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Research Needs in Decentralized Wastewater Treatment and Management: A Risk-
Based Approach To Nutrient Contamination

Arthur J. Gold3 and J. T. Sims4

I. Abstract

In this White Paper we develop research priorities to improve risk assessment and
management efforts targeted at nutrients from decentralized wastewater treatment systems
(DWTS).  We are concerned with human and ecosystem health at both the micro and the
macro-level spatial scales. We focus primarily on the factors that control the movement of N
and P from DWTS to ground and surface waters and the research needs related to controlling
nonpoint source nutrient pollution from DWTS. At the micro-scale the exposure pathways
include the system and the immediate surroundings, i.e., the subsurface environment near to
the DWTS. The exposed individual or ecosystem at the micro-scale can be a household well,
lake, stream or estuary that borders an individual wastewater treatment system.  At the
macro-level our focus is at the aquifer and watershed scale and the risks posed to downstream
ecosystems and water users by nonpoint source pollution of these waters by nutrients from
DWTS.

We recommend the following key research priorities be established to improve our ability
to assess and manage nutrient risks from DWTS:
1. The development and use of common sets of methods and measured parameters for

studying micro-scale nutrient dynamics and transport in conventional and alternative
systems.

2. Increased emphasis on micro-scale research on the site and management factors that affect
the risk of nutrient loss from DWTS.  At the micro-scale, models can be evaluated
effectively and wastewater plumes can be isolated with reasonable effort and expense.

3. Continued emphasis on rigorous field evaluations of nutrient removal in alternative
systems subjected to a variety of loading rates, climatic and physical settings.  Overview
consensus studies need to be compiled that provide guidance to local communities on the
designs most applicable to their area.

4. Additional research at “sink” or  “hot spot” locations, such as streamside buffers, where
groundwater flow is likely to interact with zones of high N and P transformation rates.
 We need to determine the factors that generate interaction of these zones with nutrient
laden groundwater from DWTS and the capacities of these sites to reduce N and P flux
from concentrated plumes of effluent.

5. The development of risk categorization models or site indexing approaches where the
quantification and complexity of the models or indices match our ability to understand and
to parameterize the factors controlling transformations rates in many different settings
within a watershed.  In particular, we suggest that the use of easily identified
physiographic features (soils, hydrology, aquifer characteristics) be explored to classify
and describe the vulnerability of aquifers and watersheds to nutrient losses from DWTS.

                                               
3Department of Natural Resource Sciences, University of Rhode Island (agold@uri.edu).
4Department of Plant and Soil Sciences, University of Delaware (jtsims@udel.edu)
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II. Introduction: Problem Formulation

Nutrients originating from decentralized wastewater treatment systems (DWTS) can
pose a risk to human and ecosystem health. Assessing the likelihood and magnitude of this
risk is a formidable and complex challenge. However, a properly constructed risk assessment
(Suter, 1993; US EPA, 1996)  is essential if we are to design and implement practices for
DWTS that minimize the impacts of nutrients on our environment.  To do this successfully,
we must carefully consider: (i) the specific risks posed by nutrients emitted by DWTS and the
sensitivity of humans and ecosystems to these risks; (ii) the pathways by which nutrients move
from DWTS to the sectors of the environment where the risk will occur (most often ground
and surface waters); (iii) the micro- and macro-scale processes that affect the transport and
transformations of nutrients once they are emitted from the DWTS and how this in turn
affects risk; and (iv) the effects of current, or alternative, DWTS design and management
practices on nutrient transport and subsequent risks to humans and ecosystems. 

The nutrients of greatest concern to human and ecosystem health are nitrogen (N) and
phosphorus (P), both of which are also essential nutrients for the growth and well-being of
plants and animals. However, if N and P from DWTS reach surface waters and ground waters
and expose humans and natural ecosystems to nutrient concentrations that are markedly
above ambient levels, humans and ecosystems can be threatened.  Human health is primarily
at risk from high nitrate-N concentrations in groundwater used as drinking water, although
in some cases (e.g. surface reservoirs) potentially carcinogenic by-products of algal blooms
are also of concern. Elevated concentrations of N and P threaten both freshwater and
estuarine ecosystems through accelerated eutrophication, which has many undesirable
features, including frequent algal blooms, fish kills, increased turbidity and sedimentation, foul
odors and surface scums, impaired recreational and navigational uses of the waters, loss of
biological diversity, and habitat destruction.

The probability and extent of exposure of humans and ecosystems to nutrients emitted
from DWTS is controlled by a combination of many factors, including localized site
characteristics (i.e., soils, hydrology, slope), population density, system design and
maintenance, proximity to receiving waters and watershed features. Most DWTS use a septic
tank for pretreatment of raw wastewater, discharge the pre-treated wastewater into the
subsurface environment and then rely on chemical, physical, or biological processes in
subsurface soils for nutrient removal and/or retention.  Thus, in contrast to other sources of
nonpoint nutrient pollution, such as atmospheric deposition or the agricultural and urban use
of nutrients in fertilizers, animal manures, and biosolids where nutrients enter the soil
environment via dynamic, biologically active topsoils, DWTS usually release nutrients into
low organic matter subsoils, below the rooting zone of most plants. Unfortunately, this often
minimizes the likelihood of plant uptake and microbial transformations of N and P, both of
which can reduce the potential for nutrient losses to surface and ground waters.  Also, in
many cases, DWTS generate concentrated plumes of effluent that migrate into the vadose
zone and groundwater rather than diffuse inputs  – potentially overwhelming the capacity of
any chemical, physical, or biological nutrient removal mechanisms operative in the subsurface
environment.  The nutrient of greatest concern in the watershed also must be considered when
evaluating risk and management of risk.  This is because N and P are distinctly different in
terms of their interactions with soils and microorganisms, their transport pathways in the
subsurface (and surface) environments, and in their potential effects on humans and
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ecosystems. Phosphorus impacts from DWTS are most pronounced in systems plagued by
hydraulic failure and in systems bordering surface waters. In contrast, offsite losses of nitrate-
N are more often associated with groundwater flow and nitrate-N is known to travel long
distances with minimal removal or retention occurring in groundwater aquifers. The nature
of the receiving surface water body must also be considered in any risk assessment process.
 Nonpoint source pollution by P is usually more of a concern for freshwaters, where biological
productivity is typically P-limited, than estuaries, which are typically N-limited. Finally, the
design, age, maintenance program and many site-specific features can affect the performance
of individual systems and thus the likelihood that nutrients will be discharged into the
environment at acceptable, or unacceptable, concentrations.

In this paper we examine the risks of nutrients from DWTS to human and ecosystem
health at both the micro and the macro-level spatial scales. We focus primarily on the factors
that control the movement of N and P from DWTS to ground and surface waters and the
research needs related to controlling nonpoint source nutrient pollution from DWTS. At the
micro-scale the exposure pathways include the system and the immediate surroundings, i.e.,
the subsurface environment near to the DWTS. The exposed individual or ecosystem at the
micro-scale can be a household well, lake, stream or estuary that borders an individual
wastewater treatment system.  At the macro-level our focus is at the aquifer and watershed
scale and the risks posed to downstream ecosystems and water users by nonpoint source
pollution of these waters by nutrients from DWTS.  We analyze what is known about the
effectiveness of current designs at mitigating these risks and our ability to predict the risk at
both scales.  Finally, we present a summary of the research priorities at both scales, based on
a review of past research and our assessment of current environmental concerns.

III. Assessment and Analysis of Adverse Effects from Nutrients in Onsite Systems

III.A. Nitrogen (N):
The U.S. Environmental Protection Agency (USEPA) estimates that raw human

wastewater generates approximately 2-8 kg of total N capita-1 yr-1 (USEPA, 1980).  Using
an average value of 4 kg capita-1 yr-1, a density of 3 people per household (Valiela et al.,
1997) and five houses per hectare (1/2 acre lots), the annual N loading rate from unsewered
suburban developments is potentially 60 kg ha-1 yr-1.  This compares to N loading rates of 6–
12 kg ha-1 yr-1 from atmospheric deposition (Howarth et al., 1996), and 100 to 200 kg ha-1

yr-1 applied as fertilizer to row crop agriculture (Keeney, 1986; Addiscott et al., 1991).
The drinking water standard for nitrate-N is 10 mg L-1 (USEPA, 1996).  Excessive

levels of nitrate-N can cause “blue-baby” syndrome or methemoglobinemia in infants and
other human and ecological problems (Pierzynski et al, 2000). Total N concentrations in
human wastewater range from 30-80 mg N L-1 (USEPA, 1980).  In many areas, much of the
total N converts to nitrate-N as the wastewater moves through the soil absorption field and
into the groundwater. Thus, wastewater requires removal or dilution by uncontaminated
ground waters to meet the USEPA   drinking water standard. If a community drinking water
system exceeds the USEPA  drinking water standard, a series of actions are triggered, starting
with public notification. If a State determines that the community system cannot meet the
nitrate-N standard, treatment or abandonment of the  water source can be mandated.  At the
discretion of the State nitrate-N concentrations not to exceed 20 mg L-1 may be allowed in
certain non-community water systems (i.e., the water will not be available to children under
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6 months of age, etc.).  Although States are not empowered to regulate nitrate-N standards
in individual water supply systems, some financial institutions make home loans contingent
on the home water supply meeting the 10 mg L-1 nitrate-N limit, creating a de-facto form of
scrutiny on individual water supplies.  (Pers. Comm., R.N. Mendes, Office of Drinking Water
Quality, RI Dept. of Health).

Risks to drinking water are linked to the intended use and relative importance of the
receiving aquifer.  Of greatest concern are  unsewered areas overlying shallow, sandy, and
relatively deep (>6 m of saturated depth) water table aquifers with potable water.  Wells in
these aquifers can provide substantial quantities of water for individual wells and community
systems, and are a valuable resource that may be difficult to replace if contaminated by
nitrate-N. Many of these areas have been mapped either as part of statewide “well-head”
protection and groundwater recharge programs or through United State Geological Survey
(USGS) water supply investigations.  Locations with low yielding water table aquifers are of
less concern, given the constraints on their use as drinking water supplies.  Low risk aquifers
are characterized by low tranmissivities generated by a combination of minimal saturated
thickness and low hydraulic conductivities.  In addition to low-yielding aquifers, confined
aquifers that are protected from contamination by a impermeable, restrictive layer (e.g., clay
or silt beds) are at lower risk to nitrate-N exposure from DWTS, which normally discharge
above the restrictive layer.

Increased N inputs from watersheds have been implicated in the degradation of
estuarine and marine ecosystems across the U.S. (Nixon et al., 1986), including shallow New
England estuaries (Valiela, 1990; Lee and Olsen, 1985); the Chesapeake Bay (Shuyler, 1995);
the Gulf of Mexico (Rabalais et al., 1996); and the Puget Sound (Inkpen and Embrey, 1998).
Increases in N loading to estuarine and marine ecosystems have been linked to phytoplankton
blooms (Elmgren, 1989; Nixon et al., 1986); nuisance seaweed growth (Sims and Price,
1998); increased growth of macroalgae (Harlin and Thorne-Miller, 1981); loss of seagrass and
other submerged aquatic vegetation (Johansson and Lewis, 1992; Short and Burdick, 1996);
increased deposits of organic sediment leading to loss of shellfish habitat (Lee and Olsen,
1995) and hypoxia (Valiela et al, 1992; Rabalais, 1996). In contrast to the long history of
nutrient loading models used to address freshwater eutrophication (Smith, 1998), estuarine
scientists are still exploring the mechanisms and linkages necessary to quantify the response
of estuarine systems to different nutrient loading rates (Valiela et al., 1990; Nixon et al.,
1986). Seagrass decline (Short and Burdick, 1996) has been statistically correlated with the
density of unsewered houses in estuarine watersheds. Coastal estuaries respond to the mass
 yr-1 of N input (i.e., loading) and concentrations well below the drinking water limit (e.g,. 0.5
to 1. 0 mg N/L) can cause major ecosystem degradation. 

III.B. Phosphorus:
There is no drinking water standard for P and there are no regulatory upper limits

established for P concentrations in runoff, although USEPA is now in the process of
developing a national strategy to identify regional nutrient criteria for different types of water
bodies (e.g. streams vs. rivers vs. lakes vs. estuaries).  These criteria will presumably be used
by states and tribes to reduce the over-enrichment of surface waters, a key goal of the Clean
Water Act (USEPA 1999).  The USGS in its recent report The Quality of Our Nation’s
Water (USGS, 1999) reported that “..in most streams draining agricultural, urban, or mixed
land use, concentrations of total P were greater than background concentrations and the
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USEPA desired goal for preventing nuisance plant growth in streams”.  The current USEPA
goal is 0.10 mg total P/L, similar to the 0.10 mg MRP/L standard (MRP=unfiltered molybdate
reactive P) recently proposed by the European Community Urban Waste Water Treatment
Directive (Withers et al., 2000). Stricter standards have been proposed in some other
countries, such as Ireland, which established a “P target concentration” of 0.03 mg MRP/L
for rivers (Water Quality Standards for Phosphorus Regulations,1998).

These proposed standards and other reported P concentrations in eutrophic waters
(0.01 to 0.10 mg P/L; Correll, 1998) are very much lower than the P concentrations in the
effluent from DWTS (11 to 31 mg P/L; Reneau et al., 1989; Crites and Tchnobanoglous,
1998). Additionally, the majority (~85%) of P in the effluent is present as soluble
orthophosphate, the most biologically available and potentially mobile form of P.  Annual P
loading rates from DWTS to a watershed will depend on a number of factors, but primarily
on DWTS density. About 170 L of wastewater are generated per capita, per day in the U.S.
(USEPA, 1980).  Assuming a total P concentration of 16 mg/L (Reneau et al., 1989), a
density of three people per household (Valiela et al., 1997) and five houses per hectare (“half-
acre” lots), the annual total P loading rate from unsewered suburban developments is
potentially ~15 kg/ha/yr. This compares to P loading rates of <1 kg/ha/year from atmospheric
deposition (Howarth et al., 1996), ~5 kg P/ha/yr in maintenance fertilization of lawns, and
from 10 to 150 kg P/ha year as fertilizer or manure in agricultural production systems
(Pierzynski et al., 2000; Sharpley et al., 1998).

Phosphorus is well-known to have many undesirable effects on aquatic ecosystems,
primarily because it contributes to eutrophication of surface waters.  Eutrophication has been
identified as one of the leading causes of water quality impairment in the U.S. today (USEPA,
1996).  Typical problems associated with eutrophic waters are: increased growth of
undesirable algae and aquatic weeds; low dissolved oxygen levels after the death of algal
blooms and nuisance aquatic weeds, which in turn can cause fish kills; turbidity and decreased
light penetration through the water column that eventually leads to the loss of benthic plant
and animal communities; sedimentation which negatively affects navigational and recreational
uses of surface waters; and increased incidences of foul odors, surface scums, unpalatable
drinking waters, and nuisance insect problems. Phosphorus loading models are a key facet of
many lake eutrophication studies and have been used successfully to guide water quality
management for over 30 years (Smith, 1998).

In contrast to N, P is not directly toxic to humans, but has been shown to be involved
in several water quality problems related to eutrophication than can impact human or animal
health. Examples include the formation of carcinogenic trihalomethanes during the
chlorination of waters that have recently experienced algal blooms (Kotak et al, 1993);
consumption, by livestock or humans, of waters containing cyanobacterial blooms or the
neuro- and hepatoxins released when these blooms die (Martin and Cook, 1994); and, most
recently, concerns about the effect on human health of neurotoxins and other toxic
constituents released by dinoflagellates, such as Pfiesteria piscicida, that bloom in eutrophic
coastal waters (Burkholder and Glasgow, 1997). 



6

IV. Exposure Assessment: Micro Level Issues Related to Nutrients

IV.A.1.Nitrogen:

IV.A.1.a. Nitrate Dynamics in Conventional Septic Tank/Soil Absorption Systems:
The fate of N within septic tank/soil absorption systems has been documented in a

number of thorough reviews (i..e. Siegrist and Jenssen, 1989; Reneau et al., 1989; Long,
1995; Crites and Tchobanoglous, 1998). Wastewater from households, schools, businesses
and other sources that rely upon DWTS initially enters a septic tank where settling and
volume reduction occurs as a result of anaerobic decomposition.  Reneau et al. (1989)
estimated that reductions of 40% of sludge volume, 60% of the biological oxygen demand
(BOD), and 70% of the suspended solids occurred in the septic tank.  Nitrogen in raw
wastewater is subjected to mineralization and settling within a septic tank. Most nitrogen in
septic tank effluent is in the form of ammonium-N and organic N.  Through settling and
periodic pumping of septage, septic tanks can remove approximately 5 – 15% of the incoming
N (Laak et al., 1981; Pell and Nyborg, 1989b; Kaplan, 1991).

Siegrist (1989) concluded that soil absorption systems remove approximately 20% of
the N in septic tank effluent.  However, N removal appears to vary with site factors, such as
soil wetness, water table fluctuations and soil texture. Studies conducted on systems located
in sandy, well-drained soils show little N removal occurs in soil absorption systems and the
underlying vadose zone (Walker et al., 1973b; Keeney, 1986; Lamb et al., 1990; Robertson
et al., 1991). Nitrogen removal has been noted in systems located in finer textured soils and
sites with fluctuating water tables (Walker et al., 1973a; Reneau, 1979; Cogger et al., 1988),
but these types of sites may generate hydraulic failure of the DWTS and constrain the use of
conventional designs.

Within the soil absorption system a host of potential transformations can occur as the
effluent travels through the vadose zone and into the groundwater.  During startup, N can
accrete in the biological clogging mat (crust) that often forms at the interface of the native soil
and the constructed absorption system. In systems that provide appropriate hydraulic function
(i.e., long-term acceptance of wastewater), the  lower sections of the crust are subjected to
aerobic soil conditions and the rate of mineralization approximates the rate of accretion,
minimizing long-term N removal by the clogging mat (Kristiansen, 1981).  Clogging mat
dynamics can create a misleading impression of N removal within the soil absorption field.
 In colder weather the mat tends to grow and accrete N and C due to lower microbial
respiration rates, while in warmer weather, the mats decrease and contribute mineralized N
to septic tank effluent entering drainfield soils.  This can cause errors in annual removal 
estimates if simple mass balance studies that compare N in septic tank effluent to N in
leachate from a drainfield are based on data for a single season of the year. It also argues for
year round research efforts that better reflect the effect of seasonal changes on N
transformation and release from clogging mats.

Immediately below the clogging mat, nitrification and ammonium adsorption by ion
exchange reactions (rapid, reversible, electrostatic retention of the ammonium cation) are the
primary transformation processes. Under aerobic conditions, nitrification is the dominant
mechanism, with NH4-N oxidized to NO3-N.  Nitrate is a soluble anion that readily leaches
through soil.  Under anaerobic conditions soil cation exchange sites can adsorb NH4-N;
however the adsorption sites on clays and organic matter can become saturated over time,
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limiting long-term removal of N by this process.  In addition, during aerobic periods (i.e.,
falling water tables), adsorbed NH4-N can be released into the soil solution, nitrified and
become subject to leaching out of the vadose zone as NO3-N. 

Nitrate can be eliminated from soils and leachate by biological denitrification.  This
is a microbial respiratory process where nitrate-N serves as a terminal electron acceptor in the
absence of oxygen. The process requires anaerobic conditions and an energy source (i.e., a
readily decomposable carbon (C) source).  Nitrate is reduced to either N2 or N2O gas during
denitrification and is permanently removed from the leachate as the gaseous forms of N enter
the above-ground atmosphere. Most studies have found that the extent of labile (i.e.,
biologically available) organic C controls denitrification when nitrate-N is abundant and
oxygen is limiting or absent. 

Denitrification is usually assumed to be of little importance within most of the soil
absorption field, due to low concentrations of labile C in subsoils below the point of effluent
discharge. Septic tank effluent does contain substantial concentrations of organic C; however,
based on column studies, sand filter performance, and sampling wells immediately below the
drainfield,  the crust and upper portions of a soil absorption field are very effective at
removing most of this C from septic tank effluent – minimizing this source of C for
denitrification in the vadose zone and the groundwater below the absorption field (Robertson
et al, 1991; Aravena and Robertson, 1998).  Several studies suggest that anaerobic micosites
within aerobic portions of the vadose zone and groundwater can cause localized
denitrification that may generate substantial nitrate-N removal (Parkin, 1987; Chen and
Harkin, 1998; Jacinthe et al., 1998).  The nature and origin of these sites are not well
established, but in deeper portions of the subsoil they appear to occur as a result of plant
activity associated with root channels and root exudates, as well as from various soil forming
processes. 

Plant uptake of N from conventional soil absorption fields is expected to be minimal.
Conventional drainfields are often placed deep into the soil profile to maintain gravity flow
from the buried septic tank.  As a result, the effluent is often below the root zone of most
plants.  This deep placement will also minimize hydraulic failure in distribution pipes due to
root growth clogging. Where plant uptake has been observed, it has been limited to plants
within 1 m of the effluent distribution line (Brown and Thomas, 1978; Ehrehfeld, 1987).

The dynamic and open nature of soil absorption fields creates methodological
challenges and uncertainties for in-situ studies of N dynamics. The effects of dispersion,
dilution from precipitation and groundwater, and spatial variability of soil properties and
infiltration rates confound direct mass balance estimates of individual removal processes and
overall N removal. Indirect approaches such as chloride:nitrate-N ratios are often used to
separate concentration declines due to dilution from those associated with N removal
processes.  Chloride:nitrate ratios, however, are an indirect and inexact method for estimating
N removal and can provide misleading results. It is never certain that the “upstream” and
“downstream” monitoring locations are within the same flowpath.  Samples in the vadose
zone often display high spatial and temporal variability. As the effluent plume becomes dilute,
small concentration changes due to spatial or temporal variability can result in large changes
in these concentration ratios and markedly alter estimates of N removal.
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IV.A.1.b. N Dynamics in Alternative Systems:
A number of alternative and innovative N removal systems have been developed and

subjected to varying degrees of testing and evaluation. Most of these systems subject
wastewater to an aerobic environment to promote nitrification, followed by an anaerobic zone
where a labile organic C source is available to promote denitrification.  Factors that affect
both the nitrification and denitrification steps can limit N removal by this combined process.
Microbially-mediated N transformation rates decline at low temperatures (Keeney, 1986),
suggesting that colder climates might require designs with longer retention times than
commonly used in milder locations.  In addition to retention time, nitrification is often limited
by insufficient aeration (low oxygen), while denitrification is limited by an inadequate supply
of labile carbon.

Nitrification component: The nitrification/denitrification processes can occur in a
series of distinct components (i.e., filters, tanks, drainfields) or within different portions of a
single filter or constructed mound system.  In component-based systems, aerobic tanks,
single-pass filters and recirculating filters promote nitrification and in some cases, enhance N
removal. Nitrate-N removal in these aerobic components varies from 10–50%, most likely
occurring either in anaerobic microsites or in situations where the nitrified effluent mixes with
 anaerobic septic tank effluent. In all of these systems questions surround the extent of
nitrification in cold conditions. These systems can also fail to generate nitrification if they
become anaerobic, through clogging, which reduces the diffusion of oxygen to the site of
nitrification. From a system maintenance perspective, however, anaerobic conditions generate
obvious secondary attributes, such as odors and ponding that make gross failures relatively
easy to diagnose and then correct.  Systems such as these are now in wide-spread use and a
growing body of information is emerging on their performance, costs, and maintenance
requirements. Input/output mass balance studies are relatively simple for those systems where
effluent collects in a dosing chamber or distribution box before discharging to the absorption
system or the next component.

Denitrification Component: Aerobic components that generate nitrification also tend
to reduce the amount of labile C in the effluent, thus limiting the extent of  denitrification that
occurs. Several research systems have mixed effluent from an aerobic component with
continuous additions of methanol (Andreoli et al., 1979, Boyle et al., 1994) and ethanol
(Lamb et al., 1990) to provide the labile C required for denitrification. Anaerobic filters,
mixing tanks and soil zones have served as the labile C mixing/denitrification location.
However, methanol and ethanol are flammable and potentially toxic and thus pose substantial
handling and maintenance demands for small community and individual systems.  To
overcome this constraint, some systems  use wastewater to provide a continuous, fresh supply
of labile C in an attempt to sustain the denitrification of nitrified effluent.  These systems may
not achieve complete N removal, since a portion of the wastestream does not encounter the
nitrification and denitrification steps. However, high removal rates (>70%) can be achieved.
 Examples include:

•  Designs that use greywater as a carbon source: The RUCK system, a propriety system,
separates greywater (high labile C:N ratio)  from blackwater, which contains most
wastewater N.  The blackwater passes through a layered, aerobic intermittent sand filter
that promotes nitrification and is then mixed with unfiltered greywater in an anaerobic
media filter where denitrification occurs.
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•  Designs that use septic tank effluent as a carbon source: Septic tank effluent also appears
to be a reasonable C source for denitrification.  Substantial N removal has been observed
in designs that mix effluent nitrified in an aerobic component with unfiltered septic tank
effluent.  Examples of these types of systems include the RSF-2 system (Sandy et al.,
1988) and the Orenco septic tank/trickling filter system (Ball, 1995).  

Rock-filled tanks have been used to provide anaerobic zones for denitrification, although
some studies reported clogging, leading to hydraulic and treatment failure (Lamb et al., 1991;
Boyle et al.,  1994).  This problem appears to have been overcome with designs that use open
mixing tanks or packing material with greater porosity.   In addition many studies reported
problems with pump failures; however, great strides have been made in improving the
reliability of pumping systems in the past five years, suggesting less risk from this type of 
failure in the future.

IV.A.1.c. Soil Based Systems:
Nitrogen removal has also been observed on several modified soil absorption systems.

 Mound systems and “at-grade” systems are often used where the water table is near the
surface.  The systems rely on nitrification to occur in the aerobic conditions created in the
media immediately below the distribution system. Substantial denitrification may occur
subsequently if the nitrified effluent encounters a supply of labile C, either through   anaerobic
microsites (Chen and Harkin, 1998) or as the effluent  passes through the original top soil.
 However, in almost all systems, the supply of labile C is not replenished, so questions arise
concerning the longevity of nitrate-N removal, warranting evaluation of long term
performance. Shaw and Turyk (994) concluded that minimal nitrate-N removal occurred in
mounds and at-grade systems located over sandy media. 

Soil absorption fields that rely on shallow narrow drainfields or subsurface irrigation
systems may hold promise for nutrient removal and warrant additional research (Rubin et al,
1995).  Effluent is expected to have undergone some form of pretreatment to minimize
clogging, thus N is likely to be in the nitrate form.  Because N is discharged into upper 30 cm
of the surface, it is subjected to the full range of N dynamics that occur within the root zone.
Vegetated soils can retain N for prolonged periods if the soil is accumulating organic matter,
but this is a finite removal process, since the rate of mineralization is related to the extant pool
of organic matter. Nitrate can potentially undergo denitrification in anaerobic microsites, in
fine textured soils or soils with shallow water tables.  This could be a long-term removal
process, since the active root system in the upper portion of the soil continually replenishes
labile C, through root exudates and root turnover.  Denitrification should be not presumed
to be a major removal mechanism in all sites. In well-drained, sandy soils, virtually no
denitrification has been observed when secondary treated effluent has been discharged to the
surface of forest soils (Barton et al., 1999)

IV.A.1.d. Wetland Based Systems:
A substantial research base is developing on N removal in subsurface wetland treatment

systems. (Kadlec and Knight, 1996). In particular, lined, cell-based systems are well-suited
for mass balance research studies.  If N removal is primarily occurring through plant uptake
and immobilization in organic matter, we may see seasonal differences in removal and long
term saturation of the system.  If nitrification and denitrification are the dominant removal
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processes, the systems have greater potential for long term removal.  Aerobic pretreatment
may strongly enhance the extent of denitrification in wetland systems.

IV.A.2. Phosphorus:
Phosphorus discharged into the environment from DWTS may pose a threat to water

quality and/or human health if transport processes exist to deliver P to surface waters.  Inputs
of P to DWTS include human wastes (primarily organic P) and domestic inorganic sources
of P, such as laundry detergents.  Effluents from DWTS contain a mixture of solid and
dissolved forms of organic and inorganic P.  Most DWTS rely upon chemical reactions
(precipitation and adsorption) of wastewater P with soils in drainfields to prevent P from
entering shallow ground waters and subsequently discharging into surface waters. The
effectiveness of soils, and underlying aquifer materials, in attenuating P movement to waters
depends upon a number of factors including their chemical and physical properties, the
chemical properties and loading rate of the wastewater, site hydrology, proximity of the site
to surface waters, and the design and management of the DWTS.  Understanding and
managing the risk of P to water quality and human health therefore requires that we not only
fully understand those factors that control P retention and release by soils, but that we
carefully consider the hydrologic factors and management practices that affect P transport at
both local and watershed scales. At the smaller, local scale, we are most concerned with
short flow paths that directly and rapidly deliver P discharged by DWTS to nearby streams,
rivers, ponds, lakes, or estuaries, either naturally or as a result of system failure.  Natural
examples mainly include subsurface flow paths such as tile drains, man-made ditches, and soil
or hydrologic conditions (restrictive subsoil barriers, shallow water tables) that promote rapid
lateral discharge of ground waters (and thus dissolved P) to surface waters.  System failures
that result in surface ponding of wastewaters can also result in P losses either through (i)
direct runoff of ponded effluent to a nearby stream, or (ii) by enrichment of the soil surface
with P, which can then be lost, as either particulate P or dissolved P, in subsequent rainfall
events or snowmelts. At larger spatial scales, we are primarily concerned with the broader
effect of multiple DWTS on the enrichment of ground water aquifers by P leaching downward
from drainfields or from soils where wastewaters are applied by other methods (e.g. sand
mounds).  In these situations flow paths are deeper and transport distances from the DWTS
to surface waters are longer. 

IV.A.2.a. Phosphorus dynamics in DWTS soils and ground waters
The fate and transformations of P in DWTS have been investigated rather extensively

because of public concerns about surface water eutrophication.  A number of studies in the
past 25 years have elucidated the major processes involved in the retention and release of P
in DWTS effluent by soils in the vadose zone and in underlying ground waters. Our current
understanding of these processes, at the micro-scale, is illustrated next using a conventional
gravity flow system (septic tank, distribution box, and subsurface soil absorption system).
Major differences in P transformations and transport processes for other types of DWTS are
considered as appropriate.

Within a septic tank most organic P and polyphosphates are converted to
orthophosphate (PO4

3-) during the decomposition process. It has been estimated that as much
as 48% of the influent P is removed by settling and subsequent pumping of septic tanks (Pell
and Nyberg, 1989a).  Phosphorus dynamics are strongly related to the uniformity of effluent
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distribution within a drainfield.  In conventional designs, effluent from the tank is discharged
into a distribution box and then into trenches or tiles within a drainfield.  In a properly
functioning DWTS the effluent would next be distributed uniformly within the drainfield
where it would then percolate into the vadose zone of the soil and gradually downward to
underlying ground waters. In practice, most systems discharge effluent unevenly into the
drainfield, often resulting in localized areas with highly elevated effluent (and thus nutrient)
loading and other areas where little or no effluent enters the soil in the vadose zone.  Uneven
distribution of effluent can increase the likelihood of nutrient leaching into groundwaters for
several reasons.  First, areas with excessive loading can remain under saturated flow
conditions longer, promoting deeper percolation of water and nutrients.  Second, the capacity
of the soil to remove nutrients by chemical or biological means can be exceeded in these areas
of elevated nutrient loading. And, finally, the full renovative capacity of the drainfield soil for
nutrients is not used when only small portions of the drainfield continually receive the majority
of the effluent.  Therefore, to assess the risk of P from DWTS impacting ground and surface
waters, we must not only understand the biogeochemical reactions of effluent P in soils and
groundwaters but how these reactions are affected by site hydrologic factors and system
management.

IV.A.2.b. Biogeochemical reactions of P: 
Phosphorus in the effluent is primarily found as soluble orthophosphate (~85%) with

the remainder as organic and inorganic particulate P in the form of suspended solids.  Soluble
ortho-P in the effluent can either be: (i) precipitated in the soil as a discrete, sparingly soluble
mineral phase by reaction with other ions in the effluent or in the soil solution, most
commonly aluminum (Al), calcium (Ca), or iron (Fe). Precipitation reactions are rather
permanent, but can be reversible, resulting in dissolution of the mineral phase and release of
P into solution, particularly if significant changes in pH, redox potential, soil solution
composition of Al, Fe, and Ca, or ionic strength should occur; (ii) adsorbed to soil colloids
by the formation of a strong, but slowly reversible, chemical bond between orthophosphate
and clay minerals, Al or Fe oxyhydroxides, or solid phase calcium carbonate (CaCO3). 
Adsorption reactions typically have at least two kinetic phases - a rapid initial phase that is
complete within a matter of hours, followed by a much slower phase that can persist for
months and nearly double the amount of P adsorbed in the initial phase.  During the slower
phase initially adsorbed P may also gradually be converted into less soluble precipitated forms
of Al-P, Fe-P, or Ca-P; (iii) leach downward in the soil with the percolating effluent, through
natural pores, fissures, or cracks.  Note that precipitation and adsorption of P can also occur
during the leaching process and after soluble P has leached into a lower horizon or into the
saturated ground water zone; (iv) immobilized biologically by uptake by plants (somewhat
uncommon since effluent is usually discharged below the rooting zone of most plants) or
microorganisms in drainfield soils.  As with N, P that is immobilized may later be mineralized
into a soluble form and re-enter the soil solution where it can then be precipitated or
adsorbed.  Unlike N, however, there are no gaseous pathways for P loss from soils.
Particulate P in the effluent can either be mineralized into soluble ortho-P (organic particulate
P) or be physically retained in the soil (inorganic particulate P) where P solubility will then
depend upon the same factors that control the dissolution of precipitated P or desorption of
adsorbed P.

Past research has shown that most drainfield soils are highly effective at retaining
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effluent P within a short distance of the point of effluent discharge, although the mechanisms
and permanency of P retention will vary, particularly as a function of soil reaction (acidic vs.
calcareous soils) and the redox status in soils and ground waters at the site. Typical mass
balances for P have shown that from 60-95% of effluent P is found in soils within a few
meters of the drainfield, even years after system start-up. Other research has identified the
existence of a highly P-enriched “rapid transformation zone” immediately adjacent (< 30 cm)
to the point of initial effluent infiltration that can retain much of the P entering the drainfield
soil. Robertson and Harman (1999) reported that 85% of the total P added in sewage effluent
was retained within the vadose zone and that most of this P was found within 30 cm of tile
infiltration lines.  However, more variable retention of P (23-99%) in the vadose zone was
reported by Robertson et al. (1998) for ten mature septic systems with rather widely varying
soil properties, illustrating the importance of characterizing the P sorption capacity of soils
with depth in the vadose zone when siting DWTS.  Whelan and Barrow (1984) and Whelan
(1988) reported that P retention in the vadose zone of acid and calcareous soils could be
predicted with reasonable accuracy by laboratory measurements of a soil “P sorption
characteristic”.  Some studies, however, have shown that the effectiveness of drainfield soils
at retaining P declines with time as the soil adsorption sites become saturated, mineral phases
attain an equilibrium state with P in the effluent, and hydrologic flowpaths become altered due
to clogging, which in turn decreases the uniformity of effluent infiltration into drainfield soils
(Magdoff et al., 1974; Lance, 1977; Nagpal, 1985). “Resting” of DWTS (stopping effluent
discharge) for several months has also been shown to regenerate some of the P sorption
capacity in the vadose zone and thus extend the site life of the DWTS (Hill and Sawhney,
1981; Sawhney and Starr, 1977). Therefore, to minimize the risk of nonpoint source pollution
of ground and surface waters by P, it seems clear that we must understand not only how the
site-specific chemical and hydrologic characteristics that affect P retention in soils and
groundwaters differ between sites, but also how they change with time.

The exact fate(s) of P in the effluent, initially and in the long-term, depends upon a
number of complex, interacting factors, such as: (i) the chemical composition of the effluent
itself (pH, elemental composition, alkalinity, ionic strength, redox status); (ii) the chemical
and physical properties of the soils in the drainfield - which vary spatially (it is common to
find different soil series in individual or adjacent drainfields that vary widely in physico-
chemical properties), and which also change with depth (soil horizons also vary markedly in
factors related to P retention, such as pH, the content of clay, Al/Fe oxides, and organic
matter, and physical factors such as aggregation, porosity, and the existence of preferential
flowpaths), and with time as function of effluent dosing rate and frequency; and (iii) the
geochemical conditions in the underlying ground waters, particularly the pH, redox status, the
P mineralogy in aquifer materials, and major ion chemistry. 

In acid soils, ortho-P in the effluent is either adsorbed rapidly by Al and Fe
oxyhydroxides or precipitates because the effluent is supersaturated with respect to the
solubility product of Al-P (variscite: AlPO4

.2H2O) or Fe-P (strengite: FePO4
.2H2O; vivianite:

Fe3(PO4)2
.8H2O) minerals. In calcareous soils precipitation of Ca-P minerals (e.g., 

hydroxyapatite: (Ca5(PO4)3OH)) generally should predominate because the effluent and/or
soils are supersaturated with respect to the solubility of these minerals.  The kinetics of Ca-P
precipitation in drainfield soils, however, are not well understood.  Some studies have
suggested that even though the soil is supersaturated with respect to crystalline
hydroxyapatites, more soluble Ca-P minerals (e.g., • -tricalcium phosphates) may form
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initially and maintain soil solution or groundwater P concentrations at higher values than
predicted from standard hydroxyapatite solubility equilibria (Robertson et al., 1998).

Phosphorus mineral equilibria are pH and redox dependent and well established for
soils. In general, the highest concentrations of soluble P will occur in near neutral soils where
P solubility is controlled by Ca-P; as pH values decrease to less than 6.0 soluble P
concentrations decrease due to adsorption reactions and precipitation of Al-P and Fe-P 
(Reneau, et al., 1989; Robertson et al., 1998) .  The effect of pH on P solubility in soils (or
in effluent plumes in ground waters) can, however, depend on the redox status at the site.
Research has shown that P solubility under oxidized conditions decreases from concentrations
of ~5-10 mg P/L at pH > 6.5 (P solubility controlled by Ca-P minerals) to < 0.1 mg P/L at
pH < 5.5 (P solubility controlled by Al-P and Fe-P minerals) (Robertson et al., 1998).  Under
reducing conditions, much lower concentrations of soluble P are found in near-neutral soils
(~1 mg P/L or less) because of greater precipitation of Fe-P or adsorption of P by  by
Fe(OH)3 .  In contrast to oxidized conditions, P solubility tends to increase slightly under
reduced conditions as soils become more acidic. The high degree of alkalinity present in most
effluent, however, makes it unusual to find soils that are both highly reduced and highly
acidic.  The general trend observed for the combined effect of pH and redox on P solubility
is that oxidized soils (and plumes) tend to vary rather widely in P concentration as a function
of pH, while reduced soils tend to have lower and more stable P concentrations across the pH
range typically found in drainfield soils.

Precipitation of P most commonly occurs within a short distance (< 1m) of the point
at which the effluent enters the soil because these depths are the most saturated with Al, Fe,
Ca, and P from the effluent. At distances farther from the point of effluent discharge
adsorption processes predominate over precipitation reactions.  Thus it is common to find P
solubility in drainfield soils controlled by mineral equilibria in the shallower depths close to
the point of effluent discharge, where soils are highly saturated with P.  At deeper depths and
farther lateral distances from the point of discharge, where soils and ground waters are
enriched with P, but not to the point that all adsorption sites are saturated and new mineral
phases are forming, adsorption-desorption reactions predominate. With time, as the
adsorption capacity of soils becomes saturated, P concentrations in the soil solution increase
to values that can be of environmental significance.  Phosphorus solubility can, of course,
change with time due to alterations in site geochemical conditions. Acidic leachate at a site
can dissolve Ca-P minerals and the carbonates that are capable of P sorption and the onset
of reducing conditions can promote the dissolution of Fe-P minerals, all of which can result
in increased P solubility.

IV.A.2.c. Site Hydrologic Factors and System Management: 
In general, the strong affinity of soils and aquifer materials for P, either through

adsorption or precipitation reactions results in significant retardation of P transport in vadose
zone soils by leaching and by saturated flow in underlying groundwaters. Phosphorus leaching
and lateral movement in the unsaturated zone is usually minimal at distances more than 1-2
m from the trenches or tiles where the effluent is discharged.  Similarly, studies of the
chemical composition of effluent “plumes” in groundwaters beneath septic system drainfields
typically report retardation factors for P of 10 to 100 (i.e., the effluent plume has moved 10
to 100-fold further than the P plume). Thus the travel time of P from the point of effluent
discharge to surface waters is often years, or even decades. Situations that result in more
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rapid P transport to surface waters are reasonably well-understood and generally related to
siting of DWTS in unfavorable soils and hydrologic settings.  The most common example is
a subsoil condition (e.g., high water table, impermeable soil horizon) that promotes rapid
lateral movement of effluent.  The severity of this problem can be compounded if an artificial
drainage system (e.g. tile drains or ditches) has been installed at a site to reduce soil wetness
by enhancing shallow ground water flow to surface waters (Reneau, 1979).  Overcoming the
transport of P by saturated flow to nearby tiles or ditches will require larger distances of
separation between drainfields and the tile lines, or the use of surface mounds to initially
receive the effluent. Both practices will increase the interaction of the effluent with the soil
and thus decrease the concentration of P entering the adjacent tile lines or ditches.  Other
situations where P transport from the DWTS to shallow ground waters or surface waters is
enhanced include highly leachable soils with low P sorption capacity (e.g. deep sands with low
concentrations of Al and Fe oxides) and soils with well-established preferential flowpaths (e.g.
“biopores” caused by plants, earthworms, etc;  natural cracks and fissures; or hydrophobic
zones).  Further exacerbating these situations is the placement of DWTS in close proximity
to surface waters, most commonly observed in areas where homes or businesses are located
close to the shores of lakes, streams, or rivers.

The management, and design, of a DWTS also affects the potential for P discharge
to surface waters.  Two common problems are (i) surface ponding of effluent, either due to
poor siting or management of the system, which enhances the likelihood of surface runoff of
soluble and particulate P from the effluent, or later loss of P-enriched surface soils by erosion;
and (ii) uneven distribution of effluent in the drainfield, which creates zones that are saturated
with P, as opposed to systems designed, or managed, to evenly distribute effluent (and P)
throughout the vadose zone.  Even distribution (lateral and vertical) results in the full use of
the adsorption capacity of a much larger soil volume, and thus a longer DWTS. site life  More
even interaction of effluent with soils (i.e., through such techniques as pressure distribution)
will also maintain P concentrations in the soil water and percolate at lower values than
situations where soils are saturated with P to the point that concentrations in the soil water
and percolate differ little from those in the effluent.  One approach to enhance P removal from
DWTS effluent in soils with limited infiltration capacities is the use of sand filters or re-
circulating sand filters (RSF) (Pell and Nyberg, 1989a).  These systems can increase the
interaction of effluent with the filter media, enhancing P retention, particularly if a low-
pressure, re-circulating system is used in which the effluent is collected and evenly passed
through the filter media multiple times before discharge into the drainfield (Gold et al., 1992).
 It may also be possible to amend filters with materials that are highly reactive for P (e.g.,
calcite, dolomite, de-watered water treatment residuals and red “mud”), increasing the
capacity of the filter to renovate effluent and thus extending its  longevity (Chowdrey, 1975;
Sikora et al., 1976).  Since even amended sand filters have a finite capacity to retain P, they
should be engineered to allow for replacement or renovation as leachate P concentrations
increase to values of environmental concern.
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IV.A.3. Research Priorities - Micro-scale Exposure Assessment

IV.A.3.a. Common Field Research Approaches To Characterize N Dynamics: Currently,
due to a lack of common methodologies and measured parameters, it is difficult to compare
the research results on nutrient losses between different site conditions and different
alternative systems.  We recommend that long-term mass balance studies are essential to
further our understanding of the risks posed by conventional systems and the risk reduction
that can be achieved through alternative systems.  In-situ studies should be encouraged that
track transformation and removal processes in different settings and in different alternative
systems (Chen and Harkin, 1998; Johns et al., 1998).  In addition any future work must
carefully describe site conditions (i.e., background nutrient levels, soil properties, water table
dynamics).  Additional research into the efficacy of 15N enriched ammonium-N for mass
balance studies could yield useful insights for future research.

IV.A.3.b. Geochemical Modeling Of P Dynamics: We need to further improve our ability
to model the geochemical transformations of P in the vadose zone and ground waters and to
integrate this with site hydrologic factors to predict P transport.  Recent, highly intensive
monitoring and research projects, such as those conducted by Robertson et al. (1998),
suggest that our understanding of P sorption and mineral equilibria can be used to explain,
with reasonable accuracy, the attenuation of P in drainfield soils and in underlying ground
waters. Studies such as these have, however, also raised questions about the short and long-
term kinetics of P retention and release, the effects of changing site properties on P equilibria
(and sorption-desorption), and the interaction of site hydrologic factors with P movement in
soils and shallow ground waters. It seems unlikely that widespread, intensive monitoring of
P movement in ground water plumes and vadose zone soils will be possible.  Therefore, a
multi-disciplinary effort to develop a model (or adapt an existing model) to predict P
movement by subsurface pathways, as a function of effluent characteristics, soil properties,
aquifer geochemistry, site hydrology, system design and management should be a high
research priority.  Since past research has identified the situations where P mobility is likely
to be greatest (e.g., shallow soils with low P sorption capacity, high water tables,
impermeable subsoil layers, in close proximity to surface waters sensitive to eutrophication)
it should be possible to focus this modeling effort in a manner that will have the greatest risk
assessment benefits.   Geochemical modeling results need to compared against field data and
against the results obtained from simpler indices of nutrient retention based on soil and site
characteristics (see below). 

IV.A.3.c. Nutrient Removal and Site Characteristics: Given the large variability in N and
P removal among conventional systems, we recommend that additional research is needed to
help us rapidly identify those sites that possess an innate capacity for nutrient removal and
thus are at less risk for offsite movement. Currently, we lack understanding on the range of
soil features and water table dynamics that generate a high capacity for
nitrification/denitrification in soil absorption fields.  We have many unanswered questions in
this regard. What site factors and soil characteristics produce denitrification microsites within
predominantly aerobic media?  What is the range of soil textures and saturation that can
promote denitrification without generating hydraulic failure? Can we establish the efficacy of
coupling sites at risk for clogging and hydraulic failure with some type of aerobic
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pretreatment and thereby enhance denitrification and promote long term wastewater
acceptance?  Evaluation of existing data in varying risk scenarios (Hoover et al., 1998) might
identify soil and site characteristics where N dynamics need to be characterized in greater
detail as well as sites where research is adequate for risk management.

IV.A.3.d. Site Indices Of Nutrient Retention: We suggest that there is a need to integrate
our current knowledge on N and P transport from DWTS to surface and ground waters into
a rapid, systematic approach that can be used to identify sites that are most suitable, or are
unsuitable, for various types of wastewater treatment systems.  An agricultural analogy is the
“Phosphorus Site Index” now under evaluation by the USDA Natural Resources
Conservation Service (NRCS) and many U.S. states as a means to rapidly identify “critical
source areas” in watersheds where the combination of soil and hydrologic properties at a site
(erosion, runoff, drainage, proximity to surface waters, etc.) and site management (P
fertilization practices, current soil P status, etc.) combine to make an agricultural field highly
likely to deliver P to surface waters (Gburek et al., 2000; Lemunyon and Gilbert, 1993).  It
seems likely that a similar approach could be used with DWTS, both to rate the potential of
current systems to be significant sources of P and N to receiving waters and to site new
systems properly (including the selection of the most effective system for the site of interest).
 Site properties such as sediment grain size, carbonate mineral content, water table dynamics
and electron donor content could be readily incorporated into site indices at the regional scale.
 At the local scale site properties can be combined with design parameters such as the effluent
distribution system, effluent characteristics and the soil volume available for nutrient
transformations to provide a more refined performance index. This again requires a multi-
disciplinary effort and should be closely integrated with the geochemical/hydrologic modeling
mentioned above. 

IV.A.3.e. Alternative Systems: Important information gaps still plague assessment on the
effectiveness of “alternative systems” at reducing the likelihood of N and P transport to
surface waters.  Research in this area should focus on both modification and/or remediation
of existing systems to improve their effectiveness or extend their site life (e.g., changes in
system management that alter effluent properties, installation of pre-treatment systems) and
innovative designs that are specifically tailored for new systems in areas where reducing the
likelihood of N and P movement to receiving waters is a high priority.  In general we need to
focus on site factors and design factors that control the variability and long term performance
in nutrient  removal within and between different alternative system designs.  Some specific
research areas include:

•  Aerobic Filters and Tanks: Additional research is needed to understand the reasons for
the variability noted in nitrate removal in aerobic filters and tanks. Factors such as loading
rate, retention time, effluent strength, textural distribution of the media and temperature
need to be considered.  The value, economics, and practicality of “dosing” septic tanks
with chemical additives to precipitate additional P is also in need of evaluation.

•  In-Ground Wetland Systems: Research questions involve the processes responsible for
nitrogen removal in wetland systems and the long-term effectiveness of wetlands at
sequestering P.  In particular, the factors that control seasonal and long term performance
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of the extent of plant uptake, immobilization, nitrification/denitrification, and the sorption
and desorption of P by redox-sensitive soil colloids (e.g., Fe-oxides).

•  Mounds and At-Grade Systems: As with all types of soil based systems, research is
needed to evaluate the effects of site conditions on N and P removal in mounds and at-
grade systems.   In particular, what are the site factors that promote denitrification in the
vadose zone and shallow groundwater and what is the source and expected sustainability
of labile C necessary for longterm denitrification?  Can mounds and at-grade systems be
amended with by-products that enhance the retention of P in insoluble forms?

•  Rootzone systems:  Research is needed on the effects of different site conditions on N and
P removal dynamics.  What conditions promote denitrification and microbial
immobilization of P?  How long can a rootzone system tie up N and P in soil organic
matter before the system is saturated?
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IV.B. Exposure Assessment: Macro Level Issues Related to Nutrients:

IV.B.1. Nitrogen:
Great uncertainty surrounds the fate of N in groundwater. At both landscape and 

watershed scales it is very difficult to track the fate of nutrients along the flowpath from a
DWTS to a receiving surface water. Within ground waters, nutrient plumes from DWTS are
subject to dispersion/dilution and their flowpaths can be strongly influenced by the presence
of layers or lenses of media with elevated hydraulic conductivity (Freeze and Cherry, 1979).
Thus, documenting the flowpath of groundwater plumes can be a daunting task that requires
an intensive, multi-level monitoring network.  For example, Robertson et al. (1991) used
between 250 and 500 individual sampling wells to examine the fate of septic system plumes
in a sandy aquifer over distances of 20–130 m. In addition, groundwater flow rates are often
very slow (i.e., 1–5 cm/day), minimizing the usefulness of introduced tracers for landscape
scale studies. A number of studies have used differences in the natural abundance ratio of
15N/14N to track different sources of N within a watershed (Flispe and Bonner, 1985; Doll,
1997); however, there is great controversy over the efficacy of this method, due to the
variation in the ratio induced by nitrogen transformations in the soil (Keeney, 1986).
Additional confounding factors, such as other sources of nutrients or additional inputs of
chloride (the common conservative tracer used to track the plume) also argue against the
likelihood of advancing our knowledge of groundwater nitrate dynamics through the
widespread use of well network studies that track existing septic system plumes over long
distances.

 Nevertheless, there is a substantial, existing knowledge base that can be used to help
guide future research. Several studies have shown that groundwater nitrate-N concentrations
rise with increasing density of unsewered residential development (Bicki and Brown, 1991;
Valiela et al., 1992; Winter, 1999). Climatic factors, such as the timing and extent of
precipitation and evaporation, and the nitrate-N losses associated with the surrounding land
uses influence the response of groundwater nitrate-N concentration to unsewered housing
density (Cogger, 1991). A number of studies suggest that N removal cannot be simply related
to residence time or travel distance.  Instead, N removal depends on the specific
characteristics of the receiving aquifer and more specifically with the characteristics that occur
in selected environments along the groundwater flowpath.

IV.B.1.a. Aquifer Characteristics That Affect Vulnerability to Nitrate-N Contamination:
Aquifer characteristics influence the risk of nitrate-N contamination and suggest an

opportunity for the development of site indices of aquifer vulnerability. Several studies have
reported substantial groundwater denitrification in aquifer zones dominated by pyrite rich
deposits.  In these zones sulfide or ferrous iron may serve as the energy source for
denitrification, rather than labile C (Kolle et al., 1985; Pederson et al., 1991; Postma et al.,
1991; Korom, 1992); however this is expected to occur in selected settings and is not likely
to be important in most aquifers.  We encourage close collaboration with USGS to identify
anaerobic aquifers that contain a suitable reservoir of electron donor constituents (e.g., trace
quantities of organic carbon, sulfide minerals or ferrous iron) and hold the potential for
groundwater nitrate-N removal.

Limestone areas are at one end of the spectrum of risks associated with aquifer or
watershed exposure to nutrients generated from DWTS (Keeney, 1986).  The soils are often
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shallow and groundwater can flow rapidly in preferential pathways through cracks and
fissures. Septic system leachate has been found to move in groundwater from a source area
to surface waters in a matter of days (Dillon et al., 1999), limiting the magnitude of any 
transformations that might occur along the flowpath. 

Aerobic, sandy, water table aquifers also appear to have minimal capacity for nitrate-
N removal.  Denitrification is expected to be limited by a lack of labile C and an absence of
reducing environments (Starr and Gillham,.1993).  Declines in nitrate-N concentrations are
largely attributed to dilution and dispersion. However, dilution/dispersion does not always
generate rapid declines in groundwater nitrate-N concentrations. Intensive, groundwater
studies in Ontario (Robertson et al. 1991) found effluent moved in narrow plumes with
minimal dispersion and dilution for >100 m.  In addition, other researchers have noted that
nitrate-N entering groundwater from the unsaturated zone often moves in the upper portions
of deep aquifers, rather than mixing evenly throughout the entire saturated depth (Hill, 1982;
Spruill, 1983; Perkins, 1984).  This limits dilution and suggests a high risk to shallow wells.
Conversely, these observations suggest that the risks of groundwater contamination by
nitrate-N may be less than expected in deep wells that draw water from lower portions of
aquifers.  Also, if nitrate-N enriched plumes remain in the shallow groundwater, this increases
the potential for nitrate-N removal -- if the water table approaches the surface as it discharges
to streams and surface water.

IV.B.1.b. Watershed Issues:  “Hot Spots” in the Landscape:
There is an emerging consensus that our understanding of watershed N dynamics is

beset by uncertainties surrounding the role of “sinks” – areas within a watershed that are
capable of removing nitrate-N from ground waters (Jordan et al., 1997; Howarth et al., 1996;
Valiela et al., 1997).  Of particular note is that localized “hot spots” with high N removal rates
can occur within an aquifer and that these locations can account for much of the nitrate-N
removal within a watershed – if nitrate-N laden groundwaters traverse these locations.  By
focusing research on “sink” locations, we may be able to advance our overall understanding
of watershed risks posed by nutrients from DWTS.

Substantial rates of groundwater denitrification have been observed when
groundwater plumes approach the ground surface (i.e., flowpaths occur in the upper
groundwater in aquifers with shallow, i.e., < 1 m, water tables).  These locations often have
anoxic or hypoxic groundwater, and elevated “soil” organic matter or DOC (Starr and
Gilham, 1993; Robertson et al., 1991).  Areas with shallow water tables can be identified
through soil survey maps, based on soil drainage class or hydric soil characteristics; however,
we need to couple these areas of high potential for N transformations with knowledge
regarding their likelihood of intercepting nitrate-N laden groundwater.

IV.B.1.c. Streamside Buffers and Groundwater Nitrate Removal:
In humid areas, where annual precipitation exceeds annual evapotranspiration,

groundwater will enter streams, rivers, lakes and estuaries as “baseflow” or groundwater
recharge (Winter, 1999). Because groundwater often approaches the surface as it moves
towards surface waters there are areas in the near stream environment that may be the site of
nitrate-N removal from discharging groundwaters. These areas include: (i) riparian zones, i.e.,
lands that border streams and surface waters and (ii) hyporheic zone, i.e., the sediments that
constitute the stream bed.
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Riparian Zones: There is a substantial body of research documenting groundwater
nitrate-N removal in riparian zones (Pavel, et al., 1996; Hill, 1996; Correll, 1997;. Lowrance,
1998).  The extent of removal may be influenced by the hydrology, soils and vegetation of the
riparian zone.  Removal can occur through plant uptake, immobilization in organic matter or
denitrification. In certain settings these streamside zones have been found to be a major sink
for groundwater nitrate-N leaving upland agricultural and suburban lands. Their preservation,
protection and restoration could be a key factor in sustaining or restoring watershed functions
in certain watersheds. (Gilliam et al. 1997). 

Riparian zones display a great variation in groundwater nitrate-N removal. 
Groundwater nitrate-N removal appears to be limited to riparian zones where the water table
is shallow and organic deposits accumulate in surface soils.  Soil mappers often use the hydric
classification to identify these types of soils. Conversely, riparian zones with deep water tables
and non-hydric soils may not serve as groundwater nitrate-N sinks (Correll, 1997).

Flowpaths influence the extent of groundwater nitrate-N removal in riparian zones
(Hill, 1996).  Substantial nitrate-N removal has been noted where nitrate-N laden
groundwater flows through the upper 1 to 2 m of soil – while minimal removal has been
observed when groundwater moves at greater depths below the soil and upwells directly
beneath streams and other sources of surface water.  If groundwater emerges in surface seeps
upgradient of riparian wetlands, surface flow can occur rapidly (i.e., 1–2 hours) across the
riparian zones, minimizing the potential for N removal. Within riparian zones research is
needed on the factors that control the depth of the biologically active zone (i.e., water table
dynamics, soils, geomorphology, type of vegetation, age of vegetation) and the relationship
between the width of different riparian settings and groundwater nitrate-N removal. 

Hyporheic Zone: Considerable upwelling of groundwater can occur directly into
streams from deeper groundwater.  Some stream sediments have substantial deposits of
anaerobic organic matter and can be a location of high nitrate-N removal rates for
groundwater discharging into the stream (Robertson et al., 1991).  Other studies have
suggested that the hyporheic zone is a minor sink for nitrate-N (Hill, 1997). More research
is warranted on N dynamics in hyporheic zones.  Particular questions concern: denitrification
rates and retention time within the organic sediment, and the factors that cause upwelling to
bypass organic sediment deposits and move into the stream through more mineral sediment.
 Also, we lack information on stream characteristics that are associated with organic
sediments (i.e., stream order, flow rates) and the relationship between organic sediments and
geomorphology, soils and land cover.

IV.B.1.d. In-stream nitrate-N removal:
Understanding the factors that influence “in-stream” nitrate-N removal can aid in our

ability to manage the risks posed to estuarine waters by nutrient loading from DWTS.
Constructed wetlands can generate substantial denitrification and have been suggested as a
means to control N export from the Mississippi basin to the Gulf of Mexico (Mitch et al.,
1999).  Reestablishing estuarine health through N control by wetlands restoration in the
Mississippi basin may demand substantial (0.7–1.8 % of the basin) land conversion. Clearly,
in-stream wetlands restoration and performance holds promise and warrants additional
research attention on such issues as design factors influencing removal (i.e., retention time;
depth; plant materials) and long term performance.

The result of recent USGS stream monitoring and modeling (Sparrow Model) also
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stress the importance of in-stream nitrate-N dynamics to the delivery of land based N to
coastal waters.  Alexander et al. (2000) concluded that nitrate-N removal is higher in small
streams than large rivers.  They theorize that denitrification in the bottom sediments of in
small, shallow streams can be a significant source of nitrate-N removal.  In larger streams they
suggest that the proportion of interaction between stream and bottom sediments is too small
to have notable effects on nitrate-N dynamics.

IV.B.1.e. Modeling aquifer and watershed risks from septic system N: 
The consequences of unsewered developments have long been examined with nitrate-

N loading models. These models relate population density and the extent of fertilization by
various land uses  to groundwater nitrate-N concentrations in underlying aquifers.  A variety
of studies have shown that these predictions can capture general trends and approximate
actual groundwater quality. Models have been used in New England, California and other
locations (Frimpter al., 1990; Hantzsche and Finnemore, 1992).  In most cases,  septic system
loading models are comparable to models that have been used to relate N loading by various
agricultural practices to water quality (Gorres and Gold, 1996). Quantifying the contributions
of septic systems to the total loading of nutrients from a watershed should follow a similar
approach and have similar levels of uncertainties as the approach used in documenting
nutrient loading from agricultural settings.  For both of these nonpoint sources of nutrients,
there is comparable consensus on the extent of nutrient losses that enter the upper portion of
the vadose zone (i.e., the zone beneath the rootzone).  However, septic systems differ from
cropland in their potential to create narrow plumes of nutrient rich groundwater, rather than
the diffuse loading expected from row crop agriculture. These concentrated effluent plumes
may be important to the estimate of removal that occurs along the groundwater flowpath
from the septic system to the receiving stream or surface water that connects a septic system
to the rest of the watershed.

In models such as these, long-term aquifer concentrations are estimated at the aquifer-
scale.  The models stratify a recharge area into distinct land uses and compute an area-
weighted mean concentration in the aquifer from the annual recharge and the nitrate-N
loading expected from the vadose zone of each strata.  Generally, nitrate-N is assumed to be
conservative in the vadose zone and groundwater.  In general, for both agriculture and
DWTS, the greatest uncertainty in modeling is associated with the extent of N removal in the
vadose zone and in the groundwater.  Valiela et al. (1997) employed this type of model to
estimate N loading to estuaries, with an additional assumption (based on interpretation of
published literature from a variety of aquifers) that linked groundwater nitrate-N loading to
distance between source areas and surface waters. Valiela et al. (1997) noted that the largest
source of uncertainty in the model was the amount of nitrate-N lost in aquifers by processes
that could not be quantified.

Nitrogen loading models, however, can exhibit great errors at the watershed scale.
 Several recent landmark studies have found that in watersheds ranging from local scales (i.e.,
1000 ha) to regional scales (i.e., the Mississippi Basin) riverine discharges account for less
than one-third of the anthropogenic loading of N to the watershed (Jordan et al., 1997;
Howarth et al., 1996). Incorporating a riparian zone function into watershed models may
improve model accuracy.  Recent advances in GIS techniques now permit automated
assessment of drainage pathways and may be useful for estimating the interaction of nitrate-N
laden groundwater with streamside sinks. The potential removal associated with different
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locations could then be factored into the models used to estimate/predict watershed risks from
DWTS

IV.B.2. Phosphorus:
The more effective attenuation of P transport (relative to nitrate-N) from DWTS to

surface waters by soils and aquifer materials has resulted in fewer macro-scale concerns about
P impacts on most surface waters, and thus fewer watershed scale research efforts to quantify
P losses.  In most cases, the general opinion on the impact of P from DWTS on water quality
has changed little in the past 25 years. Jones and Lee (1979) assessed the effects of P from
DWTS on ground water quality in northwestern Wisconsin from 1972-1976 and stated “..No
evidence for phosphate transport from septic tank effluent was found in any of the monitoring
wells, even though this is a sand aquifer with a relatively high groundwater velocity” and “..in
general, phosphate will not be transported from septic tank wastewater disposal systems and
thereby contribute to excessive fertilization problems”.  The authors speculated that a very
limited number of water bodies directly adjacent to septic tank disposal systems might be at
risk.  Gilliom and Patmont (1983) conducted a similar study in the Puget Sound watershed
in Washington and developed a mathematical analysis (Monte Carlo simulation) of P transport
from DWTS to a small lake.  They concluded that “..movement of more than1% of effluent
P to the lake was rare” and that any P loading to the lake was mostly associated with “septic
systems in wet areas that may contribute P to the lake by both shallow groundwater flow and
the surfacing of septic effluent and subsequent movement to the lake by overland flow”.  Chen
(1988) investigated P movement in ground waters from 17 septic tank disposal systems
located near the shores of eight lakes in New York State.  All systems showed “good removal
of ortho-P”.  Groundwater in three of the 57 wells monitored  exceeded the current USEPA
water quality goal of 0.10 mg P/L; one site was located on a steeply sloping (>10%) soil, and
the other on a soil with a very shallow water table.   Reneau et al. (1989) reviewed the
literature on P transport from DWTS to ground and surface waters and stated “..the limited
movement of P away from on site wastewater disposal systems is well-documented” and that
“..most field studies indicate that P contamination is limited to shallow groundwaters adjacent
to the systems”. As noted earlier, Reneau et al. (1989) identified coarse-textured soils with
low P sorption capacity, poorly drained soils, and soils with poor effluent distribution as
situations with the greatest likelihood for P loss.  Weiskel and Howes (1992) monitored
“near-field effluent” and groundwater quality in a densely populated (~10 houses/ha) coastal
watershed served by DWTS (Buttermilk Bay, Massachusetts).   Virtually all (99.7%) of the
effluent P was retained in the aquifer at this site.   Some “near-field” (5 m downgradient)
enrichment of groundwaters with P was noted and attributed to reducing conditions induced
by DWTS effluent. The authors concluded that while “..septic systems are clearly a major
potential source of N and P to coastal waters..”, septic effluent was a “minor source” of P to
coastal waters.  Finally, Robertson et al. (1998) conducted a detailed study of 10 “mature”
septic system plumes in central Canada. Six of the 10 sites had P plumes > 10 m in length with
P concentrations elevated about 2 orders of magnitude (0.5 to 5.0 mg/L) compared to natural
background concentrations.  The authors concluded that “..phosphate plume velocities are
substantially retarded compared to groundwater velocities at all sites (R=20 to 100)..” but felt
that P migration velocities at some sites (calcareous sands) were fast enough to be of concern,
given current minimum setback distances established for septic systems relative to surface
waters.   In general, it appears that the consensus of scientific opinion is that the long distance
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transport of P from DWTS to surface waters is a much lower risk than nitrate-N transport,
except in certain, well-defined situations.

Based on this research, and other studies such as the “micro-scale” research cited
earlier, the major “macro-scale” environmental issues with regard to P and DWTS today are:
(i) siting considerations related to the proximity of the DWTS to surface waters, such as any
site properties that will facilitate more rapid P movement to surface waters.  Examples include
a better understanding of site hydrology and soil/aquifer geochemistry, both of which affect
P retention and the rate of P movement in the landscape; (ii) density of DWTS in a watershed,
which relates to annual loading and water body sensitivity to P.  For example in Delaware
where total maximum daily loads have been established for the Inland Bays watershed (a
national estuary), reductions in P loadings of 40-65% of present values will be required for
these estuaries and their tributaries to meet “fishable” and “swimmable” criteria under the
Clean Water Act.  Thus, the long-term concern is whether the current, (or future, as coastal
development proceeds) loading of P to shallow ground waters will eventually deliver, in base
flow, P in excess of the TMDLs for the watershed; (iii) system design and management,
particularly as this affects the likelihood of system failures which can result in more rapid,
surface transport of P.  Or, the value of innovative designs for new systems that can more
efficiently retard P transport and/or remediating existing systems to improve their
effectiveness in removing P from ground water discharge.
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IV.B.3. Research Priorities: Macro-Scale Exposure Assessment:

IV.B.3.a. Indices Of Aquifer and Watershed Vulnerability To Nutrient Losses: In the
near-term, we believe that substantial benefits for risk assessment will result from the
development of indices that classify N and P removal potential based on physiography,
mineralogy, and hydrologic characteristics in a watershed.   These indices could guide state
and federal regulatory agencies in the development of the pollution control strategies required
by  TMDL agreements to reduce nonpoint source pollution of surface waters by nutrients
from all sources. We question the capacity and practicality of spatially-explicit, i.e.,
“distributed models” to quantify the fate and transport of nutrients from DWTS in a
watershed, given the uncertainty due to spatial variability and the gaps in understanding of
factors controlling transformations rates in many different settings within a watershed. We
recommend careful examination of the costs and benefits associated with aggregated,
decision-support models (or indices) as compared to the high investments associated with
more complex and highly explicit models. 

IV.B.3.b. Cost Effective Research Methods: Improved research methods are needed to
develop cost-effective, in-situ techniques to evaluate low rates of groundwater N and P
removal within discrete aquifer locations .  Low transformation rates can account for
substantial removal, given the long retention time experienced by groundwater moving from
source areas to surface waters or wells.  A key aspect in this regard is need for methods to
assess the rate and extent of reversibility of P attenuation by soils and aquifer materials.
Additionally, the high spatial variability (vertical and horizontal ) associated with groundwater
nitrate dynamics demands techniques that can generate timely insights into potential hotspots
of nitrate removal.  Well injection techniques offer a promising option (Trudell et al, 1986;
Gillham et al., 1990; Nelson et al., 1995; Istok et al, 1997), particularly those that that track
the fate of isotopically enriched nitrate in the spike plume.

IV.B.3.c. Stream-based Nutrient Sinks:  We recommend that estimates of streamside and
“in-stream” N and P removal be incorporated into watershed models – and research
encouraged to improve the state of knowledge on these topics. Specific research areas
include:

•  The reversibility of P retention by stream-bed materials, given the redox-sensitive
nature of many P sorption and precipitation reactions.

•  Site factors and management practices that influence the capacity of stream side
buffers and wetlands to remove groundwater N and P in both concentrated and
diffuse leachate plumes.  The long-term fate of P in wetlands (source vs. eventual
sink) is an area of particular importance, since removal of P by harvesting plants or
dredging wetland sediments is very unlikely to occur.

•  Mappable indicators (i.e., soils, geomorphology, landuse/land cover)  that can identify
stream reaches bordered by high N and P retention zones and to then couple those
indicators with regional physiographic features (soils, hydrology, aquifer
characteristics) that classify and describe the probable interaction of  groundwater N
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and P from DWTS to the retention zones around the streams.

•  Riparian zone models to extend the insights from intensive and costly watershed
riparian zone studies to other areas. In addition, more qualitative indices of risk
reduction from streamside locations should be investigated based on available digital
spatial databases. 

IV.B.3.d. Nutrient Dynamics In Aquifers: Further research is clearly needed to evaluate
the long-term fate and transport of N and P in aquifers, particularly given the TMDL process
now underway in many U.S. states. It could encompass plume dynamics and characteristics
that generate different biogeochemical transformations in groundwater. In addition, these
studies may explore the potential for identifying N from DWTS based on the ratio of the
stable isotopes of N.  We caution that these are large and complex task that may not yield
timely results.  We encourage insights from these types of studies be incorporated into the
development of indices of aquifer and watershed vulnerability.

V. Conclusions and Implications

Accurately assessing the risk of nutrients from DWTS to human and ecosystem health is a
critical environmental issue today.  We recommend that new research on DWTS nutrient
issues focus on improving our understanding of exposure risks, rather than on “dose-
response” relationships of exposure vs. human and ecosystem health.  We believe that
exposure risks represent a tractable research arena.  The groundwork is established that will
permit the research community to generate timely and cost-effective returns from investments
 in risk exposure research – particularly at the micro-scale. As ecosystem scientists reach
consensus on “dose-response” relationships, we encourage EPA to incorporate those findings
into the overall risk management strategy for DWTS.

Our analysis of the past research on N and P movement from DWTS to ground and surface
waters has identified a range of specific, critical research needs with regard to exposure
assessment at both the “micro” and “macro” scales (see above). Based on these research
needs, we recommend the following key research priorities be established to improve our
ability to assess and manage nutrient risks from DWTS:

1. Increased emphasis on research at the micro-scale (rather than the macro-scale) on the
fate and transport of N and P from DWTS.  We suggest that research focus on field
efforts to assess nutrient dynamics in conventional and alternative systems - both
within and in the immediate vicinity (i.e., within 10 m) of DWTS. At the micro-scale,
models can be evaluated more effectively and wastewater plumes can be isolated with
reasonable effort and expense.  In addition, studies can be conducted that will provide
timely improvements in our understanding of the site and management factors that
affect the risk of nutrient loss.       

  
2. The development and use of common sets of methods and measured parameters for

studying nutrient dynamics and transport at the micro-scale.  Currently, due to a lack of
common methodologies, it is difficult to compare the research results on N and P losses
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between different site conditions and different alternative systems.

3. Additional research at “sink” or  “hot spot” locations on the landscape where groundwater
flow is likely to interact with zones of high N and P transformation rates.  Of particular
interest are ecosystems that develop at the land/water interface.  We need to determine
the factors that generate interaction of these zones with nutrient laden groundwater from
DWTS and the capacities of these sites to reduce N and P flux from concentrated plumes
of effluent.  A better understanding of the factors controlling the reversibility of P
attenuation at sink locations is also a high priority for research.

4. A critical analysis of current approaches to estimate N and P loading at the watershed
scale is needed, given the pressures on state regulatory agencies to develop TMDLs and
pollution control strategies that are source-specific.  This requires at least statewide, or
regional, interactions between scientists and regulatory agencies to assess past research
and evaluate the validity of models now being used to estimate nonpoint source
contributions of N and P from DWTS. Research is needed on the efficacy, uncertainty and
practicality of spatially-explicit, i.e., “distributed”, modeling approaches vs. “lumped”
modeling approaches that aggregate watersheds into large units.

5. We encourage the development of  risk categorization models or site indexing approaches
where the quantification and complexity of the models or indexes matches our
understanding of factors controlling transformation rates in many different settings within
a watershed and our ability to obtain the level of information needed to parameterize the
model.  In particular, we suggest that the use of easily identified physiographic features
(soils, hydrology, aquifer characteristics) and system design and management practices
be explored to classify and describe the vulnerability of aquifers and watersheds to
nutrient losses from DWTS.
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Appendix I: Research Needs In Decentralized Wastewater Treatment and Management:
A Risk-Based Approach to Nutrient Contamination

Table I-1 Research to Improve Micro-Scale Assessment of Exposure Risk

Strategic Focus Tasks Product Uses

What micro-scale site characteristics affect the
variability and long term performance of
nutrient removal from DWTS?

What is the range of soil textures and
saturation that promote denitrification without
generating hydraulic failure?

Can we establish the efficacy of coupling sites
at risk for hydraulic failure with aerobic
pretreatment and thereby enhance
denitrification and long term hydraulic
performance?

Develop and encourage the wide-
spread use of common field research
methods that track transformations
and removal processes of septic tank
effluent throughout the system and
the micro-scale environment.

Develop and test models to predict P
movement by subsurface pathways,
as a function of micro-site
characteristics and system design.

Reliable and
comparable data on the
relationships between
nutrient removal and
micro-scale
characteristics.

Indices that rate the
exposure risks from
conventional
technologies at
different locations.

Indices that rate the
risk reduction
associated with
pretreatment at
different locations.

To prioritize
locations
that warrant
alternative
technologies for
new systems and
for upgrades.

To link location
characteristics
with different
degrees of
pretreatment
required to
minimize risks of
nutrient losses.
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Table I-2 Research on Alternative Systems

Strategic Focus Tasks Products Uses

What factors affect variability
and long term performance for
nutrient removal in different
alternative DWTS?

What conditions and designs
promote denitrification in
aerobic filters and pretreatment
tanks?

What is the long term removal
expected from plant uptake and
microbial immobilization in
rootzone systems and wetland
systems?

What is the viability of dosing
DTWS or amending filters with
chemical additives to
precipitate P?

Develop common approaches
to quantify and track
transformations and removal
within different components of
alternative systems.

Continued emphasis on
rigorous field evaluations of
alternative systems subjected to
a variety of loading rates,
climatic and physical settings.

Overview studies to compile,
analyze and report on the
research results.

A comparable dataset on the
fate and removal of nutrients in
alternative systems.

Consensus on the range of
expected treatment and sources
of variability from different
designs subjected to a variety
of loading rates, climatic and
physical settings.

To develop guidance to local
communities on designs most
suited for the conditions in their
area.
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Table I-3 Research Related to Landscape Sinks of Nutrient Removal

Strategic Focus Tasks Products Uses

What is the role of in-stream and
streamside removal in reducing
watershed nutrient loads from
DTWS?

What are the site factors and
management practices that affect
the capacity of streamside areas to
remove nutrients in concentrated
plumes and diffuse groundwater
flow?

Are there mappable attributes that
relate to the streamside
characteristics that generate high
nutrient removal capacities?

Conduct streamside field
research that evaluates the
effects of micro-scale site
factors on nutrient
transformations and
removal.

Develop and test models
that explore the effects of
streamside characteristics
and management on
nutrient removal.

Develop and test indices
that use spatial attributes to
identify streamside
locations with high
potential to function as
nutrient sinks.

Data on the role of site
characteristics on the extent of
DTWS nutrient removal in
different types of streamside
locations.

Decision support models that
extend the results of intensive
field research to untested
locations.

Indices that rank the likelihood
that nutrient sinks are
associated with specific stream
reaches.

To identify streamside areas
that should be protected or
restored to maximize nutrient
retention in a watershed.

To identify upland locations
where the risks of nutrient
losses are minimized by
streamside nutrient sinks.

To target remediation and
nutrient removal technologies
to upland locations that drain to
stream reaches not protected by
streamside nutrient buffers.
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Table I-4 Research Related to Watershed and Aquifer Vulnerability to DTWS Nutrients

Strategic Focus Tasks Products Uses

Can we determine the nutrient
dilution and removal capacities
of different types of aquifers?

Can we predict the extent of
interaction between nutrient
laden groundwater from DTWS
and the biologically active
zones of streamside nutrient
sinks?

Develop cost-effective in-situ
techniques to determine low
rates of nutrient removal within
discrete aquifer locations.

Develop and test indicator-
based models of the fate of
nutrients in aquifer and
watershed different
characteristics (soils,
physiography, aquifer features,
geochemistry) and compare the
results to more explicit models.

Gather available information on
the fate of nutrient plumes in
different types of aquifers.

Data on nutrient removal and
nutrient dilution capacities of
different types of aquifers.

Indices that rank the
vulnerability of different
aquifers and watersheds to
nutrient inputs from DTWS.

To target micro-scale
investigations and management
efforts to existing systems
located on high risk aquifers
and watersheds.

To target community based
strategies that seek to
minimize the effects of new
DTWS on vulnerable aquifers
and watersheds.
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Peer Reviews

The preceding White Paper, Research Needs in Decentralized Wastewater Treatment and
Management: Fate and Transport of Nutrients, by A.J. Gold and J.T. Sims was solicited for peer
review. Reviewers comments are provided in this section.

R. B. Reneau, Jr.
Virginia Tech

This is an excellent document and the authors are to be commended on a detailed assessment of
the fate and transport of nitrogen (N) and phosphorus (P) from decentralized wastewater
treatment systems (DWTS) and the subsequent risk to human and ecosystem health. The use of
micro- and macro-level spatial scales is particularly applicable to fate and transport of nutrients
since siting, design, and management of DWTS are important factors in controlling risk.

The review and interpretation of data, particularly for conventional systems, is very
comprehensive. The authors have identified several significant knowledge gaps where
information is needed to properly assess environmental and human risk with increased use of
DWTS. This is particularly true for alternative DWTS.

Each of the five key research priorities listed in the abstract is an area where our knowledge with
respect to nutrient fate and transport is incomplete. Research in these priority areas will improve
our ability to assess and manage risks from DWTS.

Assessment and Analysis of Adverse Effects from Nutrients in Onsite Systems

1. Additional information on the fate of N and P for several of the alternative systems listed in
this section would assist in identifying research needs.

a. Wetland based systems can be used as an example of the need for further review of
alternative systems. General information is given concerning N cycling in these systems, but
no references are included. There are several very comprehensive references that deal both
with the fate of N and P in wetland systems and the design of wetland systems for nutrient
reduction. One example is the book by Kadlec and Knight (1996) entitled “Treatment
Wetlands.”

b. Several articles are referenced for aerobic filters and tanks. More information on
concentration ranges and removal of N and P in these systems as influenced by system type,
climatic conditions, and time in operation would be very beneficial.

2. There are several places where references or additional references would benefit the reader.

a. An example can be found on page 4. “Increased N inputs from watersheds have been
implicated in the degradation of estuarine and marine ecosystems across the U.S. (Nixon et
al., 1986), including shallow New England estuaries (Valiela, 1990; Lee and Olsen, 1985);
the Chesapeake Bay and Delaware’s Inland Bays; the Gulf of Mexico (Rabalais et al., 1996);
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and the Puget Sound (Inkpen and Embrey, 1998).” I was particularly interested in the
reference for the Chesapeake Bay and Delaware’s Inland Bays.

b. Another example can be found on page 5. “Through settling and periodic pumping of
septage, septic tanks can remove approximately 5-10% of the incoming N.” Several
references are available that address this topic. Pell and Nyberg (1989) reported an average
loss of 17% while Lakk (1982) estimated that about 10% were removed.

3. On page 7 the authors state that, “Conventional drainfields are usually designed to place
effluent below the root zone of most plants, primarily to minimize hydraulic failure in
distribution pipes due to root growth and clogging.” In my experience, subsurface absorption
systems are not deliberately placed below the root zone. Normally when DWTS are placed
deeper in the soil profile it is to maintain elevation differences for waste to move via gravity
through all the system components or where more favorable soil properties are present at a
deeper depth.

Research Priorities – Micro-Scale Exposure Assessment

The authors have done a superb job of interpretation of the information presented and
formulating research priorities.

Common Field Research Methods to Characterize N Dynamics

The ability to construct long term mass balances are essential to further our understanding of
risks posed by conventional systems and the risk reduction that can be achieved through
alternative systems. Perhaps employing common goals would be more descriptive. The same
research methods may not be applicable to all situations. Also, improved research capabilities
and techniques will hopefully be developed with experience.

15N can be an extremely useful tool in studying the fate of N in different settings and with
different alternative systems. 15N techniques offer a means for testing existing concepts and
developing new and sound principles for assessing and managing risk. However, use of 15N as a
tracer has a unique set of questions that need to be addressed prior to its use to collect long term
mass balance information for DWTS. These questions are related to the interchange of N
between the soil inorganic and organic pools. This occurs because mineralization and
immobilization occur simultaneously and organisms do not discriminate between 15N and 14N. It
is possible that data collected with 15N techniques, at some sites, may potentially have as much or
perhaps more error than conventional mass balance procedures.

Geochemical Modeling of P Dynamics

I agree with the authors that such modeling effort should be focused on sites with the greatest
risk benefits. However, these models should be tested against field data from a number of sites
prior to implementation.

We should also determine if such modeling will improve our ability to make risk management
decisions based on P compared to a simpler process based on soil and site characteristics. Such a
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simple process might consist of factors such as the P sorption maximum for the soil, soil volume
available for sorption, characteristics of the effluent, and effluent distribution system.

Nutrient Removal and Site Characteristics

An extremely important area of research. Prior to conducting long-term mass balance studies
using tracers, perhaps existing field research data could be evaluated more rigorously using a risk
based approach similar to the one proposed by Hoover et al. (1998). Evaluation of existing data
in varying risk scenarios might identify soil and site characteristics where N dynamics need to be
characterized in greater detail as well as sites where research is adequate for risk management.

I agree with the authors that more information is needed on fate of N, particularly the potential to
enhance denitrification where highly treated wastewater is applied to soil. There is certainly the
potential for operating these systems in such a manner that denitrification losses may be
increased.

Site Indices of Nutrient Retention

Perhaps the research area with the highest priority. However, development of site indices will be
dependent on the success of the Nutrient Removal and Site Characteristics research.

Alternative Systems

Alternative DWTS will probably be used more routinely at sites that pose the greatest risk to
humans and ecosystems. Such sites include high density housing, soils with inadequate
renovation capacity, and proximity to vulnerable receiving environments. The single greatest
challenge in managing risk at these and other sites may be the fate of nutrients, particularly N.

I agree with the authors that there is a need to fill information gaps with respect to the fate and
transport of N and P. Because of these gaps perhaps a more intensive review of literature on
alternative systems is needed prior to identifying specific research priorities.

Additional review of alternative systems should include systems used to produce highly treated
effluent and systems used to control distribution of these effluents in soil. If an adequate database
is not available for the range in N and P concentrations from these systems over varying
operating conditions, then information should be assembled to answer these questions. Systems
such as recirculating media filters, peat based filters, wetlands, sequencing batch reactors,
aerobic package plants, and others are being used more frequently to treat wastewater from both
individual homes and clusters.

Also, there is increased use of distribution systems such as drip irrigation that afford better
control over rate and timing of effluent application than can be achieved with the more
commonly used distribution systems. Control of factors such as where effluent is placed in the
profile and rate, duration, and uniformity of application of effluent will impact the fate of N and
P and subsequently the ability to manage risk. Most of these systems will apply wastewater that
has undergone varying levels of treatment. There is currently research being conducted with
some of these systems. Results from these studies might assist in prioritizing research.
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Research Priorities – Macro-Scale Exposure Assessment

The integration of macro-scale information into research priorities by the authors is excellent.
However, Total Maximum Daily Load implementation may be seriously hampered by the
difficulty in determining N sources using the proposed methodologies.

An additional research priority for consideration is:

Explore the potential for identifying N from DWTS based on the ratio of the stable isotopes of N.
The key word is explore.

This suggested research priority is based on the following information.

Research by William Showers (Doll, 1997) suggests the ratio of the stable isotopes, 15N and 14N,
can be used to trace N sources in the Neuse River Watershed. He has observed that N originating
from municipal wastewater treatment plants, fertilizer producers, swine and poultry waste
facilities, urban storm water runoff, and crop runoff each have different isotopic ratios. Since
many N sources in a watershed can be identified by their stable isotope ratio, this suggests that
DWTS may also have a unique isotopic ratio or signal.

Riparian Zones

Pavel et al. (1996) has conducted research that might benefit the authors in their evaluation of N
removal in selected riparian wetlands.
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The White Paper entitled “Research needs in decentralized wastewater treatment and
management: Fate and transport of nutrients” (Gold and Sims, 2000) reviews our current
understanding of the processes that govern nutrient (N & P) migration from septic systems
(DWTS) and provides suggestions for future research focus. The paper firstly summarizes the
health and environmental risks associated with excess anthropogenic loading of nitrogen and
phosphorus; nitrogen primarily as a risk to drinking water supplies and phosphorus as a risk to
surface water quality. The paper then discusses the loading potential of DWTSs in relation to
other sources such as atmospheric deposition and agricultural practices. Transport mechanisms
are discussed with an emphasis on sinks or “hot spots” that may naturally attenuate sewage-
derived nutrients. Alternative technologies for enhancing nutrient removal by engineered means
are also reviewed. Finally, a set of research priorities are put forward to enable more effective
risk management of DWTSs including: 1) development of standardized testing protocols, 2)
continued model development at the microscale, 3) continued development of alternative
technologies for enhanced nutrient removal, 4) field investigations that focus on sink hotspots,
and 5) development of risk models that incorporate site indexing approaches.

In general, this is a very comprehensive document that displays a thorough understanding of the
important issues associated with nutrient loading from septic systems. It provides an unusually
broad review of the topic, complete with an extensive and up-to-date reference list. Moreover, it
is well written using easy to understand language, and as such, it should be a valuable reference
document for a wide range of practitioners from engineers and scientists to regulatory personnel.

Comments on suggested research priorities:

1. Hot Spots. As the authors suggest, there is now substantial evidence that specific zones exist
where much more intensive transformation/attenuation of nutrients occur. Examples include
the vadose zone sediments within 1-2 m of the tile lines for P and riparian/stream bed
discharge zones for both N and P. Ongoing research should certainly focus on these areas.

2. Site Indexing. The authors suggest that site by site assessment of risk will continue to be
difficult due to cost factors, suggesting instead, that risk could be more easily addressed at
the regional scale by using indexing schemes that incorporate the important landscape
characteristics (e.g. soils, hydrology, sediment type). In general, I agree with this approach as
there appear to be a number of easily quantifiable parameters that may be reasonably
consistent at the regional (aquifer) scale that substantially affect the risk of nutrient transport.
For example, in other than permeable sand and fractured media environments, it is unlikely
that P will migrate more than a few meters from the tile lines. In addition, in permeable
sands, preliminary evidence now suggests that P is much less mobile in non-calcareous
environments where acidic conditions may be encountered (Reneau, 1989; Robertson et al.,
1998). For nitrate, it has been shown that aquifers which contain a suitable reservoir of
electron donor constituents (e.g. trace quantities of organic carbon, sulfide minerals or
ferrous iron), may be substantially less at risk from nitrate contamination than other aquifers
(Kolle et al., 1985; Pedersen et al., 1991; Postma et al., 1991). Properties such as sediment
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grain size, carbonate mineral content and electron donor content, are all characteristics that
could be readily incorporated into site indices at the regional or local scale.

3. Standardized Methods. This is a noble goal but would likely be difficult to initiate
considering the diverse background of the many stakeholders involved with DWTSs.
However, standardization with respect to certain parameters such as sediment and soil
properties, which are easily measured and comprehended by persons with a variety of
backgrounds, would perhaps be possible.

4. Continued Development of Alternative Technologies. I agree that alternative systems hold
considerable promise for achieving improved “at source” nutrient removal and that use of
such systems should be promoted in high-risk landscapes. I find it curious however, that
relatively simple and low cost alternative systems have now been available for more than a
decade (e.g. “red mud” system for P removal, Chowdery, 1975; and Ruck system for N
removal, Laak, 1981) and yet I am not aware of any widespread implementation of these
systems. Obviously, the appropriate incentive structure has not yet been put in place to
promote their use and further development.

Minor Editorial Comments:

Missing references; P. 7 Parking, 1987; Jacinthe et al., 1998; p. 9, Ball, 1995; p. 19, Gilbert,
1993; Magdoff et al., 1974; Lance, 1977.

Also include Laak (1981) in reference to Ruck system p. 8; include additional references for
wetland systems, p. 9; and sulfide based denitrification p. 17 (i.e. Kolle et al., 1985; Pedersen et
al., 1991; Postma et al., 1991).
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