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Abstract

Onsite wastewater treatment systems such as septic systems are common in rural and
semi-rural areas around the world; in the US, about 25—-30 % of households are served
by a septic system and a private drinking water well. Site-specific conditions and local
groundwater flow are often ignored when installing septic systems and wells. Particu-
larly in areas with small lots, thus a high septic system density, these typically shallow
wells are prone to contamination by septic system leachate. Typically, mass balance
approaches are used to determine a maximum septic system density that would pre-
vent contamination of the aquifer. In this study, we estimate the probability of a well
pumping partially septic system leachate. A detailed groundwater and transport model
is used to calculate the capture zone of a typical drinking water well. A spatial proba-
bility analysis is performed to assess the probability that a capture zone overlaps with
a septic system drainfield depending on aquifer properties, lot and drainfield size. We
show that a high septic system density poses a high probability of pumping septic sys-
tem leachate. The hydraulic conductivity of the aquifer has a strong influence on the
intersection probability. We conclude that mass balances calculations applied on a re-
gional scale underestimate the contamination risk of individual drinking water wells by
septic systems. This is particularly relevant for contaminants released at high concen-
trations, for substances which experience limited attenuation, and those being harmful
even in low concentrations.

1 Introduction

In rural and many suburban areas, septic systems (onsite wastewater treatment sys-
tems, OTWS) are the primary method for wastewater disposal. In the United States,
about one in four households operate a septic system and almost one-third of new
homes are constructed with an OWTS as their wastewater disposal system (US EPA,
2003a; US DC, 2008). Septic systems traditionally include a septic tank linked to a
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drainfield through which minimally treated wastewater is leached into groundwater (Ka-
plan, 1991; Woodson, 2003). Surveys indicate that at least 20 % of these systems are
malfunctioning; over half of all US septic systems are over 30yr old (US EPA, 2002b).
Old and improperly maintained systems are prone to fail and provide inadequate con-
ditions for the effluent treatment processes including physical filtration, surface adsorp-
tion, sedimentation, and inactivation of the contaminants in the soil (Canter, 1997;
Charles et al., 2005). Leachate from septic systems has been identified as a ma-
jor potential source of groundwater contamination from pathogens such as bacteria,
viruses, helminths, and protozoa, nutrients (nitrogen, phosphorus), pharmaceutically
active compounds (PhACs), endocrine active substances (EAS) and other household
chemicals (Perkins, 1984; US EPA, 1998b, 2002a; Gerba and James, 2005; Carroll
et al., 2006; Fong et al., 2007; Stanford et al., 2010).

Commonly, residences that are using septic systems also provide their own water
from a domestic well located on the same property as the septic system leading to
a potential risk of drinking water contamination (DeSimone, 2009; Katz et al., 2011).
Water wells in close proximity to septic systems on soils with a very high sand frac-
tion, shallow unconfined aquifers, in karst terrain, or on fractured crystalline rocks are
especially vulnerable to contamination by pathogens (Scandura and Sobsey, 1997;
DeBorde et al., 1998; Frazier et al., 2002; Miller and Ortiz, 2007; Harden et al., 2008;
Humphrey Jr. et al., 2010). Yates et al. (1985) and Yates (1991) pointed out that the
most common cause of waterborne disease outbreaks in the US is contamination of
well water by septic systems. Over 168 000 viral ilinesses and 34 000 bacterial ilinesses
occur each year due to consumption of improperly treated groundwater used for drink-
ing water purposes, according to US Environmental Protection Agency estimates (US
EPA, 2003a).

States and local governments increasingly regulate the design, installation, and
maintenance of septic systems. Partially with nearby septic systems in mind, many
local and state regulations also address the design of domestic wells including min-
imum screen depth and surface seal depth. Most regulatory development is recent
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and did not apply at the time most existing septic systems and domestic wells were
constructed. Moreover, regulations are typically developed based on very simple con-
ceptual perceptions of groundwater flow. Site-specific conditions are not accounted
for. As Borchardt et al. (2011) demonstrated in a case study, poor understanding of
groundwater flow can lead to drinking water contamination, even if newly established
septic systems are strictly built according to the regulations. Few quantitative tools are
available that would allow regulators, planners, or homeowners to assess the proba-
bility of domestic wells pumping septic leachate-impacted groundwater (Wilcox et al.,
2010).

One approach to prevent excessive aquifer contamination is to determine a minimal
required lot size or a critical maximum septic system density, which is the maximum
number of septic systems per area that would not lead to overstraining the soil’s pu-
rifying and the aquifer’s dilution capacity. Many authors such as Schmidt (1972), Pitt
(1974, 1975), Konikow et al. (1978), Katz et al. (1980), Duda and Cromartie (1982),
Bicki et al. (1985), Yates (1985, 1991), Hantzsche and Finnemore (1992), Nizeyimana
et al. (1996), Canter (1997), Whitehead and Geary (2000), Borchardt et al. (2011), and
Standley et al. (2008) determined significant correlations of septic system density to
contaminant concentrations and disease outbreaks. In US EPA (1998a), the agency
specifies a septic system density exceeding 40 systems per square mile (1 system per
16 acres) as at risk of groundwater contamination and considers septic system density
to be the most important control of contamination risk from septic systems. Dawes
and Goonetilleke (2003) come to similar conclusions as well as Miller (1972), Bauman
and Schafer (1985) and also (Wright, 1975) after having measured and studied exces-
sive nitrate levels in areas with high septic system density. In comparison, rural areas
of the central and western United States are typically zoned to a minimum lot size of
0.5—1 acre (~2000—4000 m2) in agricultural-residential areas and a lot size of 20 acres
(~81000 m2) in exclusively agricultural areas. In some areas lot sizes are even smaller.

Several approaches have been used to determine a minimum lot size or maximum
septic system density, respectively:
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— Empirical and statistical field studies to determine the minimum lot size required
that have historically not lead to groundwater contamination in a specific region.

— Mass balance computations based on the amount of groundwater needed to suf-
ficiently dilute typical septic leachate loading to levels that meet drinking water
requirements (e.g., for nitrate).

— Numerical transport modeling studies that allow for a fully two- or three-
dimensional evaluation of subsurface flow and transport conditions.

— Site-specific evaluation and measurements.

Lowe et al. (2003), Bishop et al. (2007) and Lowe et al. (2011), for example, used a
groundwater flow model coupled with a mass balance approach to evaluate the risk
associated with septic system densities. Trela and Douglas (1978) established a dilu-
tion model to determine a maximum septic system density for sandy soils; the model
has later been modified by Brown (1980) to calculate the required lot size to prevent
nitrate concentrations exceeding 10mgN I”': the model of Viraraghavan (1988) was
constructed for the same purpose. The flow and transport model of Konikow et al.
(1978) was applied to study the effect of septic system densities.

To prevent contamination, regulators also use minimum requirements for horizontal
setback distances between drinking water wells and drainfields, and minimum vertical
separation distances between drainfields and the seasonally highest groundwater ta-
ble. A common setback distance, for example, used by local regulators in California is
30.5m (100 ft) with a minimum vertical separation distance of 1.5 m—3m (5 ft—10ft). Dif-
ferent approaches have been used to determine necessary setback distances including
site-specific transport studies, mass balance calculations to ensure adequate dilution,
geostatistics, and numerical modeling to determine well capture zones. However, set-
back distances required by local regulations in the US are sometimes inadequate for
soils and aquifers with certain hydraulic properties (Yates and Yates, 1989; Postma
et al., 1992; DeBorde et al., 1998; Corbett et al., 2002; Lipp et al., 2001). Kerfoot
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(1987) raised the question whether well protection by setback distances is adequate
without considering groundwater flow direction and demonstrated the need to consider
groundwater velocity and direction in the determination of actual pollution risk. Harm-
sen et al. (1991b) and Harmsen et al. (1991a) used a three-dimensional groundwater
flow and transport modeling approach to implement a sensitivity analysis of horizontal
and vertical setback distances as a function of aquifer properties. It showed that the
necessary distances are most sensitive to horizontal and vertical hydraulic conductiv-
ities and the hydraulic gradient. Horn and Harter (2009) showed that typical setback
distances are not adequate for aquifers with certain hydraulic conductivities if the typi-
cal depth and gravel packs of domestic wells are taken into account.

Until recently, most studies concerning potential contamination of drinking water by
septic systems generally estimated set back distances and maximum septic system
densities with respect to coliform bacteria and nitrate. These studies generally did not
consider other potential contaminants of septic system leachate. Some contaminants
of particular concern, e.g., organic micro-pollutants and viruses are among the most
mobile contaminants and are harmful at small concentrations (Gerba, 1984; Heberer,
2002; Osenbriick et al., 2007; Gray, 2008; Stanford et al., 2010). Thus, typical mass-
balance approaches have a limited significance regarding these substances. Gener-
ally, Kaplan (1991) noted that even if some calculations show that a considered area is
not contaminated as a whole this does not necessarily imply that individual wells are
unaffected by septic effluent contaminants.

In this study, we use a three-dimensional groundwater flow and transport model
(Horn and Harter, 2009) for a probabilistic spatial analysis. We evaluate the probability
that domestic wells pump water that originates at least partially from septic leach fields
(drainfields). Specifically, we determine the likelihood that the source area (capture
zone) of a domestic well overlaps with one or more septic leach field as a function of
aquifer hydraulic conductivity, conductivity anisotropy ratio, and septic system densities
typical for (semi-)rural areas overlying unconsolidated sedimentary (alluvial) aquifers.
We estimate the probability that particles from septic systems, which can be harmful
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even in low concentrations, contaminate drinking water. We consider a typical do-
mestic well design derived from an extensive data base. The actual groundwater flow
direction at the local scale in (semi-)rural areas is strongly influenced by nearby large
production wells. It can consequently differ significantly from the regional groundwater
flow direction and is therefore often unknown; this fact is taken into account within our
probability analysis.

2 Conceptual framework

Domestic well capture zones are obtained using a highly resolved three-dimensional
numerical groundwater model. By overlaying capture zones with various home and
septic system layouts, we compute the probability of one or more septic drainfield sys-
tems intersecting with the capture zone of a domestic well. The well capture zone
model is described in more detail in Horn and Harter (2009). Briefly, a high resolu-
tion finite difference groundwater flow model is constructed (McDonald and Harbaugh,
1988), centered on a typical domestic drinking water well with a gravel pack. The
depth of the domestic well screen is from 48 m to 56 m below the water table with the
gravel pack extending upward to 18 m below the water table. This value is typical of
many domestic wells in alluvial aquifers. The specific depths correspond to the aver-
age screen depth obtained from over 3500 domestic well logs in the Central Valley,
California (Burow et al., 2004). To obtain the capture zone, we assume steady-state
flow with an average areal recharge (from precipitation, irrigation, lawn irrigation, septic
system drainfield) of 0.669 m a~'anda pumping rate of 1234 m3a~’ (1 acre-foot per
year, the typical annual consumption of a US single family household).

After computing the flow field for specific horizontal and vertical aquifer hydraulic
conductivity, Ki, and K|, and for a specific gravel pack hydraulic conductivity, K, we
define the capture zone through backward particle tracking from the domestic well
(Pollock, 1994). The model does not account for the effects of dispersion or aquifer
heterogeneity. The geometry of the capture zones is found to be divided into two parts:
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one that represents water entering the well screen directly without vertical transport
through the gravel pack, and a narrow, elongated part located towards the well that
represents capture by the gravel pack above the screen but below the surface well seal
(Horn and Harter, 2009). The size and location of a capture zones for specific K,,, K,,
and K are used as input to the following spatial analysis.

3 Probability of capture zone intersection with septic drainfield systems

The probability that a domestic well pumps water partially recharged by a septic system
is controlled by the uncertainty of the spatial relationship between well capture zone
and septic system drainfields. That uncertainty in turn arises from uncertainty about
aquifer properties, well properties, aquifer heterogeneity, the patterns of local ground-
water flow, and the lack of information about the location of septic drainfield systems
(relative to a domestic well).

Aquifer properties vary widely, but are often approximated from geologic and well
drilling information (Burow et al., 2004). Subsurface heterogeneity is difficult to assess
and typically leads to increased dispersion. Thus, the capture zone is slightly larger
than predicted when heterogeneity is ignored (Kunstmann and Kastens, 2006). For
a basic assessment, the effects of smaller-scale heterogeneity can be neglected due
to its relatively limited effect. However, we account for different aquifer properties by
evaluating the probability that a domestic well capture zone overlaps with at least one
drainfield as a function of horizontal hydraulic conductivity, vertical hydraulic conductiv-
ity, and well gravel pack hydraulic conductivity.

Regional groundwater flow direction can typically be retrieved from regional water
level contour maps generated by state or federal agencies. However, the distance
from a domestic well to its capture zone is often on the order a few tens to a few
hundreds of meters. At that scale, groundwater flow directions may be highly variable
due to the influence of large production wells used for irrigation or municipal water
supply, due to the influence of local topography and hydrogeology (including large scale
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heterogeneity), and due to the local influence of nearby streams. Therefore, it is often
difficult if not impossible to determine the exact configuration of the flow field near a
domestic well. Lacking detailed information on the local flow field, we use a probabilistic
approach that assumes a uniform probability of the flow direction being between 0° and
360° relative to the orientation of the property lots.

For simplicity, we assume that the geometric shape of all lots surrounding a domestic
well of interest have the same size and are square-shaped. Each lot in such a hypo-
thetical neighborhood is assumed to operate a septic system with a single drainfield
system. Drainfields are assumed to occupy a squared area with a user-defined size.
The sides of the drainfield area are considered to be parallel to the property boundary.
The location of the drainfield within the property boundaries is often unknown. From a
regional perspective, the location of the drainfield system relative to the domestic well
varies in near random fashion. We model the variability of the location of the drainfield
by randomly varying the location among the individual property lots. We assume that
the center of the drainfield system is located at any one location within the property lot
with equal probability. However, the center of the drainfield cannot be located within
less than half its width from the property boundary because the drainfield boundaries
must not extend beyond the property boundary. Further, we assume that the drainfields
are separated by a distance of at least 3m (10 ft) from the boundary. The domestic well
is assumed to be in the center of the owners property, furthest away from any possible
location of neighboring drainfields.

To determine the probability of capture zone intersection with the septic drainfield,
we implement a probabilistic spatial analysis. The variable input parameters are the
aquifer and well hydraulic properties, K, K,, and K;. We assume fixed values for the
depth of the domestic well, its screen length, gravel pack extent, average pumping
rate, and the average recharge rate to the aquifer. The direction of groundwater flow
and the location of individual drainfields are random (uncertain, spatially variable) input
parameters to the spatial analysis. The purpose of this analysis is to compute the
average probability of at least one drainfield system being located within the capture
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zone of the well. The following explains the details of the spatial analysis, which we
programmed into a MATLAB code (MATLAB® — The MathWorks, Inc.).

4 Probabilistic spatial analysis

We represented the capture zone by a polygon defined as the merged area of two
rectangles, one representing the maximum width and length of the main capture zone
and one representing the maximum width and length of the elongated portion of the
capture zone due to the gravel pack extending upwards from the well screen (Horn and
Harter, 2009).

The first step of the spatial analysis is to generate a square grid checkerboard, where
each grid cell represents a property lot. The domestic well (in the center of a lot) is
located at the origin of the coordinate system. The grid is oriented parallel to the x-
and y-axis of the coordinate system. The grid contains the minimum number of lots in
both the x- and y-direction such that the length of the grid in either direction is greater
or equal to twice the length of the extended capture zone. Due to the axis-symmetric
configuration around the well, only the central column and row of the grid and one of
its quarters needs to be considered for the spatial analysis. Figure 1 shows the upper
left quarter of such a grid.

In the second step of the spatial analysis, the capture zone polygons are extended
and the lots are reduced at all sides. By extending the capture zones and reducing
the lots graphically, we are able to represent the drainfield as a point (drainfield center)
instead of a square (Figs. 1 and 2). To prevent overlap of the drainfield from one lot to
a neighbor, we reduce the lot area, A, by the distance, d| , at each side. This distance
equals half the square root, /p, of the drainfield area plus a distance, s, of 10ft (3.05m)
assuming the drainfield is build at least 10 ft (3.05 m) away from a property line:

dL=SL+/D (1)
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The reduced lot area Ay, equals:

Ar = (\/AL- ) @)

The capture zones are extended such that intersection between the original capture
zone and a drainfield can be measured as intersection of the extended capture zone
with the center point of the drainfield system. Figure 2 illustrates this for the flow di-
rection parallel to the y-axis; in this case, the extension, dp, equals /. The direction
of flow is defined as the angle, ap, between the flow direction and the y-axis. If ap is
other than 0° and 90°, d depends on az and can be geometrically derived by

dp =sin(45° +ag)-rp (3)

where rp equals half the length of the diagonal of the drainfield.

The stochastic spatial analysis is implemented by numerical approximation: of all
possible flow directions in this quarter-grid (Fig. 1), we consider a finite number of dif-
ferent directions in user-defined steps of x° from az = 0° to @z = 90°. For our analysis,
we chose 1° increments (90 directions per quarter of the lot grid). The positions of the
vertices of the capture zone polygon are calculated by means of a rotation matrix, D,:

@™ \ sin(ag) cos(ag)

~ (cos(a,;) —Sin(a,:,)) (4)

The transformation is repeated for every polygon vertex at each rotation step. At at
each rotation step, a Boolean operation determines the intersection of the capture
zone with any one of the individual lots of reduced size Ag_ (Figs. 1, 2). In MATLAB,
this analysis is implemented using the polygon operation bundle “polybool”. If an in-
tersection exists, the function provides the vertex coordinates of the intersection area.
From these, we compute the size of the intersection area, A,(/), of the capture zone
with the area of lot grid cell /. Given A|(/), the probability, p;, that the center of the
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drainfield system area in lot / is located within the intersection area, is:
A0
" Ar

For all non-overlapping grid cells, p; = 0. We further define the complementary proba-

bility, p;, as the probability that the capture zone does not intersect with the drainfield
system center in that lot:

pi=1-p; (6)
The probability, p(ag), that the extended capture zone intersects with at least one

drainfield center at a given flow direction, ag, is the complementary of the probability
that the extended capture zone intersects none of the drainfield centers:

()

plag)=1- |._|'5i (7)

where the index / is running from one to the number of lots in the grid, n_. Note that for
all non-overlapping lots, p; = 1.

Having determined the intersection probability p(ag) for each discrete flow direction
step, and each flow direction being equiprobable (in a regional sense), we determine
the total probability of intersection, py, by taking the expected value of the individual
probabilities:

1 &
= —- a 8
pr=o ZP( r) (8)
where ng is the total number of discrete, equiprobable flow directions considered.

For our analysis, we consider a range of lot sizes from 2023 m? (1 acre), which is
the minimum lot size typically required for properties to have septic systems, to nearly
353300 m?, which represents an approximate average density of domestic wells in our
exemplary study area (Burow et al., 2004). The following lot sizes were chosen:
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— 2023 m? (“L17). Lots, which were established before the current regulations re-
garding minimum required lot sizes of 1 acre (see below) were introduced, are
sometimes smaller than 1 acre; here we assume a hypothetical neighborhood of
0.5 acre lots.

— 4047 m? (“L2”). This size equals the minimum allowable lot size of 1 acre for
“rural-residential areas” in the study area.

- 35330m? (“L3"). This area is determined by dividing the example study area by
6510 wells (estimated number of domestic wells) and multiplying the result by
10 to represent areas with an increased population density; this size is equal to
8.7 acre.

— 53000 m? (“L4”). The study area is divided by 4340 wells (humber of domestic
wells with well logs) and multiplied with 10 to represent areas with an increased
population density. The resulting lot size is 13.1 acre.

— 80937 m? (“L5"). This area corresponds to an area of 20 acres and was chosen
since many rural regulations use this area as minimum required lot size in areas
zoned as “agricultural”.

— 353300m? (“L6”). This size corresponds to the estimated current average density
of domestic wells in the example study area and presumably of the drainfield
density (one system per well).

For the drainfield area, we use three values, 40 m? (“D17), 70 m? (“D2”) and 100 m?
(“D3”). The three values cover a typical range required for the drainfield of a house-
hold septic system. Equation (6) is evaluated for all possible combinations of the five
lot sizes, the three drainfield areas, several K}, ranging from 1 md~' to 300md~’, hy-
draulic conductivity anisotropy ratios, K, K, of 1:2 and 1:5, and K values ranging from

50md~" to 1000md™" and at least as large as Kj,.
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5 Results

The intersection probability, py, varies from 0.6 % for large lots (low septic system
densities) and low hydraulic conductivities, K}, to near 100 % for small lot sizes and
high hydraulic conductivities. Figure 3 shows the results for all analyzed lot-drainfield-
aquifer-configurations.

Under conditions typical of alluvial aquifers, the intersection probability, pt, that a do-
mestic well pumps water partially recharged from a septic drainfield system is primarily
a function of the lot size and, hence, drainfield system density. The smaller the lot size,
the higher the risk of a domestic well partially pumping septic leachate independent
of aquifer conditions. For the half acre lots (L1), pt is well over 50 %, regardless of
Kk, anisotropy ratio, Ky, or drainfield system size. At very high aquifer and gravel pack
hydraulic conductivities, the intersection probability for L1-lots is nearly 100 %.

For a given lot and drainfield set-up, the highest p-variation stems from aquifer hy-
draulic conductivity, K,, as Fig. 3 reveals. An increase of K|, causes an enlargement
of the capture zone which results in an eightfold increase in p;. The smallest increase
due to K,, is observed for the smallest lots, for which py is already very high at small
K.,; the largest lot and drainfield sizes are most sensitive to Kj,. For all lot sizes, the
intersection probability is relatively insensitive to K}, at values less than 10md~". This
insensitivity is due to the fact that the capture zone in low permeable aquifers is rela-
tively short and close to the production well, i.e., dominated by the amount of recharge.
Because of the proximity to the well, few if any neighboring lots are intersected by the
capture zone and p+ is controlled primarily by the ratio of drainfield system size to lot
size.

Although the gravel pack hydraulic conductivity, K, has less influence on py than
K}, higher gravel pack hydraulic conductivities are associated with a higher risk of in-
tersection. Figure 4a shows an example for a small lot (L2) and a small drainfield (D1).
In this example, the K, varies from 0.5 % (low Kj) to over 8 % (high Kj). Considering
all configurations, K, modulates pr up to 13% . The highest sensitivity occurs for the
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smallest lot size (L1), largest drainfield size (D3), and at an anisotropy ratio of 1:5.
Generally, the larger the lots are, the lower the sensitivity to the gravel pack hydraulic
conductivity, i.e., absolute variations of the intersection probability due to K decrease
with increasing lot size. For the largest lots (L6) and the smallest drainfield (D1), the
probability increase between lowest and highest Kj is only 0.1 %. Here, the variation of
the size of the capture zone has only a marginal effect on the intersection probability.
Figure 4a is representative for all scenarios: py is most sensitive to K in the middle of

the investigated K},-range (10 and 30m d‘1), while there is no significant change in p
for any of the K values if the aquifer hydraulic conductivity is either very low (less than

5m d_1) or very high (100 m d”'or more).

The anisotropy ratio of the aquifer hydraulic conductivity has a relatively small influ-
ence on py. Figure 4b compares the probabilities resulting from the scenarios with an
anisotropy ratio of 1:2 to those with an anisotropy ratio of 1:5; the different K},-values
are indicated. It is obvious that in scenarios resulting in either a low or high p+, there
is practically no effect by the anisotropy ratio. For scenarios resulting in pt-values be-
tween 35 % and 75 % (L1-L3), however, the anisotropy ratio of 1:5 often causes a slight
increase in the intersection probability, but not exceeding 5%. The higher K relative
to Ky, the larger is this difference. In these cases of a large Ky and a Kj, not higher

than 30md™", the higher anisotropy ratio (1:5) leads to a particularly larger elongation
part of the capture zone increasing the risk of intersection with a drainfield. For smaller
differences between Ky and Kj,, the effect by the anisotropy ratio is less pronounced
or even reverses and leads to marginally lower probabilities for the scenarios with an
anisotropy ratio of 1:5. Kj,-values of 1 md™" principally result in slightly lower prob-
abilities for an anisotropy ratio of 1:5. For this very small hydraulic conductivity, the
elongation part of the capture zone, which is mainly affected by the anisotropy ratio,
does not exist.

Drainfield system size has a greater influence on p; than the anisotropy ratio (within
the parameter ranges chosen): larger drainfield system size results in an increased
intersection probability. For 100 m? drainfield systems, the intersection probability is up
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to 15 % higher than for 40 m? systems. Drainfield system size is most influential when
the lot size is small. In case of the largest lots (much larger than 100 000 m2), however,
the drainfield system size is so small compared to the lot that is has negligible influence
on the intersection probability resulting in probability variations of less than 1 %.

6 Discussion and conclusions

The probabilistic spatial analysis demonstrates that domestic wells have a wide range
of intersection probabilities, controlled primarily by lot density and aquifer hydraulic con-
ductivity. The results can be grouped into three general categories driven by lot size:
lot size and spatial septic system densities, respectively, of approximately one septic
system per 0.5-5 acre (~2000-20 000 m2) yield a very high probability of intersection
with at least 3 in 10 domestic wells pumping water that is partially recharged from sep-
tic systems. For septic system densities on the order of one system per 5-20 acres
(~40000-100000 m2), pt is on the order of 5-10 % for medium hydraulic conductivi-
ties. When septic system density is very low (~one per 400 000 m2), the probability of
intersection decreases to approximately 1 one in 100 domestic wells pumping some
septic system leachate (p is on the order of 1%). Hydraulic conductivity weighs into
this classification to some degree, increasing the probability of intersection for highly
permeable aquifers and gravel packs around the well, while in aquifers with relatively
low hydraulic conductivity, less wells than the above order-of-magnitude estimates tend
to be affected. Anisotropy and gravel pack hydraulic conductivity have only limited in-
fluence.

It is useful to compare the risk obtained from the statistical spatial analysis against
some simple, yet important mass balance based risk indicators: the fraction of areal
recharge across all lots that becomes domestic well water, Qp/Qg, is defined as the
ratio of total domestic pumpage, Qp, (1234 m® Iot'1) to total recharge flux, Qg, from
residential lots (varies as a function of lot size) in a (hypothetical) infinite domain.
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The ratio Qp/Qpg is 91.1 %, 45.6 %, 5.2 %, 3.5 %, 2.3 %, and 0.5 % for L1 through L6
lot sizes. Absent any information about septic leach fields and conservatively assuming
that all lot recharge poses a high risk of septic contamination, this ratio can be inter-
preted statistically as a (regional) probability that a well intercepts a septic leachate
plume. Despite the very conservative assumption, these ratios indeed provide a good
order-of-magnitude approximation of the risk estimates obtained from the probabilistic
spatial analysis (compare to Fig. 3). Our spatial analysis demonstrates that simple
mass balance ratios are insufficient to capture actual risk: at intermediate and high
hydraulic conductivity in the aquifer, which results in long and narrow recharge source
areas for each well, risk drastically increases the probability of interception with a sep-
tic leach field plume. This increase stems from the fact that Qp /Qg does not account
for the source area of a well intersecting multiple properties, each with its own septic
leach field.

For intermediate and large lots, Qp/Qg only provides a lower bound estimate, al-
though it may seem to be an overly conservative estimate. Only for L1, and to a much
lesser degree also for L2, the risk computed from the statistical spatial analysis is lower
than the value computed from Qp/Qg, except at high Kj,. In small lots, the geometric
shape of the recharge source area significantly lowers the potential risk compared to
the simple Qp/Qg model.

Some researchers have used mixing model to assess the risk from septic systems.
Consider the fraction of septic recharge in the total recharge, Qg/Qg, where Qg is the
septic drainfield recharge. For D1, D2, and D3, the recharge from the area immediately
underlying the drainfield is 2.2 %, 3.8 %, 5.4 % of domestic water use, respectively.
Typical sewage return flow, however, is at least 25 % of total domestic water use (the
remainder of the domestic water use ultimately transpires from lawns). A 25 % fraction
of total pumpage recharged from the septic leach field (308 m? a_1) represents 22.8 %,
11.4%, 1.3%, 0.9%, 0.6 %, and 0.1 % of the total lot recharge for L1 through L6 lot
sizes. Multiplying these latter fractions, Qg/Qg, With the respective lot-size dependent
fraction of domestic pumping Qp/Qpg, vields the (instantaneously) mixed fraction of
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septic leachate in the domestic well water: 20.8 %, 5.2 %, 0.07 %, 0.03 %, 0.01 %, and
0.001 % for L1 through L6, respectively. Using these mixing model based ratios to
evaluate the risk of domestic wells intercepting septic leachate leads to substantial,
order-of-magnitude underestimation of the actual risk.

The analysis has several limitations that must be considered. As stated above, the
uniform recharge assumption means that recharge from D1, D2, and D3 leach field
sizes are only 10 % to 25 % of realistically expected drain field recharge. In particular
for L1 and L2, our estimates must therefore be considered to be low. For larger lot
sizes, this simplification is less significant. Furthermore, our recharge is based on typ-
ical recharge from lawn irrigation, typical drainfield discharge, and recharge from sur-
rounding irrigated agricultural land in relatively surface water-rich, semi-arid climates
(Burow et al., 2004) or in humid regions with high precipitation. Elsewhere, recharge
rates in areas surrounding a septic drainfield are significantly smaller than 0.7ma”".
Where recharge rates from septic drainfields are nearly an order of magnitude higher
than in surrounding areas due to low precipitation, lack of irrigation, or large areas of
surface sealing from pavement and buildings (i.e. particularly where lot density is high),
pr-values are likely much higher than estimated above due to the focused contribution
of the septic drainfield recharge.

Our analysis also does not consider the effects of aquifer heterogeneity or macro-
dispersion on the source area. This is a reasonable simplification, since aquifer het-
erogeneity adds uncertainty, but does not change the recharge contribution from septic
leach fields and hence does not change the overall size of the source area, only its ac-
tual shape and location (Kunstmann and Kastens, 2006). Since our analysis is already
probabilistic with respect to the exact shape and location relative to the lot shape,
aquifer heterogeneity would not add to the reported uncertainty. However, spatial vari-
ability among lot sizes and shapes, and in septic system densities, not considered
here, do affect actual contamination risk.

From a risk management perspective, our results raise significant concern about al-
lowing septic systems to be build on lots smaller than 20 acres (8 ha). Under most
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aquifer conditions, an assembly of lots of that small size (sub-rural or sub-urban subdi-
visions, ranchettes) is associated with a potentially significant risk for impacting domes-
tic well water quality in one or several domestic wells. From a public policy perspective,
the results imply that regulators and public health agencies may be able to reduce
costs of inspection and risk of epidemic by targeting regions with relatively high lot and
septic system densities. We caution, however, that the above intersection probabilities
are not equal to the risk for domestic well contamination. The contamination risk is de-
termined not only by the intersection probability, but also by contaminant concentration
in the septic leachate (source strength), the amount of pumped water that originates
from the septic system relative to the total amount of water pumped (dilution), and by
the degree to which contaminants released from the drainfield system are inactivated
(pathogens) or degraded (chemicals) along their travel path to the well (attenuation).
Nitrate-N is usually considered one of the principal indicators of pollution from sep-
tic systems. Hence, most detailed evaluations for maximum septic system densities
have been based on groundwater flow model coupled with a mass balance approach
for nitrate-N. Generally, the contamination risk is significantly lower for nitrate-N than
shown in Fig. 1. The regulatory limit for nitrate-N (10mgN I'1) is approximately one
order of magnitude lower than typical septic leachate concentrations. While not at-
tenuated in many unconfined alluvial aquifers (Robertson et al., 1991; Robertson and
Cherry, 1992; Pang et al., 2006), dilution of the septic leachate with water from non-
septic recharge within the domestic well itself will often reduce nitrate-N levels to below
the MCL. Where the lot density is high, or where the ratio Qp/Qpg is high due to low
recharge outside the septic drainfield, the dilution effect is insufficient, as shown by
field surveys (Arnade, 1999; Whitehead and Geary, 2000; Drake and Bauder, 2005;
Verstraeten et al., 2005). Lowe et al. (2003, 2011) and Bishop et al. (2007), for ex-
ample, recommended a maximum density of one system per 2.5 to 15 acre that would
prevent groundwater contamination with regard to nitrate-N in (semi-)rural areas on un-
consolidated basin-fill of fluvial and lacustrine deposits and on alluvial fans. Our study
indicates that the lower end of this lot density range is not sufficient to minimize the
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probability of direct intersection of a well capture zone with a drainfield. In areas pre-
dominantly under intensive agricultural use, septic system leachate of course is a very
small fraction of the total nitrogen load to groundwater.

The highest risk exists for contaminants frequently released from septic drainfield
systems at a high dose relative to drinking water standards and subject to very limited
attenuation. Where coarse-textured or fractured soils overly sandy or gravelly aquifer,
this includes some pathogenic viruses and bacteria (Scandura and Sobsey, 1997). The
MCLG-value (Maximum Contaminant Level Goal) of the US EPA for total coliforms and
microbial contaminants like Cryptosporidium is less than one per liter (US EPA, 2003b).
Particularly in improperly operated drainfields, pathogens can be released in high con-
centrations (e.g. Alhajjar et al., 1988; Nicosia et al., 2001; Lowe et al., 2003; Ahmed
et al., 2005). Even if only a small fraction of the domestic well water originates from
septic leachate, such capture is almost certain to carry pathogens, pathogen indicators
or low concentration of organic micropollutants such as PhaCs, personal care products,
and endocrine-disrupting chemicals some of which can be transported over long dis-
tances (Carrara et al., 2008; Swartz et al., 2006; Godfrey et al., 2007; Rudel et al.,
1998; Osenbrick et al., 2007). Effects of long-term exposure and synergistic effects
on the human health of various pollutants in low concentrations are not always known;
research therefore progressively focuses on these wastewater compounds (Musolff,
2009; Stanford et al., 2010). With respect to these substances, the above values of
pt may be considered a close approximations of the contamination risk (on a per well
basis) or of the degree of contamination in a group of wells, e.g., on a county-wide
basis.

This study indicates the need for a dual perspective on septic leachate contamination
of groundwater. One view is regional, based on the concern that an aquifer may be
contaminated by septic leachate from many drainfields. The other perspective is much
more local, and concerns the direct contamination of a well with drainfield leachate as
investigated in this study. Lot densities that protect regional aquifers (as assessed by
the simple mixing model shown above) may not be effective at preventing the second
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concern, that of direct contamination, as indicated by the risk of well source recharge
areas intersecting septic drainfields.
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Fig. 1. Upper left part of the lot grid (here for a lot size of 35330 m2) with the well as center
of the grid and as rotation center for the capture zone. The start position is at @z = 0°, the end
position at @ =90°. Only a quarter of the lot is modeled for symmetry reasons. The probability
of each position of the capture zone is uniform. The capture zone results from a K,-value of
10md™", an anisotropy ratio, KKy, of 1:2, and a K;-value of 1000md™". The “relevant lot
area” depends on the size of the drainfield (see text below for further details.)
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Fig. 2. Capture zone (dark grey) overlapping a lot (grey) with drainfields at different positions.
To be able to consider the drainfield as a point, the lot area is reduced by g, (line 1, Eq. 1)
being the sum of half the length of the drainfield, /5, and a separation distance s, (line 2); the
capture zone is enhanced for the same reason by dy (line 3, Eq. 3).
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Fig. 3. Resulting intersection probabilities for all analyzed aquifer and septic system config-
urations. The color of the markers indicates the various lot sizes (L1-L6; see text for further
specifications) and septic system densities, respectively. The form of the markers indicates the
three drainfield sizes. The range of p for a given lot and drainfield size stems from the variation
of Ky (see Fig. 4a).
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Fig. 4. (a) The influence of the hydraulic conductivity of the gravel pack (Ky) on the intersection
probability depending on the hydraulic conductivity, K,,. The colors indicate different values
of Ky [m d™']. Example for a lot size of 1 acre (L2), a drainfield size of 40m? (D1), and an
anisotropy ratio of 1:5. (b) The intersection probabilities for aquifers with an anisotropy ratio of
1:5 vs. those with an anisotropy ratio of 1:2. The colors indicate different values for K, [m d_1].
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