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Executive Summary 
 

Domestic wastewater contains a number of organic compounds in trace quantities that have been 
shown to have far-reaching environmental effects.  These compound, collectively referred to as 
Contaminants of Emerging Concern (CEC) include pharmaceuticals personal care products, natural 
byproducts (caffeine, estrogen-like compounds), by-products of processes used to treat or manufacture 
household items (fire retardants, plasticizers, etc.) and present a significant challenge to wastewater 
treatment processes. 

Efforts to determine the effect of soil types on the removal of selected CEC in septic system leachfields 
have been combined with previous efforts to determine means for optimizing CEC attenuation in that 
portion of an onsite septic system.  Soil columns allowing for four feet of percolation through three 
different soil types were equipped with wastewater dispersal means similar to a common leachfield and 
these results, in concert with results from larger scale leachfields having less vertical profile of soil, are 
used to suggest means for optimizing the removal of CEC in areas where groundwater resources compel 
their removal. 

 Sandy soil having 5% - 10% finer material was generally found to attenuate CEC better than standard 
sand (<2% fine material) that is commonly prescribed for fill in soil absorption systems or which 
naturally underlies leachfields in our geological setting.  The ability to attenuate a number of CEC 
investigated ibuprofen, caffeine, acetaminophen, DEET, diclofenac, furosemide, naproxen, and 
sulfamethoxazole) was improved significantly when drip dispersal is used, suggesting a role of the 
vegetation or distributed hydraulic loading in the attenuation process. Both the drip dispersal system 
and a shallow drainfield configuration showed better attenuation for many CEC examined compared 
with conventional activated sludge wastewater treatment processes even when samples were 
withdrawn only 18 inches below the point of wastewater-soil contact. Our results suggest that shallow-
placed soil absorption systems represent a favorable strategy for attenuation of many CEC in areas 
dominated by the onsite septic system.  These results further suggest that constructing the soil 
absorption system in finer textured soils further enhances the attenuation ability for CEC.  Since all soils 
used in the present study were classified as “sand” in accordance with USDA (a classification system 
used by many state regulators to determine hydraulic loading rates), the use of these soils along with 
the means for pressure distribution may represent only a modest increase overall cost of a septic system 
and may prove a good management practice where the removal of CEC is desired to protect 
groundwater resources.  Further research on the impact of dosing frequency and hydraulic loading on 
CEC removal may suggest additional means of optimizing for CEC removal in onsite septic systems. 
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Introduction 
In addition to the simpler organic loads in wastewater in the past, medical and technological advances 
over past decades have resulted in the increased introduction of a wide range of new and complex 
chemicals into domestic wastewater. Ranging from pharmaceuticals and personal care products to 
natural byproducts (caffeine, estrogen-like compounds) and by-products of processes used to treat or 
manufacture household items (fire retardants, plasticizers, etc.), there has been increasing concern 
regarding possible consequences of the release of these complex organic compounds to the 
environment at large during the wastewater treatment and disposal process. As a result, the fate and 
transport of these compounds collectively referred to herein as Contaminants of Emerging Concern 
(CEC), has been the subject of increasing study.   

Studies that document septic systems as sources of CEC to groundwater 1–10 raise particular concern on 
Cape Cod where over 80% of households are served by septic systems. Cape Cod’s designation as a sole 
source aquifer means that all drinking water sources are part of a contiguous groundwater supply that 
hydraulically connects wastewater discharge sites to drinking water sources. Furthermore, most 
freshwater ponds, lakes and streams are surface expressions of groundwater, and estuaries receive 
inputs from groundwater as it exits the freshwater system. This particular feature raises concern due to 
the abundant evidence that trace levels of certain CEC can have substantial effects on wildlife 11–24.  

The present report combines the results of the investigation of the impact of soil type on selected CEC 
removal with two prior projects funded under the Section 319(b) Competitive Grant Program that 
examined the attenuation of CEC during in the soil-based portion or the treatment process in onsite 
septic systems. The two prior projects sought to determine the efficacy of shallow distribution of septic 
tank effluent with turf grass cover. The present effort investigated differences in treatment for CEC 
afforded by three sand soils having differing percentages of fine material (silt and clay). Together, these 
projects indicate design characteristics that can optimize the attenuation of a number of CEC 
investigated and suggest the principles involved their attenuation. 

Review of Methods Prior Studies 

The investigation of the treatment of drip dispersal for the removal of CEC 
(Project 10-05/319). 
In July 2010, six test cells containing drip dispersal piping were constructed side-by-side at the 
Massachusetts Alternative Septic System Test Center (MASSTC).  Each cell was 30 feet in length and five 
feet wide.  Four emitter lines with emitters located at 12-inch intervals were laid in parallel within each 
cell.  All test cells were individually underdrained to collect the wastewater as it percolated through the 
underlying soil.  Three of the six cells were supplied with only septic tank effluent; three cells were 
additionally equipped with the ability to introduce air at selected intervals. A schema of a typical test cell 
is provided in figure 1. 
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Figure 1.  Schemata of drip dispersal test cells as constructed at the Massachusetts Alternative Septic 
System Test Center in June 2010. 

Approximately 230 gallons/day were dispersed equally among the six test cells, which were each 
equipped with 60 ± 2 pressure-compensated emitters.  Wastewater was supplied in 20 doses over a 24 
hour period. The treatment process can be described as primary settling of raw wastewater in a septic 
tank with an approximate six-day retention time, followed by conveyance through a drip dispersal 
system and passage through 15-17 inches of ASTM C33 sand.  A vertical profile of two inches 
immediately beneath the emitter elevation was comprised of ASTM C33 sand mixed with a loamy soil 
comparable to that imported with the overlying sod.  The average hydraulic loading rate considering the 
area of each cell (150 sq. ft.) was approximated at 0.26 gal/day/sq. ft. Four sets of samples for CEC were 
collected at the raw influent, septic tank effluent and each of the six replicate percolate collection points 
from 2010 – 2012. 

The investigation of shallow drainfield dispersal for the removal of CEC 
(Project 11-01-319) 
The second study employed a shallow low-pressure dosed soil absorption system. Low-pressure dosed 
(LPD) distribution systems use small diameter (1 – 1-1/2 inch) pipe and small discharge orifices (⅛ – ¼ 
inch) to disperse effluent to the soil.  Commonly LPD systems disperse pre-treated wastewater, having 
been pre-treated using a variety of proprietary and non-proprietary devices.  In this study however, 
septic tank effluent dispersed by LPD was not pre-treated with the exception that septic tank effluent 
first passed through a SIM/TECH™ pressure filter equipped with 1/16 inch openings and following the 
wastewater pump.  

In June, 2011, six test cells containing LPD piping were constructed side-by-side at the Massachusetts 
Alternative Septic System Test Center (MASSTC). Each cell was 20 feet in length and three feet wide. A 
single 12-inch wide GeoMat™ product was used to disperse septic tank effluent (STE) for this project 
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due to the ease of that product’s installation and its equivalence with generic shallow drainfields in 
neighboring Rhode Island.  GeoMat™ is comprised of a core of fused, entangled plastic filaments with a 
geotextile fabric bonded to the bottom side. The one-inch pressure distribution line is installed on top of 
the core and covered with another layer of geotextile fabric. This configuration is referred to in the 
remainder of the report simply as a “shallow drainfield”. All test cells were underdrained to collect the 
wastewater following percolation through 18 inches of sand having 10% fine material. A schema of the 
cell array and details of a typical test cell is provided in figure 2. 

The underdrain of each test cell was directed by pipe into a Dipper™ distribution box. The pan device 
tipped and spilled each time approximately one gallon of percolate filled the tipping pan, and a data 
logger recorded the number and timing of each tip. By this means, the volume of percolate was 
approximated and compared to the estimated volume supplied to the system test cell.  The hydraulic 
loading rate was nominally 0.5 gal/sq. ft./day, calculated based on the basal area of the GeoMat™. Each 
test cell contained 20 sq. ft. of the product. Seven sets of samples were taken in similar manner as the 
drip system described above for CEC from 2011 – 2013. 

 

Figure 2. Schemata of shallow drainfield test cells installed at the Massachusetts Alternative Septic 
System Test Center 2011. 

Present Study – Investigating Means of Improving Onsite Septic Systems for 
Removal of Contaminants of Emerging Concern 
The present study investigated the impact of soil type in the removal of selected CEC. In this study four 
replicates of three soil types were placed in 42’ diameter soil columns that allowed a depth of 48 inches 
of each soil type.  The three sand soil types were as follows: ASTM C-33 sand containing <2 % fine 
material, sand having 5% fine material, and sand containing 10% fine material. These latter soils were 
blended by a supplier of specialty soils. Fine material is defined as material that passes through a #200 
(75 µm) sieve. The soils were nominally hydraulically loaded with septic tank effluent at 0.7 
gal/sq.ft./day in twelve daily doses.  No vegetation was allowed to grow on these soil columns and the 
wastewater distribution to the top of the columns could be considered equivalent to a shallow low-
pressure distribution drainfield. Picture and schemata of the test cells is presented in figures 3 – 6. 
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Figure 3. Soil columns in place showing four replicates (one of three sets shown) 
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Figure 4. Schemata (top view) of experimental setup showing four replicates of each of three different 
soil types. 

 

Figure 5. Soil column arrangement showing four replicates of three different soil types. 

 

Figure 6. Schemata of individual soil column showing detail of distribution line and collection drain. 
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Samples for all CEC studies described were taken in one liter amber glass bottles containing the 
preservative sodium azide and transported on ice to the University of Massachusetts Amherst, Special 
Environmental Analysis Program; a joint effort between the Environmental Analysis Laboratory and the 
University of Massachusetts Amherst Environmental & Water Resources Engineering Program. Samples 
were analyzed using a Fluid Management Systems solid phase extraction sample preparation system 
and a Waters Acquity UPLC coupled with a Micromass Quattro Premier triple quadrupole mass 
spectrometer. The studies partially overlapped in their period of execution as described below. 

The CEC compounds reported were chosen for their ubiquity among treatment plant and groundwater 
studies and occurrence across the three study periods in the domestic wastewater. These compounds 
are: sulfamethoxazole, trimethoprim, ciprofloxacin (among the most commonly used antibiotics), 
naproxen, ibuprofen, diclofenac (non-steroidal anti-inflammatory drugs), acetaminophen (paracetamol 
– analgesic/antipyretic), atorvastatin (the most commonly prescribed lipid regulator in the U.S. and 
Canada),  propranolol, atenolol (beta-blockers used to treat hypertension, anxiety and panic), 
furosemide (diuretic), caffeine (stimulant), N,N-Diethyl-meta-toluamide (DEET – insect repellant), and 
(Tris(2-chloroethyl) phosphate (TCEP – flame retardant)) . Percent attenuations reported below were 
calculated by comparing the mean influent concentrations (generally only one sample in each of the ten 
sampling periods) with the mean of all replicates (from four to six replicates for each period). Influent 
wastewater originated from the collection line of a wastewater treatment plant serving a residential 
population and a county jail. No additional spiking of the influent wastewater occurred during the study. 

Results 
Influent concentrations of each contaminant to each of the treatment modes were comparable across 
the three study periods with the exception of five contaminants (figure 7). The influent concentrations 
of caffeine and ibuprofen were generally lower during the column study measurements than during the 
monitoring period of the drip dispersal and shallow drainfield.  Influent concentrations of diclofenac and 
furosemide were generally higher during the shallow drainfield measurement compared with those of 
the drip system and the soil columns. Conversely influent wastewater levels of naproxen were lower in 
the shallow drainfield than those challenging the soil columns and the drip dispersal system. 

Drip dispersal and shallow drainfield configurations showed similar and efficient (>96%) attenuation for 
acetaminophen, caffeine, ciprofloxacin, N, N-Diethyl-meta-toluamide (DEET), furosemide, ibuprofen, 
naproxen, sulfamethoxazole, and trimethoprim (table 1). Similarly high (> 91% < 93%) and comparable 
attenuation was observed in both soil absorption systems for atorvastatin. Significantly greater 
attenuation for diclofenac (99.4% vs. 89.2%), propranolol (96.9% vs. 71.2%) and atenolol (99.0% vs. 
93.6%) was noted in the shallow drainfield configuration compared to the drip dispersal configuration 
tested. Two compounds (Tris (2-chloroethyl) phosphate (TCEP) and miconazole) showed similar or 
higher concentrations in percolate (discharge) samples compared with influent wastewater suggesting 
no attenuation for these compounds or recovery efficiency differences between the raw wastewater 
and percolate matrices. 
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Soil columns containing sand with 5% and 10% fines showed equal or better attenuation (> 96%) for 
acetaminophen, atenolol, atorvastatin, caffeine, N,N-Diethyl-meta-toluamide (DEET), ibuprofen, 
naproxen, propranolol, sulfamethoxazole, and trimethoprim (ciprofloxacin was not assayed in soil-
column percolate) compared with the drip dispersal and shallow drainfield systems. Diclofenac was 
attenuated by 92 – 93% in soil columns containing sand with 5% and 10% fine material, while 
furosemide showed 72 – 73% attenuation in these columns. Significantly less attenuation in the sand 
columns containing <2% fine material was observed for DEET (53.2% vs. >96%), furosemide (30% vs. 
>97%), ibuprofen (72.5% vs >99%), and naproxen (81.3% vs. >96%) compared with drip dispersal and 
shallow drainfield systems. Similar but low attenuation of the fungicide miconazole (38% - 42%) was 
noted in all soil columns, however in the drip dispersal system and the shallow drainfield, this compound 
had higher concentrations in the percolate than were observed in the influent. 

With the exception of trimethoprim and miconazole, soil columns containing four feet of sand with <2% 
fine material showed less attenuation compared with soil columns containing a higher percentage (5% 
and 10%) of fine material. These data suggest the influence by finer textured components of the soil for 
attenuating the remaining compounds.  

Since the drip dispersal system was placed in 15- 17 inches of the sand containing < 2% fine material, we 
compared the attenuation in this system with the soil column containing the same material. Significantly 
higher (p= .05) attenuation in the drip dispersal system was observed for acetaminophen (> 99% vs 
96.7%), caffeine (>99% vs 93.5%), DEET (>98%% vs. 53.2%), diclofenac (>89% vs. 6.4%), furosemide 
(>97% vs. 30.0%), ibuprofen (>99% vs. 72.5%), naproxen (>99%) vs. 81.3%), and sulfamethoxazole (>97% 
vs. 0%). Conversely, for the beta-blocker propranolol, the higher attenuation in the sand (<2 % fines) soil 
column compared with the 15 - 17 inches of sand in the drip dispersal system suggests that greater 
vadose zone passage enhanced the removal of this compound. 

Since the shallow drainfield was installed above 18 inches of soil similar to the sand column with 10% 
fine material, a comparison of attenuations between these two treatments may similarly suggest the 
role of turf grass in the treatment of the selected compounds. Three compounds, ibuprofen, furosemide 
and diclofenac showed significantly higher (p = .05) attenuation in the shallow drainfield configuration 
compared with the soil column containing a four foot depth below the dispersal point of the same soil 
type. Conversely, atorvastatin and naproxen were significantly less attenuated (p=.05) in the shallow 
drainfield compared with the soil column containing similar soil. 
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Figure 7. Concentrations of Contaminants of Emerging Concern from Influent, Septic Tank Effluent 
(STE) and percolate from treatment modes indicated.  Influent and STE are expressed as mean and 
range. 
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Figure 7. (Continued) 
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Figure7. (Continued) 
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Figure 7. (Continued) 
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Figure 7. (Continued) 

Discussion 
Many of the mechanisms responsible for the attenuation of CEC in soils-based onsite wastewater 
treatment are not well understood. Two main areas of research can inform the theories concerning 
soils-based treatment of wastewater; research performed at larger municipal wastewater treatment 
plants and research on the leaching of pharmaceuticals in areas where wastewater sludge or animal 
waste is deposited on the soil surface.  Relevant research from large municipal treatment plants shows 
that CEC attenuation of the two shallow-placed soil absorption systems studies  compare favorably with 
the removal efficiencies of a number of conventional wastewater treatment technologies 21,25–31(table1). 
The reason for the favorable comparison is not completely understood, but some authors observed 
greater removal for a range of CEC coincident with treatment plant processes designed for enhanced 
nitrogen removal 32–37. These authors have suggested that that while oxidizing ammonia (a necessary 
precursor process for denitrification in enhanced removal), nitrifying organisms may co-metabolize 
inorganic carbon and the carbon available in certain CEC for their metabolic needs. Since both shallow-
placed systems in the present study exhibited high levels of nitrification of the influent ammonia it 
seems plausible that this mechanism may explain in part the higher attenuation of some of the CEC in 
these systems. Studies relating to surface deposit of sludge or animal wastes have been more recently 
summarized by Aga(2008)38. These studies suggest that the entrainment of CEC in water percolating 
through the soil near surface-deposited CEC-containing manure or sludge depends on a number of 
factors including the hydrophilic and solubility properties of the compound, pH, organic content of the 
deposit, texture of the underlying soil, and the residence time in the soil. These studies also suggest that 
although there are predictive models to determine the fate of certain pharmaceutical movement is soil 
in areas receiving surface deposits of animal waste (for instance efforts to predict the movement of 
veterinary medicines by the European Federation for Animal Health), the range of variables acting in 
concert to determine the ultimate fate of CEC in the soil environment precludes accurate modelling of 
the fate of CEC. 
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The soil column comparisons  suggest a role of fine material in the receiving soil in the attenuation 
process. Sand containing 5% and 10% fine material attenuated many compounds to a greater degree 
than sand containing <2% fine material. It is interesting to note however that a lesser depth (15 – 17 
inches) of this sand beneath the drip system showed greater attenuation for many CEC compared with  
the column containing four feet of this same sand. It is possible that the difference in hydraulic loading 
rate (0.27 gal./sq. ft./day in the drip system vs. 0.70 gal./sq. ft./day in the soil column), the method of 
delivery (dosing regimen and/or drip orifice) or the presence of the turf grass is responsible for the 
difference.  

 

 

Table 1. Attenuation of selected Contaminants of Emerging Concern by indicated treatment compared 
with studies of conventional activated sludge treatment facilities. (a)Reference 39, (b)Reference 30 
(c)Reference 26 (d) Reference 29(e)Reference 31. 

We posit two possible reasons for the superior attenuation of the columns having sand amended with 
fine material (5% and 10%) compared with the sand with <2% fines despite the similar hydraulic loading 
rate. Foremost, the relatively low percentage of fine material in the coarser sand may have provided 
fewer binding sites for adsorption and hence attenuation of polar molecules.  In addition, we 
concurrently observed that the percolate in the sand column having < 2% fine material was generally 1 – 
2 pH units below that the two columns having 5% and 10% fine material. The reason for this pH 
difference is the subject of a separate study, but since most pharmaceuticals are ionizable, pH is a major 
factor in their potential for attenuation by adsorption 40. 

Compound Drip
Shallow 
Drainfield Sand

Sand 5% 
fines

Sand 10 
% fines

Conventional 
activated sludge 
treatment

Acetominophen 99.99% 99.82% 96.69% 99.99% 99.98% > 90% - 99.9% (b)
Atenolol 93.62% 99.03% 93.51% 99.12% 99.19% 5.5% ( 2-20%)(a)
Atorvastatin 92.60% 91.18% 91.13% 98.66% 98.71% 85-95% (d)
Caffeine 99.97% 99.93% 93.51% 99.12% 99.19% 94.9% (c )
Ciprofloxacin 97.96% 98.17% 72% (59-85%)(a)
DEET 98.45% 98.24% 53.16% 99.69% 99.81% 69% (48-90%) (e )
Diclofenac 89.16% 99.37% 6.36% 92.37% 92.66% 31% (13-60%)(a)
Furosemide 97.60% 98.40% 30.01% 72.33% 73.23% 59.8% (c )
Ibuprofen 99.94% 99.93% 72.49% 97.31% 97.66% 74%(44-100%)(a)
Miconazole 0.00% 0.00% 38.20% 37.98% 41.60%
Naproxen 99.50% 96.80% 81.32% 99.98% 99.98% 75% (59-92%)(a)
Propranolol 71.20% 96.89% 94.72% 97.00% 97.14% 96% (a)
Sulfamethoxazole 97.90% 96.50% 0.00% 98.10% 98.50% 59% (37-80%)(a)
TCEP 0.00% 0.00% 0.00% 0.00% 0.00%
Trimethoprim 99.20% 99.80% 99.59% 99.89% 99.90% 14% (0 - 40%)(a)
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In general, data relating to the attenuation of CEC during any wastewater treatment process should also 
be interpreted in context of an ever-growing understanding that the comparison of influent and effluent 
samples commonly used for evaluation may not necessarily indicate removal. Analytical difficulties 
across matrices can result in underestimated or negative removal estimates due to the generally lower 
recovery of compounds in the less-treated wastewater matrices26,41 This may have been the case with 
Tris(2-chloroethyl) phosphate (TCEP), a commonly used fire retardant in the present study. In addition, 
certain processes that attenuate CEC, such as sorption onto wastewater solids or the adsorption onto 
treatment media in certain segments of the treatment train may not be permanent and under certain 
conditions such as changes in pH40,42, oxygen levels and temperature may be reversible resulting in a 
release of the compound back into the wastewater stream.  

Another major mechanism that confounds a simple analysis of attenuation and the equating of this term 
with removal is that of conjugation.  Certain pharmaceuticals when ingested may be partially or totally 
transformed by glucuronide or sulfate conjugation in the body following ingestion.  This mechanism, 
which aids the body in elimination, results in compounds with a different molecular mass than the 
original compound and hence they are not recognized by the assay technique as the original compound. 
Deconjugation, which returns the original compound at some point along the wastewater treatment 
process may return the original compound and present the appearance of an increasing concentration 
from influent to effluent43.  Conjugation is also a major defense mechanism of plants toward foreign 
compounds and may also take place in the root zones and in plants such as the turf grass over the 
shallow-placed systems studied herein. In these instances, CEC can be attenuated through the 
detoxifying conjugation mechanisms (glutathione or glucose conjugation) in the plants themselves44, 
however the ultimate fate of the compound may not be known and deconjugation and return to the 
parent compound remains a possibility. 

Conclusions 
As with any contaminants, the ultimate goal in wastewater treatment is the mineralization to innocuous 
materials (ideally carbon dioxide and water).  This study suggests that shallow-placed onsite wastewater 
soil absorption systems attenuate a range of CEC and suggest that soil type, vegetation and other 
conditions not identified attenuate a wide range of CEC and prevent their migration to groundwater.  
Still unknown at this point however is the ultimate disposition of the original compound.  In addition 
metabolites of these compounds can be produced during the treatment process that may go undetected 
and may indeed be more deleterious than the original compound. If, as some researchers have found, 
certain of the CEC can be taken up into plant tissues such as might occur in the shallow-placed systems 
investigated 45–48, again their ultimate disposition needs to be determined before a complete risk 
assessment for this type of treatment can be made.  On its first appearance, however, it appears that 
attenuation and treatment for many of the CEC in the present study is superior compared with 
traditional large treatment plant technology.  It is likely that the diversity and stability of the microbial 
community that transforms wastewater as it percolates through the soil profile in a timeframe generally 
longer than the traditional treatment technologies offers a greater opportunity for the biota to both 
adapt to the presence of the compounds (such as the antibiotics49) and possibly develop the ability to 
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utilize them for material or energy in their metabolic pathways. These studies suggest that using finer-
textured soils in the upper soil horizons may optimize the attenuation of many CEC and prevent the 
migration to groundwater resources. 

Practical implications for Septic System Design 
These studies suggest that certain design characteristics, when incorporated into a septic system design 
can optimize the removal of CEC.  Foremost, four feet the finer textured soils are shown to attenuate 
CEC more efficiently than coarser sand having < 2% fine material.  This principle is apparently 
independent of vegetation for many of the compounds examined; however for furosemide vegetation 
appears enhance attenuation. The attenuation in shallow-placed systems, even when placed in coarse 
sand (such as the drip dispersal system) demonstrates an efficacy for CEC removal greater than the sand 
alone for ibuprofen, caffeine, acetaminophen, DEET, diclofenac, furosemide, naproxen, and 
sulfamethoxazole. This suggests a role of vegetation or the means of dispersal in the attenuation 
process. Our studies strongly suggest that, in general, the use of the A and B soil horizons, which 
typically contain finer textured soil fractions, will enhance the attenuation of many CEC and prevent 
their entrainment to the groundwater.  The fact that all soils used in the present study are classified as 
“sand” using the USDA classification scheme that is used by many state regulators to determine 
hydraulic loading rates, means that prescribed leachfield sizes will not increase significantly and in 
concert with the required pressure distribution may represent only a modest increase overall cost of the 
system.  Accordingly, shallow-placed systems and may prove a good management practice where the 
removal of CEC is desired. 

Further research Needs 
Since the onsite septic system will continue to play a substantial role in wastewater management, it is 
paramount that we better understand the treatment of these systems for CEC, particularly in areas 
where groundwater resources recharge areas of drinking water wells and fragile ecological settings. This 
paper has identified simple design changes that enhance the attenuation of CEC, but additional research 
is needed to clarify the role of certain design features.  The following areas of research are needed to 
corroborate the findings herein and to advance our understanding of the potential for soils-based 
treatment: 

• The impact of loading rate and delivery means on CEC attenuation/reduction; 
• The role of organic matter in soil for enhancing CEC attenuation; 
• The fate of compounds attenuated; 
• The impact of certain CEC on the soil microbiology and subsequent impact on overall treatment; 
• Soil amendments that might enhance CEC removal; 
• The role of vegetation in the removal of CEC, and; 
• Uptake and disposition of CEC by plants in the area of soil absorption systems 
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