at seven mulch biowalls at Altus Air Force Base (AFB) approximately 10 years after installation demonstrated the ongoing 
degradation of CVOCs. Trichloroethene was not detected in five of seven groundwater samples collected from the biowall despite upgradient 
detections above federal drinking water standards. Microbial sampling established the presence of key dechlorinating bacteria and the abun-
dance of genes encoding specific enzymes for degradation, high methane concentrations, low sulfate concentrations, and negative oxidation-
reduction potential, all indicative of highly reducing conditions within the biowalls and favorable conditions for CVOC destruction via microbial 
reductive dechlorination. High cellulose content (>79%) of the mulch, elevated total organic carbon (TOC) content in groundwater, and elevated 
potentially bioavailable organic carbon (PBOC) measurements in soil samples further supports an ongoing, long-lived source of carbon. These 
results demonstrate the ongoing and long-term efficacy of the mulch biowalls at Altus AFB. In addition, concentrations of bacteria, TOC, PBOC, 
and other geochemical parameters suggest a modest impact of the biowalls downgradient. The continued presence of CVOCs downgradient 
may be attributable to back diffusion from low-permeability shale. However, the biowalls continue to provide benefits by removing CVOCs in 
groundwater, thus reducing further CVOC loading to the downgradient, low-permeability strata.

Article impact statement: This paper demonstrates the 
ongoing and long-term efficacy of mulch biowalls approxi-
mately 10 years after installation.

Introduction
A permeable reactive barrier (PRB) is a passive, in situ 

remedial technology that treats contaminated groundwater 
via natural and engineered biotic and abiotic processes (e.g., 
AFCEE 2008). PRB installation typically involves reactive 
material (e.g., mulch) mixed with a permeable matrix (e.g., 
sand and gravel) installed in trenches oriented perpendicu-
lar to the flow of groundwater. One common PRB reactive 
material consists of organic materials such as mulch and 
bark; these PRBs are typically called biowalls. Conceptu-
ally, a biowall intercepts impacted groundwater flow, and 
the constituents of concern are degraded via biological and 
biogeochemical transformation reactions induced by the 
reactive material within the biowall (e.g., AFCEE 2008; 
Whiting et al. 2014). After flowing through the biowall, the 
treated groundwater mixes with native groundwater, thereby 
lowering chlorinated volatile organic compound (CVOC) 
concentrations. Depending on site-specific conditions, this 

treated groundwater may promote further degradation of 
CVOCs in downgradient groundwater through the transport 
of reactive substrates.

When mulch biowalls were initially installed in the 1990s 
and 2000s, there was substantial uncertainty as to the lon-
gevity and sustainability of this technology (AFCEE 2008; 
ITRC 2011; Obiri-Nyarko et al. 2014). For example, the 
United States Air Force 2008 technical protocol for mulch 
biowalls suggested that while the mulch fraction may last 10 
to 15 years or longer, the biowalls may need to be replen-
ished with additional organic substrate if the primary reac-
tive media becomes depleted (AFCEE 2008). In addition, the 
long-term sustainability of biowall performance was identi-
fied as a key regulatory issue by AFCEE (2008) and others 
(ITRC 2011; Obiri-Nyarko et al. 2014). Lu et al. (2007) dem-
onstrated field performance at the OU-1 biowall at Altus Air 
Force Base (AFB) based on 4 years of monitoring data. Lon-
ger term predictions of biowall longevity have typically been 
based on laboratory studies rather than field data collected 
from actual biowall sites. For example, Shen et al. (2010) 
estimated that the mulch in the SS-17 biowall at Altus AFB is 
expected to support microbial activity for 10 years, but their 
results were based on laboratory studies rather than the evalu-
ation of performance data collected in the field.

Sustained treatment encompasses the ongoing, long-
term performance of in situ remedial technologies years 
after initial installation. Adamson et al. (2011) introduced 
the concept of sustained treatment to describe enhancements 
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Figure 1. Site layout showing the SS-17 biowall segments at Altus Air Force Base and the estimated TCE plume in 2002 prior to 
biowall installation.

to the attenuation capacity after the conclusion of the active 
treatment period. Mechanisms that contribute to contami-
nant removal over long timeframes may include endogenous 
biomass decay (Suthersan et al. 2013), slow diffusion of 
remedial amendments from low-permeability zones, and the 
formation of reactive mineral species (e.g., He et al. 2015). 
Enhanced bioremediation was identified as a technology that 
lends itself to sustained treatment (Adamson et al. 2011).

This paper evaluates the sustained treatment of mulch 
biowalls at Altus AFB approximately 10 years after biowall 
installation. We hypothesize that sustained treatment processes 
remain active within the biowalls and contribute to the ongoing 
attenuation of CVOCs within and downgradient of the biow-
alls. Altus AFB was selected as a test candidate due to the scale 
of the mulch biowalls (approximately one mile in total length) 
and the availability of extensive historical data collected as 
part of the ongoing site investigation and monitoring program, 
which was provided by the Remedial Project Manager at the 
AFB. Additional field data were collected in 2015 to assess the 
performance of the biowalls in terms of the degree of ongo-
ing CVOC degradation, the geochemical environment present 
within the biowalls, and the processes that may be contributing 
to degradation of CVOCs in groundwater flowing through the 
biowalls. The data were also analyzed to evaluate the effects of 
the biowalls on downgradient groundwater quality.

Background
Site Description and History

Altus AFB is located in Jackson County in southwestern 
Oklahoma (Figure  1). Biowalls have been installed at two 

areas of the Altus AFB complex: at Operable Unit 1 (OU-1) 
and at Spill Site 17 (SS-17). The OU-1 biowall was installed in 
the eastern portion of the base in June 2002 and has been the 
subject of several field and laboratory studies (Kennedy and 
Everett 2003; Lu et al. 2007; He et al. 2008; USEPA 2009; 
Lebrón et al. 2010; Shen et al. 2012; Whiting et al. 2014). One 
focus of this prior research at the OU-1 biowall was evaluat-
ing the potential for abiotic reactions. The prior research at 
OU-1 documented favorable biogeochemical conditions for 
the abiotic degradation of CVOCs flowing through this bio-
wall, as well as a biological degradation component based on 
accumulation of vinyl chloride (Whiting et al. 2014).

The research presented herein focuses on the six SS-17 
series of biowalls (biowall segments A-F), which are gen-
erally located along the southern property boundary of 
the base (Figure  1). In 2005, six mulch biowall segments 
(identified as biowalls A through F), totaling approximately 
5300 linear feet (1615 m), were installed to a depth of 35 
feet (10.7 m) below ground surface (bgs) to treat CVOCs in 
groundwater. The thickness of the biowalls is approximately 
two feet (0.6 m) in the direction of groundwater flow. The 
biowalls were constructed of 42% mulch and 11% cotton 
burrs as the reactive media, and 32% sand and 15% rock as 
the permeable matrix (Parsons 2006). Whiting et al. (2014) 
estimated the residence time of groundwater within the bio-
wall to range from 2 to 50 days; this wide range is based on 
varying estimates of groundwater flow velocities in the por-
tion of the shallow aquifer where the biowall was installed 
(described below), and it has been suggested that the resi-
dence time of CVOCs may be longer within biowalls due to 
sorption within the biowall matrix (AFCEE 2008).
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A 180-foot (55 m) portion of biowall B (centered around 
monitoring well transect BB04) was spiked with magnetite 
during biowall construction in 2005 to increase the iron 
content of the sand from 1600 mg per kilogram (mg/kg) 
to 118,000 mg/kg to promote biogeochemical CVOC deg-
radation (Parsons 2006). In 2008, approximately 685,000 
pounds of soybean oil were injected into each of the six 
SS-17 biowall segments (A through F) based on a recom-
mendation to enhance biowall effectiveness even though 
data did not indicate decreasing effectiveness of the biowall 
for treatment of CVOCs (Parsons 2008a, 2008b).

Multiple studies have evaluated the SS-17 biowall tran-
sects at the laboratory and field scale, primarily to investi-
gate the biogeochemical transformation processes and rates 
acting within the mulch biowall (Shen and Wilson 2007; 
Lebrón et al. 2010; Evans et al. 2014; Whiting et al. 2014). 
These studies of the SS-17 biowalls have documented the 
efficacy of CVOC removal within the biowall, as well as 
the presence of biogeochemical transformation and abiotic 
patterns of contaminant degradation. However, these stud-
ies did not evaluate the long-term performance of the mulch 
biowall to treat parent and daughter CVOCs. The study 
presented in this manuscript focuses on the long-term per-
formance of the SS-17 mulch biowall at Altus AFB by eval-
uating historical data and current conditions approximately 
10 years after biowall installation.

Site Geology/Hydrogeology
As described extensively in other site documents (Water-

stone 2007; Parsons 2008a), Altus AFB is underlain primarily 
by the Permian Hennessey Group, which consists of reddish-
brown shale with interbedded siltstone and sandstone (Parsons 
2008a). The site geology near the biowall consists of surface 
alluvium and residual soil cover from surface to approxi-
mately 10 to 15 feet (3.0 to 4.6 m) bgs. Beneath the surface 
alluvium, weathered red shale extends from approximately 15 
to 40 feet (6.1 to 12.2 m) bgs, followed by a more competent, 
consolidated shale below 40 feet (12.2 m) bgs. The shale con-
tains natural gypsum and anhydrite, contributing to naturally 
elevated sulfate concentrations in groundwater around 1500 to 
2000 mg/L. Zones of fracturing and weak/crumbly bedding in 
the Hennessey Shale below approximately 10 to 15 feet (3.0 to 
4.6 m) bgs appear to be preferential pathways for groundwa-
ter and CVOC migration, with higher permeability fractures 
surrounded by lower permeability shale. Thus, fracture flow, 
rather than flow through a continuous porous medium, con-
tributes to the flow regime in the deeper portions of the shallow 
aquifer, and there is some potential for impacted groundwater 
to flow underneath the biowalls or around the ends of the bio-
walls. However, based on historical site investigation activities 
and groundwater flow patterns measured during routine mon-
itoring events, the biowalls appear to intercept the impacted 
groundwater through their maximum installed depths.

Groundwater near the SS-17 biowalls generally flows 
to the southeast. Hydraulic conductivities of the shallow 
aquifer have been reported in a variety of studies and range 
from approximately 2 to 30 feet/d (0.6 to 9 m/d; 7x10−4 to 
1x10−2 cm/s); Parsons (2008a) reported a geometric mean 
conductivity value of 4 feet/d (1.2 m/d; 1x10−3 cm/s) based 
on slug tests performed in the upgradient and downgradi-

ent biowall monitoring wells, with groundwater seepage 
velocities ranging from approximately 2 to 400 feet per year 
(0.002–0.3 m/d).

Based on groundwater flow data and patterns in July 
2005 and October 2006, Parsons (2008b) concluded that the 
biowall system had not impacted the groundwater flow sys-
tem on a site-wide basis. Our review of groundwater eleva-
tion data collected in 2017 and 2018 also does not indicate 
significant changes in the overall groundwater flow regime 
at the site as a result of the biowalls, nor do they indicate 
observable permeability reductions in the vicinity of the 
biowalls (e.g., no groundwater mounding has been observed 
upgradient of the biowalls). In addition, we are not aware 
of any studies that have evaluated the biowall permeability 
over time, but field inspection of the biowall material dur-
ing sampling in 2015 indicated loose mulch material con-
sistent with a highly permeable zone that would not impede 
groundwater flow.

Nature and Extent of CVOC Impacts
This study focuses on the CVOC plumes within ground-

water originating from spill sites SS-17, SS-18, and SS-23 
intersected by the SS-17 mulch biowall. This combined 
plume contains CVOCs from multiple assumed sources. 
The primary CVOC is trichloroethene (TCE). The extent 
of the groundwater plume in 2002, prior to biowall instal-
lation, is estimated in Figure 1 as the extent of the USEPA 
maximum contaminant level (MCL) for TCE concentrations 
(0.005 mg/L TCE); the extent of this plume was estimated 
from isoconcentration contours in the upper and lower zones 
of the shallow groundwater unit, as shown in Parsons (2008a).

Methods
Historical Sampling Data

Historical analytical data were provided by the Air 
Force from the Environmental Resources Program Info 
Management System (ERPIMS) database for the CVOCs 
(i.e., tetrachloroethene [PCE], TCE, cis-1,2-dichloroethene 
[cis-DCE], and vinyl chloride) at the groundwater monitor-
ing wells associated with the SS-17 biowalls.

Field Sampling and Analytical Program
In order to evaluate the long-term sustainability of the 

mulch biowalls, an extensive field sampling program was 
undertaken in May and June 2015.

Groundwater samples were collected from existing 
monitoring wells installed at eight transects based on his-
torical CVOC concentrations (see Figure 1): BA-01, BB-04, 
BB-05, BC-07, BC-08, BE-09, BE-11, and BF-12. Ground-
water monitoring wells were installed within the biowall 
and approximately 20 feet (6.1 m) upgradient and downgra-
dient of the biowall. These wells were installed to depths 
of approximately 35 feet bgs (10.7 m), with the screened 
interval extending from approximately 5 feet bgs (1.5 m) to 
the total depth at approximately 35 feet bgs (10.7 m). The 
screened intervals are thus consistent with the depth of the 
biowalls and are expected to represent flow conditions flow-
ing through the biowall.
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Groundwater samples were collected using low-flow 
sampling techniques. The samples were shipped overnight 
to National Environmental Laboratory Accreditation Pro-
gram (NELAP)-accredited commercial laboratories using 
standard USEPA methodologies for analysis of: CVOCs 
by gas chromatography/mass spectrometry (USEPA 
SW-846 Method 8260B); chloride, nitrate, and sulfate by 
ion chromatography (USEPA SW-846 Method 9056); dis-
solved calcium, iron, magnesium, potassium, and sodium 
by inductively coupled plasma-atomic emission spectrom-
etry (USEPA SW-846 Method 6010B); alkalinity by the 
titration method (USEPA Method 2320B) (field-filtered 
with a 0.45 μm filter); biological oxygen demand (BOD) 
by USEPA Method 5210B; chemical oxygen demand 
(COD) by semi-automated chlorimetry (USEPA Method 
410.4); total organic carbon (TOC) by carbonaceous ana-
lyzer (USEPA SW-846 Method 9060A); and dissolved 
gases methane, ethane, and ethene by gas chromatography 
(USEPA Method RSK175). Microbial biological analyses 
were performed on groundwater samples by Microbial 
Insights. Specifically, results were obtained using their 
proprietary QuantArray-Chlor approach, which utilizes 
quantitative polymerase chain reaction (qPCR) techniques 
to quantify the abundance of genes encoding specific 
enzymes for degradation.

The following groundwater field parameters were 
measured using a hand-held flow-through cell and meter 
(Horiba model U-52, Horiba Instruments Incorporated, 
Irvine, California): temperature (thermistor method), pH 
(glass electrode method), specific conductivity (4 AC elec-
trode method), turbidity (light emitting diode [LED] light 
source and 30° scattering method), dissolved oxygen (DO) 
(polarographic method), and oxidation–reduction potential 
(ORP) (platinum electrode method; Ag/AgCl reference 
electrode). Ferrous iron was also measured in the field using 
a portable Hach colorimeter (Model 850, Hach Company, 
Loveland, Colorado) by Hach Method 8146 (1,10 Phenan-
throline Method).

During the 2015 field investigation, 21 soil borings were 
advanced to approximately 35 feet (10.7 m) bgs with a sonic 
drill at locations adjacent to each of the upgradient, biowall, 
and downgradient groundwater monitoring wells at seven 
of the eight transects sampled for groundwater; soil borings 
were not advanced at transect BE-09 due to conflicts with 
existing utilities. Potentially bioavailable organic carbon 
(PBOC) from each of the 21 soil borings was analyzed at 
the laboratory of Dr. Mark Widdowson at the Virginia Poly-
technic Institute and State University (Virginia Tech) by the 
PBOC methodology documented in Rectanus et al. (2007), 
Chapelle et al. (2012), Thomas et al. (2013), and Lebrón et 
al. (2013).

Mulch samples were collected from three different 
depths from within the saturated zone of the biowalls and 
shipped to the Soil and Forage Analysis Laboratory at the 
University of Wisconsin, Madison Extension for forage 
analysis and analyzed for the percent of dry matter, percent 
moisture, total nitrogen, total phosphorus, total potassium, 
sulfur, NH

4
-N, pH, total carbon, acid detergent fiber (ADF), 

neutral detergent fiber (NDF), lignin, and silica ash. The 
cellulose content was calculated as the difference between 

ADF and lignin. The hemicellulose content was calculated 
as the difference between NDF and ADF.

An in situ bioreactor was installed upgradient of transect 
BF-12 in 2007 and organic vegetable oil was injected into 
the bioreactor in 2008. Evidence of the vegetable oil was 
noted in the field, and data from this transect were excluded 
from further analyses in this paper to avoid confounding 
impacts of the mulch biowall with those from the bioreac-
tor. This bioreactor with vegetable oil injections is separate 
from the 2008 vegetable oil injections that were injected 
directly into the six biowall segments.

Data Analyses
Differences in upgradient, biowall, and downgradient 

concentrations collected in 2015 were compared with the Wil-
coxon signed-rank test, which is a nonparametric version of 
the paired t-test, where the samples were paired by transect.

Concentration trends were calculated with the Mann-
Kendall nonparametric trend test, which is frequently used 
for analyzing long-term trends in groundwater monitoring 
data (Connor et al. 2014).

To provide a single metric for expressing the extent of 
CVOC degradation at each location, the chlorine number 
was calculated (AFCEE 2007). The equation for the chlo-
rine number is as follows, where the concentration of each 
analyte is a molar concentration:

Chlorine Number

�
� �� � �� � �� � �

� �� � �� � �
4 3 2PCE TCE DCE VC

PCE TCE DCE ��� �� � �� � �VC ethene ethane
.

When calculating the chlorine number, nondetect mea-
surements were assumed to be zero, and it was assumed 
that ethane and ethene are stable under reducing conditions 
(AFCEE 2007).

To illustrate temporal trends, a site-wide chlorine num-
ber was calculated for each year. After computation of the 
chlorine number for each sample event, the mean annual 
chlorine number was calculated for each groundwater moni-
toring well for each year. The median chlorine number for 
each of the seven upgradient, biowall, and downgradient 
transects was then calculated annually.

First-order decay rates at individual locations (k
point

) 
were calculated for each location as the negative slope of 
the best-fit line on the natural log of concentration vs. time 
plot (Newell et al. 2002), which were calculated based on 
historical monitoring data and the data collected from the 
May-June 2015 field program. These k

point
 decay rates can 

be translated to half-lives by dividing 0.693 by the k
point

 rate 
constant.

Results and Discussion
The ongoing efficacy of the mulch biowalls approxi-

mately 10 years after biowall installation is demonstrated by 
five primary lines of evidence from data collected in 2015:

•	 CVOC concentration patterns and decay rates;
•	 Biowall geochemical environment;
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•	 Biowall mulch composition;
•	 Microbial environment; and
•	 Downgradient effects.

CVOC Concentration Patterns and Decay Rates
Boxplots of TCE, cis-DCE, and VC concentrations mea-

sured in 2015 at the upgradient, biowall, and downgradient 
locations for each of the seven sampled transects are shown 
in Figure 2, with the actual concentrations depicted as dots. 
TCE was detected in only two of seven biowall monitoring 
wells, and detected concentrations were below the USEPA 
MCL (Table  SI-1). TCE concentrations were statistically 
different between the upgradient and biowall locations 
(Wilcoxon p value = 0.02) and the biowall and downgradi-
ent locations (Wilcoxon p value = 0.03). These results show 
that the mulch biowalls remain effective at degrading TCE 
approximately 10 years after biowall installation to below 
regulatory limits.

The presence of cis-DCE and VC at the upgradient 
locations demonstrates that there is some natural anaero-
bic biodegradation of TCE to daughter products within the 
aquifer matrix. Spatial patterns of cis-DCE concentrations 
show a similar pattern to TCE, indicating that the biowall 
is capable of further breakdown of cis-DCE to vinyl chlo-
ride. cis-DCE concentrations were statistically different 
between the upgradient and biowall locations (Wilcoxon 
p value  =  0.03) and the biowall and downgradient loca-
tions (Wilcoxon p value  =  0.02). The vinyl chloride data 
demonstrate comparable concentrations between upgradi-
ent locations and the biowall (Wilcoxon p value  =  0.69), 
with slightly elevated but not statistically significant vinyl 
chloride concentrations downgradient compared to upgradi-

ent (Wilcoxon p value = 0.09) and biowall concentrations 
(Wilcoxon p value  =  0.18), suggesting that vinyl chloride 
is being produced within the biowall faster than it is being 
degraded (Figure 2c).

Downgradient concentrations of TCE and cis-DCE 
remain consistent with upgradient concentrations despite 
their removal within the biowall (Figure  2a and 2b; Wil-
coxon p values of 0.31 and 0.73, respectively). These results 
are consistent with the results that Whiting et al. (2014) 
reported for samples collected in 2007–2008 at transects 
BB04 and BB05. The dissolved groundwater plume histori-
cally extended downgradient of the biowalls prior to biow-
all installation, suggesting the potential for CVOC mass to 
have diffused from the higher permeability fractures into 
low permeability strata (i.e., shale) downgradient of the bio-
wall. Since TCE and cis-DCE concentrations within the bio-
wall are substantially lower than the upgradient locations, 
flushing of this cleaner water would be expected to reduce 
downgradient concentrations over time. Thus, the fact that 
TCE and cis-DCE concentrations remain elevated implies 
that matrix diffusion out of a lower-permeability matrix 
into the higher-permeability fracture zones may be a partial 
explanation of these elevated CVOC concentrations down-
gradient. The potential for impacted groundwater bypassing 
the biowall underneath may also contribute but is unlikely to 
fully explain the patterns observed here due to the fracture 
patterns observed in the field.

To evaluate the efficacy of the biowall over time, a 
plot of median annual chlorine number (solid lines) in the 
upgradient, biowall, and downgradient locations is shown 
on Figure 3, and a plot of median annual concentrations of 
each of the primary CVOCs are shown on Figure 4. Data 
collected in 2004 (prior to biowall installation) at upgra-
dient and downgradient locations indicate that the overall 
CVOC groundwater plume was dominated by a CVOC 
composition consistent with a source composition com-
posed almost entirely of TCE (i.e., a chlorine number of 
3), consistent with relative concentrations of the individual 
CVOCs (Figure 4). The upgradient data indicate a decreas-
ing trend (Mann-Kendall S = −32, confidence factor > 0.99) 
in the chlorine number, suggesting that natural attenuation 
processes are slowly removing chlorine from the source 
material (as characterized by a chlorine number of 3), with 
partial but incomplete dechlorination to daughter products, 
consistent with a reduction in chlorine number. This is con-
sistent with concentrations of TCE, cis-1,2-DCE, and vinyl 
chloride at the upgradient locations (Figure 4).

In contrast, the biowall data show a rapid decrease in 
chlorine number from greater than 2 to approximately 1 
between 2005 and 2011 as the TCE is converted to cis-1,2-
DCE, vinyl chloride, and ethene. Compared to the upgra-
dient locations, the biowall has resulted in more complete 
degradation of TCE to lower-chlorine daughter products 
and stable end products, thus demonstrating the influence of 
active treatment via the mulch biowalls, even if degradation 
to nonchlorinated end products is incomplete. After approxi-
mately 2011, the overall CVOC composition of groundwater 
within the biowall is consistent with vinyl chloride (aver-
age chlorine number = 1) and has not materially increased 
since 2011. Since 2008, the chlorine number trend within 

(a) (b) (c)

Figure 2. Boxplots of 2015 concentrations of groundwater col-
lected from upgradient (UG), biowall (BW), and downgradi-
ent (DG) groundwater monitoring wells at seven transects. The 
dots show the individual sampling results for each transect. 
The box shows the 25-75th percentile range of the data, the 
whiskers represent the maximum and minimum, and the hori-
zontal line within the box is the median.
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(a)

(b)

(c)

Figure 4. Historical trends in TCE (top), cis-1,2-DCE (middle), and vinyl chloride (bottom) in upgradient, biowall, and downgradi-
ent monitoring wells at seven sampled transects. Solid lines represent the median annual concentration.

0

Figure 3. Historical trends in the chlorine number in upgradient, biowall, and downgradient monitoring wells at seven sampled 
transects. Solid lines represent the median annual chlorine number. A chlorine number of 3 represents a groundwater composition 
composed of 100% TCE.
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the biowall has remained stable (Mann-Kendall S = −2, con-
fidence factor = 0.625) and does not demonstrate rebound, 
thus demonstrating the long-term sustainability of the mulch 
as a carbon source over the performance period evaluated.

In contrast, the chlorine number at the downgradi-
ent locations indicated an initial drop in chlorine number 
to between 1 and 2, consistent with the biowall locations, 
but since approximately 2009, the chlorine number has 
increased to approximately 2.3 (Mann-Kendall increasing 
trend since 2008; S = 6, confidence factor = 0.958) and was 
consistent with the upgradient groundwater CVOC compo-
sition by 2015. These results suggest an initial flushing of 
the higher permeability zones with cleaner water emanating 
from the biowalls after treatment. We believe that this initial 
decreasing trend, followed by a slow but gradual increase in 
the chlorine number, suggests matrix diffusion of CVOCs 
from lower permeability zones back into the higher perme-
ability zones.

It is important to note that the trends of Figure  3 (as 
well as individual trends of TCE, cis-DCE, and VC shown 
on Figure  4) do not exhibit any appreciable impact from 
the 2008 vegetable oil injections into the biowall. While a 
slight decrease in chlorine number was noted within and 
downgradient of the biowall in 2008, this decrease was also 
noted in the upgradient transects as well, which would not 
be expected to be impacted by the vegetable oil injections 
within the biowall, and the time series plots of individual 
CVOCs do not demonstrate a noticeable impact from the 
vegetable oil injections into the biowall (Figure 4). As such, 
it is concluded that the injections had no discernible influ-
ence on the analyses presented herein.

First-order point decay rates of TCE provide evidence 
of baseline CVOC degradation in the aquifer matrix, 
increased removal within the biowalls, and the influ-
ence of matrix diffusion downgradient of the biowalls 
(Figure  5). Upgradient and biowall locations generally 

demonstrate positive decay rates, indicating the ongoing 
degradation of the parent compound and further evidence 
of sustained treatment within the biowalls. Downgradient 
locations show wider variability, with rates at three loca-
tions indicating increasing TCE concentrations, poten-
tially due to matrix diffusion. In general, the decay rates 
for the biowall locations are higher than the upgradient 
and downgradient locations, although not at statistically 
significant levels. The median half-life of TCE within 
the biowall is 1.5 years, lower than the median half-lives 
of TCE at the upgradient (2.7 years) and downgradient 
(4.0 years) locations, thus demonstrating that TCE degra-
dation is enhanced within the biowalls. Similar patterns 
exist for cis-DCE and vinyl chloride (data not shown). 
The tendency for degradation to follow a first-order rela-
tionship, as well as the lack of concentration rebound, 
particularly within the biowall, provides evidence that 
treatment was sustained over an extended period and not 
due solely to activity within the initial post-installation 
period.

Biowall Geochemical Environment
Additional evidence of ongoing treatment within the 

biowalls approximately 10 years after installation is pro-
vided by geochemical parameters (Figure 6). For example, 
the redox conditions within the biowalls are much more 
reducing than the upgradient and downgradient locations, 
demonstrating an enhanced environment geochemically 
favorable for reductive dechlorination. Consistent with the 
altered geochemistry, methane concentrations are elevated 
and sulfate concentrations are lowered within the biowalls, 
further evidence of sustained highly reducing conditions 
(i.e., sulfate-reducing and methanogenesis reactions) within 
the biowalls.

TOC concentrations within the biowalls were sub-
stantially higher than concentrations outside the biowalls 
at six of the seven transects (Figure 6), which indicates 
that the biowalls continue to produce elevated levels of 
organic carbon. Furthermore, TOC concentrations in 
these six transects were more than 2 to 17 times greater 
than the 20 mg/L threshold that has been reported as 
indicative of sustained treatment (Suthersan et al. 2013). 
Additionally, the TOC in the biowall (median concentra-
tion of 44 mg/L) remains elevated relative to upgradient 
and downgradient locations, indicating that the biowall 
continues to serve as a carbon source for microbiologi-
cal activity. Furthermore, a comparison of TOC results 
within the biowall to the average TOC collected from 
monitoring wells between July 2005 and July 2006 indi-
cates that TOC concentrations measured in 2015 are sim-
ilar or greater than the average concentrations measured 
within approximately 1 year of biowall installation, with 
two of the three transects showing an increase in TOC 
from after biowall installation to 2015, and one tran-
sect (BB04) showing a small decrease (58 to 50 mg/L) 
(Table  SI-2). This comparison of TOC results over a 
10-year window indicates that TOC has not been appre-
ciably depleted since installation and that the biowall 
remains an ongoing source of organic carbon to ground-
water.

Better

Worse

Figure 5. Boxplot of first-order decay rates of TCE (1/d) in 
upgradient (UG), biowall (BW), and downgradient (DG) 
groundwater monitoring wells. The dots show the individual 
sampling results for each transect.
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Biowall Mulch Composition
The TOC results are supported by forage analy-

sis results (Table  SI-3) of mulch samples collected from 
within the biowall, which also indicate an ongoing source 
of organic carbon 10 years after biowall installation. Cel-
lulose fractions within the biowalls remain high, ranging 
between 79.5 and 92.8% of the dry matter. Lignin frac-
tions are between 2.02 and 5.83% of the dry matter. High 
cellulose content and low lignin content have been associ-
ated with favorable mulch characteristics for sustainable 
release of bioavailable organic carbon from the mulch 
(Ahmad et al. 2007). While the introduction of a vegetable 
oil substrate in 2008 was intended to supplement the car-
bon source within the biowall, no cellulose was associated 
with the vegetable oil injections. Instead, the finding that 
cellulose fractions remain elevated 10 years later suggests 
the inherent long-term viability of the mulch matrix mate-
rial itself as a long-lived carbon source capable of ongoing 
chemical treatment. In addition, PBOC measured within 
the biowall ranged from 310 to 5213 mg/kg, which is gener-
ally an order of magnitude higher than what was observed 
at upgradient and downgradient locations, reflecting the 
bioavailability of carbon within the mulch biowalls.

Microbial Environment
Molecular biological tools were utilized to evaluate 

the microbial community present and capable of dechlori-

nation. Figure 7 shows concentrations of microbial analy-
ses in upgradient, biowall, and downgradient groundwater 
monitoring wells for each transect (see also Table  SI-4). 
This figure illustrates that both the abundance and diversity 
of microbes are typically greater within the biowall rela-
tive to both the upgradient and downgradient locations, and 
these analyses confirm that microbial communities and the 
genes encoding functional enzymes capable of complete 
dechlorination are present. Furthermore, within the biow-
alls, concentrations of Dehalococcoides sp. (DHC) exceed 
the threshold level of 104 cells/mL for “useful” biodegrada-
tion rates (Lu et al. 2006) in four of seven transects. Despite 
redox conditions indicative of an anaerobic environment, 
the biowalls also contain elevated levels of genes encoding 
oxygenase enzymes capable of cometabolic degradation, 
indicating the potential for microhabitats within the biow-
alls.

The higher abundance of sulfate reducing bacteria and 
methanogens within the biowall wells corroborates the ele-
vated methane and lowered sulfate results within the biow-
alls relative to the upgradient and downgradient locations 
(Figure 6).

DHC concentrations in groundwater in 2015 were com-
pared to a limited dataset of DHC concentrations collected 
in August 2005 and January 2006 after biowall installation 
at three transects (BB-04, BE-09, and BC-07) (Table SI-5). 
In each case, the abundance of DHC was consistent with 
or greater in 2015 than maximum reported concentrations 

Figure 6. Boxplot of redox conditions (upper left), methane (upper right), sulfate (lower left), and total organic carbon (TOC) (lower 
right) from 2015 groundwater sampling results in upgradient (UG), biowall (BW), and downgradient (DG) groundwater monitoring 
wells. The dots show the individual sampling results for each transect.
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in 2005 and 2006, demonstrating that DHC continues to 
remain active within the biowalls.

Downgradient Effects
These lines of evidence also suggest that the mulch bio-

walls are affecting the downgradient groundwater condi-
tions compared to upgradient concentrations. For example, 
methane concentrations at the downgradient locations are 
greater than upgradient locations at five of seven transects 
(Figure 6). Likewise, TOC is greater at downgradient loca-
tions compared to upgradient locations at five of seven tran-
sects (Figure 6).

The typically greater abundance and diversity of down-
gradient microbial communities compared to the upgradi-
ent locations provides further evidence that the biowall is 
influencing the downgradient microbial community. For 
example, methanogens are greater in downgradient wells 
at six transects, and sulfate reducing bacteria populations 
are greater in five transects. The abundance of DHC, tceA 
reductase, and vinyl chloride reductase are each higher in 
downgradient wells in at least six of the seven sampled 
transects. These elevated microbial populations suggest that 
the stimulation and/or migration of microbial communities 
capable of biological destruction of chlorinated solvents is 
taking place downgradient as a result of the biowalls.

Correlation Analyses
Figure 8 shows relationships between selected ground-

water parameters collected within the biowalls, PBOC from 
adjacent soil borings, and first-order point decay rates of 
TCE within the mulch biowalls at the seven sampled tran-
sects. Based on a nonparametric correlation test, first-order 
point decay rates of TCE show a generally positive relation-
ship with methane (Spearman rho = 0.82), TOC (Spearman 
rho = 0.71), and DHC (Spearman rho = 0.68), indicating that 
the presence of organic carbon (TOC) and bacteria (DHC) 
correlate well with increasing degradation rate of TCE. 
Furthermore, the amount of TOC and DHC show a positive 
relationship (Spearman rho = 0.57), with higher DHC con-
centrations generally found in the presence of greater TOC. 
Not surprisingly, higher degradation rates of TCE are found 
in more anaerobic environments, as demonstrated by lower 
DO concentrations (Spearman rho = −0.75). These correla-
tions each support reductive dechlorination as a prominent 
process within the biowalls.

PBOC, which is operationally defined as the fraction of 
natural organic carbon most loosely associated with sedi-
ment, and thus readily available for reductive dechlorina-
tion, has been proposed as a useful measure for assessing 
natural attenuation (Thomas et al. 2012, 2013). However, 
quantifying PBOC can be labor-intensive because it requires 
collecting a soil core followed by subsampling of relevant 

Figure 7. Concentrations of microbial analyses in upgradient, biowall, and downgradient groundwater monitoring wells for each 
transect. Concentrations are in cell/mL. Red. Dechlor. shows the sum in concentration of the microorganisms responsible for reduc-
tive dechlorination except DHC. Aer. Cometa. shows the sum in concentration of the microorganisms responsible for aerobic come-
tabolism. Nondetect organisms were not added to the sum.
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Figure 8. Scatterplots of selected groundwater parameters and first-order point decay rates of TCE within biowall samples at the 
seven sampled transects.

depth intervals from the core. The amount of PBOC, a soil 
measurement, shows a promising relationship with BOD, a 
water measurement commonly employed in the wastewater 
treatment industry (a similar relationship was also observed 
with COD; data not shown). While meriting further investi-
gation, this relationship suggests that sampling for BOD (or 
COD) in groundwater monitoring wells may provide a cost-
effective surrogate for PBOC. Because BOD is typically 
used to quantify organic carbon being degraded aerobically, 
it is not expected to be a perfect surrogate for organic carbon 
being degraded via anaerobic processes in the subsurface. 
However, using BOD (or COD) may be particularly cost-
effective for time-series analyses of bioavailable organic 
carbon, which otherwise would require mobilization of a 
drill rig for each sampling event.

Summary and Conclusions
Sampling results from the 2015 field sampling pro-

gram demonstrate that the mulch biowalls continue to 
function and degrade parent TCE to daughter products. 
TCE concentrations within each of the biowall samples 
remained below USEPA MCLs. The geochemical envi-
ronment remains strongly reducing, and bioavailable 
organic carbon and microbial populations are present 
and available in sufficient quantities to continue to treat 
the groundwater plume as it passes through the biowall. 

These sampling results, as well as the historical trends of 
the chlorinated solvents, demonstrate the long-term sus-
tainability of the mulch biowalls at Altus AFB 10 years 
after installation.

The concentration patterns, reducing geochemical envi-
ronment, and microbial community suggest that reductive 
dechlorination is an active mechanism within the biowall 
and downgradient aquifer matrix. Whereas Whiting et al. 
2014 calculated that 98–100% of the VOC removal pat-
terns at BB-04 and BB-05 were due to abiotic, rather than 
biotic, degradation mechanisms, it appears, based on our 
findings of microbial abundance and the patterns in daugh-
ter product formation, biodegradation is a relevant removal 
mechanism for TCE within the biowalls. This discrepancy 
may be due to changing patterns of the fraction of biotic 
vs. abiotic degradation over time (Whiting et al. [2014] 
collected samples in 2007-2008) or due to differences in 
methodology.

Immediately downgradient of the biowalls, sampling 
results indicate that the biowalls have cast a “shadow” of 
favorable conditions for CVOC biodegradation. However, 
only modest CVOC reductions have been observed to date, 
potentially due to the strength of back-diffusion from low-
permeability strata. Since the biowalls potentially may not 
extend to the full depth of the impacted groundwater-bearing 
unit, some impacted groundwater may be bypassing the bio-
wall underneath the bottom of the biowalls via the fracture 
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network. However, we believe that matrix diffusion of TCE 
and daughter products out of the low-permeability matrix 
into the higher-permeability zones at least partially explains 
the elevated downgradient CVOC concentrations relative to 
the biowall. Historically, the dissolved groundwater plume 
extended downgradient of the biowall transects prior to bio-
wall installation, thus providing a source of CVOCs into 
the lower-permeability matrix. Back diffusion from low-
permeability materials within shale formations was reported 
downgradient of an electrolytic barrier installed at Pueblo 
Chemical Depot to treat energetic compounds (Sale et al. 
2010), such that the short-term performance in downgradi-
ent wells was clearly influenced by this process. At Altus 
AFB, the ongoing efficacy of treatment within the biowalls, 
however, has helped to cutoff downgradient loading to the 
low-permeability zone for an extended period, and down-
gradient CVOC concentrations should eventually decrease 
due to biotic and abiotic degradation, as well as flushing 
from treated water emanating from the biowalls. Conse-
quently, a monitored natural attenuation approach may be 
appropriate for managing the downgradient groundwater 
based on a site-specific risk-based evaluation on potential 
receptors, if any. While the evidence presented in this paper 
supports the conclusion that the biowalls continue to treat 
CVOCs flowing through the biowalls, future research could 
focus on quantifying the contribution of matrix diffusion 
versus flow bypass to CVOCs measured in the downgradi-
ent monitoring wells.

Given the ongoing performance metrics described here, 
further augmentation of the biowalls with carbon injections 
do not appear warranted at this time, and we anticipate that 
the biowalls will continue to treat CVOCs effectively as they 
pass through the biowall, thus reducing the chemical loading 
of downgradient low-permeability zones. Furthermore, avail-
able evidence suggests that the biowalls contribute carbon and 
biogeochemical conditions downgradient that assist in degra-
dation of remaining CVOCs in those low-permeability zones.
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