
Science of the Total Environment 692 (2019) 640–652

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Review of phosphorus attenuation in groundwater plumes from 24
septic systems
William D. Robertson a,⁎, Dale R. Van Stempvoort b, Sherry L. Schiff a

a University of Waterloo, Waterloo, Ontario N2L 3G1, Canada
b Environment and Climate Change Canada, Burlington, ON, Canada
H I G H L I G H T S G R A P H I C A L A B S T R A C T
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sites located on non calcareous sedi-
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This study reviews phosphorus (P) concentrations in groundwater plumes from24on-sitewastewater treatment
systems (septic systems) in Ontario, Canada. Site investigations were undertaken over a 30-year period from
1988 to 2018 at locations throughout the province that encompass a variety of domestic wastewater types and
geologic terrain. The review focuses on P behaviour in the drainfield sediments and in the proximal plume
zones, within 10 m of the drainfields, where plume conditions were generally at steady state. At these sites,
mean soluble reactive phosphorus (SRP) values in the septic tank effluent ranged from 1.8 to 13.8 mg/L and av-
eraged 8.4 mg/L. Phosphorus removal in the drainfields averaged 90% at sites where sediments were non calcar-
eous (13 sites) and 66% at sites where sediments were calcareous (11 sites). Removal considering both the
drainfields and proximal plume zones, averaged 97% at the non-calcareous sites and 69% at the calcareous
sites, independent of the site age or loading rate. At 17 of the 24 sites, mean SRP concentrations in the proximal
groundwater plumes (within 10 m) declined to ≤1 mg/L, which is a common treatment level for P at sewage
treatment plants. Zones of P accumulationwere present in almost all of the drainfields, where sand grains exhib-
ited distinct secondary coatings containing P, demonstrating that mineral precipitation was likely the dominant
cause of the P retention observed at these sites.
This review confirms the often robust capacity for phosphorus removal in properly functioning septic systems. At
themajority of these sites (17/24), P retentionmeets or exceeds removal thatwouldnormally be achievedduring
conventional sewage treatment. This challenges the necessity of avoiding septic systemuse in favor of communal
sewer systems, when limiting phosphorus loading to nearby water courses is a principal or major concern.
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1. Introduction
Recent cyanobacteria outbreaks in Lake Erie and elsewhere have
heightened awareness of phosphorous (P) loading to lakes and streams
(Jarvie et al., 2017), including the potential for P loading from on-site
sewage disposal in septic systems (Lemonds and McCray, 2003). Phos-
phorus concentrations in effluent from domestic septic systems
(1.2–22 mg/L, McCray et al., 2005) are N100 times higher than concen-
trations that can stimulate algae growth (Dillon and Rigler, 1974). The
possibility that this phosphorus might impact nearby watercourses, is
one of the considerations that may influence the choice of wastewater
treatment options, particularly the use of on-site treatment systems
versus installation of centralized sewers. Several studies have docu-
mented impacts on streams at sites where septic systems are in use
(Iverson et al., 2018; Withers et al., 2011). However, these studies did
not directly sample the septic system groundwater plumes and it was
indicated that the stream impacts were potentially the result of surface
breakout of untreated wastewater from ‘failing’ septic systems. The ex-
tent to which properly functioning septic systems represent a threat of
phosphorus loading to nearby watercourses is less well understood, as
there are only a few documented cases of septic system groundwater
plumes causing direct P loading to surface water bodies (e.g. LeBlanc,
1984; Corbet et al., 2002; Roy et al., 2017; Geary and Lucas, 2019) and
phosphorus can be affected by a number of processes in the subsurface
whichmake its fate uncertain. In groundwater flow systems, phosphate
is affected by surface layer sorption processes that are often thought to
be the primarymeans of removal (McCray et al., 2005), butmineral pre-
cipitation reactions can occur as well (Ptacek, 1998; Parkhurst et al.,
2003; Spiteri et al., 2007). Sorption processes have the effect of slowing
P migration rates, but sorption sites can become saturated, so that sub-
surface P can migrate with an unknown lag time, posing a problem for
the future. In contrast, mineral precipitation reactions have the poten-
tial tomore permanently immobilize P. In a previous review of 10 septic
systems in Ontario, Canada, we observed highly variable conditions of P
mobility and persistence in the groundwater plumes. Phosphorus mi-
gration rates were retarded compared to groundwater velocities by fac-
tors that ranged from 20 to 100 and P mass removal ranged from 23 to
99% (Robertson et al., 1998).

To assist in bringingmore clarity to the fate of phosphorus from sep-
tic systems, this study capitalizes on the opportunity to review the be-
haviour of P in the drainfield sediments and associated groundwater
Fig. 1. Conceptual view of an on-site wastewater treatment system (septic system) showing t
groundwater plume below the drainfield and the proximal groundwater plume, within 10 m o
plumes at 24 sites in Canada. Site investigations were undertaken over
a 30-year period from 1988 to 2018 and this review expands upon an
earlier study in which 10 of the sites were reviewed (Robertson et al.,
1998). In addition to the 14 new sites, the current review assesses P be-
havior in relation to system ages, wastewater loading rates and carbon-
ate mineral contents, which was not done in the earlier review. This
review also provides new information on the character of the phospho-
rus solids present in the drainfield sediments.

1.1. Site descriptions

The 24 study sites are located throughout the province of Ontario on
geologic terrain that ranges from calcareous Pleistocene sediments in
southern Ontario, to thin soils overlying granitic bedrock in central
and northwestern Ontario (Fig. 1). Also included are four additional
sites where drainfield sediment data are available, but the water table
was too deep to allow sampling of the groundwater plumes (DL, RS,
RD, BD sites, Table 1). These systems service seven single family
homes, 11 seasonal use campgrounds, four seasonal use cottages,
three seasonal tourist facilities, a school and amotel. Site conditions, in-
cludingwastewater loading rates, system ages, water table depths, sed-
iment characteristics, groundwater velocities and distances to nearby
surfacewater bodies, are summarized in Table 1. All aremature systems
ranging from 8–N45 years old and all are of conventional design,
consisting of a septic tank, sized to provide several days of wastewater
retention and an associated drainfield to which the septic tank effluent
is discharged, either by gravity flow, or by pumping. The drainfields are
sized in accordance to provincial regulations, based on sediment perco-
lation rates and wastewater loading amounts. Most have infiltration
pipes that are trenched into the subsurface to ~0.7mdepth.Wastewater
loading rates range up to 6 cm/day but 23of the sites have lower loading
in the range of 0.3–2 cm/day (Table 1). Themethods used for estimating
the loading rates at each site are outlined in the Supporting Materials
(Appendix A).

A variety of sediment types are represented, including 10 sites lo-
cated on permeable sand aquifers (MU, LJ, NO, CA, PP, LP, LA, HH, KN,
CR sites), one site located on silty fine sand (MB2 site), one site located
on sandy silt (JL site), one site located on sandy till (HA site) and one site
located on layered sand and clayey silt (PL2 site). Ten sites are located
on low permeability clay or granitic bedrock (KP, KR, TD, SM, MC, MB,
MA, OA, SN, DY sites), however all of these sites have drainfields that
he three zones of interest in this study; Phosphorus accumulation zone in the drainfield,
f the drainfield.



Table 1
Site characteristics of 28 septic systems in Ontario, Canada studied during 1988–2019, arranged in order of increasing sediment carbonate mineral content. See Fig. 2 for site locations.
System ages relate to date (bracketed) of most recent sampling events. Included are four sites (BD, RD, DL, RS) where drainfield sediment data is available, but no groundwater data is
available.

Site Age (yrs) Sewage loading
(cm/day)

Drainfield sediment type Sediment
composition (wt%,
acid extractible)

WTa

depth
(m)

Groundwater velocity
(m/yr)

Distance to surface water
(m)

Ca Fe Al

Non calcareous Sites (Ca b 2 wt%)
1) HA
Cottage

29
(1992)

0.3 Sand till on bedrock 0.1 8.2 8.6 1.0 400 20

2) MU
House

10
(1997)

1 Sand 0.2 4.0 2.8 2.0 20 20

3) SN
Campground

N20
(2018)

0.8 Imported sand on clay/BR 0.3 1.1 0.7 1–2 10–100 250

4) DL
Cottage

20
(2018)

0.3 Imported sand on clay 0.3 1.3 0.5 N2 90

5) RS
House

? 0.3 Imported sand on clay 0.3 1.8 0.6 N2 30

6) DY
Cottage

20
(2018)

0.3 Imported sand on clay 0.5 1.5 0.8 1.5 10–100 20

7) LJ
Resort

N20
(2013)

0.4 Sand 0.5 2.5 70 100

8) NO
Motel

39
(1999)

0.7 Sand 0.5 5 200

9) TD
House

22
(2011)

0.3 Imported sand on
silt/bedrock

0.5 1.6 0.73 1.0 50–1000 30

10) KR
Campground

20
(2012)

0.5 Imported sand on sand/silt 0.61 1.5 0.77 1.5 10–100 150

11) KP
Campground

8
(2012)

0.5 Imported sand on clay 0.65 2.1 1.5 1.3 10–100 15

12) KN
Campground

16
(2012)

1.5 Imported sand on sand 0.71 1.8 0.90 2.0 10–100 110

13) OA.
Campground

N10
(2015)

0.8 Imported sand on sand/clay 0.85 3.1 0.95 1.2 10–100 100

14) JL
Cottage

29
(2012)

0.3 Sandy silt on bedrock 1.1 2.0 3 20

15) SM
Campground

N10
(2016)

1.9 Imported sand on clay 1.2 2.4 1.1 1.0 18 150

Calcareous sites (Ca N 2 wt%)
16) HH
(reduc

Resort

11
(1996)

? Sand 4.1 2.1 1.2 1.3 70 70

17) MC
Trailer Depot

12 (2011) 0.4 Imported sand on clay 5.5 1.9 0.90 1.2 10–100 100

18) MA
Campground

13
(2012)

1.3 Imported sand on clay 5.5 2.4 0.75 1.5 10–100 450

19) LP
Campground

17
(2007)

6 Sand 6.3 1.8 28 200

20) CR
Campground

16
(2017)

0.5 Imported sand on sand 6.6 1.0 0.76 1.8 50–100 150

21) MB2
House

N45
(2017)

0.5 Silty fine sand 0.5–7.1b 1.7 0.8 2.0 9 N300

22) MB
Campground

26
(2011)

1.8 Imported sand on clay 7.8 3.6 0.95 1.5 10–100 150

23) LA
School

44
(1991)

2 Sand 1–102 4.5 2.6 3.1 100 300

24) PP
Campground

16
(1994)

3 Sand 10 1.5 10–60 40

25) CA
House

20
(1997)

1.3 Sand 10.8 2.5 1.2 2.0 24 300

26) PL2 Betty
House

25
(1992)

0.5 Clayey silt 15 NA NA 0.8 1 30

27) BD (RL)
House

30
(2018)

0.5 Sand N10 1.2 0.4 N3 N300

28) RD CB)
House

13
(2018)

0.5 Sand N10 1.4 0.4 N3 N300

a Water table depth below ground surface.
b At MB2 and LA sites, carbonate leached zones were present to 1.5–2 m depth, where acid leachable Ca was ≤1 wt%.
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are constructed of imported, medium-coarse filter sand (generally
1–2 m in thickness), such that wastewater treatment at these sites oc-
curs primarily within the imported sand. Water table depths range
from 1 to 5 m and average 1.9 m among the sites (Table 1). Average
groundwater velocities are low (b5 m/y) at the sites on lower
permeability silts and clays, but higher velocities in the range of
10–100 m/y, occur at the sites located on permeable sand aquifers
(Table 1). It should be noted that all of these systems have been de-
signed to regulatory standards and are considered to be properly func-
tioning. That is, wastewater encounters at least several meters of
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subsurface flow and system ‘failures’marked by surface breakout of un-
treated sewage, occur infrequently or not at all at these sites. Several of
these systems did experience high water table conditions, periodically,
during major recharge events and spikes in plume P concentrations
were noted at these times (Robertson, 2012). However, increases
were temporary and P values returned to normal values when the
water table declined.

Monitoring networks at these sites extend up to 200m down gra-
dient from the drainfields (e.g. LP site, Robertson et al., 2013), but
this review is focused on P behaviour within the drainfields and in
the proximal groundwater plumes, extending only up to 10 m
down gradient from the drainfields. Farther out, plume boundaries
are less well defined in some cases and it may be less certain if P
values are at steady state due to the slow, sorption-controlledmigra-
tion velocity of P in these plumes (b3 m/y). In contrast, within the
proximal zones which are focus here, dispersive mixing with back-
ground groundwater is less and phosphate concentrations are more
likely to be at steady state because many pore volumes have tra-
versed this zone. At three sites where longer-term monitoring was
undertaken, (CA, LP and TD sites, Robertson, 1995, 2003, 2008,
2012) it was confirmed that P concentrations in the proximal zones
were at close to steady state. This proximal groundwater plume
zone is also where the geochemical evolution of the wastewater is
most dynamic, with oxidation reactions occurring that generate
acidity, followed by buffering through mineral dissolution reactions
(Wilhelm et al., 1996), all of which have the potential to exert a
major influence on the fate of phosphorus. A number of the sites in-
cluded in this review do have larger scale P plumes present, but the
ultimate fate of P within these plumes is not the focus here. Rather,
the dynamic processes that occur near the drainfields, and ultimately
determine the P concentrations that eventually enter the groundwa-
ter flow systems are the focus. Fig. 1 depicts three zones that are of
principal interest; the zone of P accumulation in the drainfield sedi-
ments, the shallow groundwater directly below the drainfields and
the proximal groundwater plumes, within 10 m of the drainfields.

2. Methods

2.1. Plume monitoring

Site studies employed a variety of investigative techniques (e.g.
Robertson et al., 1991; Zanini et al., 1998; Robertson, 2008). At
many sites, multi-level bundle piezometers (Cherry et al., 1983),
installed using a drill rig, percussion hammer or manual soil auger,
were used to provide detailed groundwater monitoring networks
of up to several hundred groundwater monitoring points per site
(see Supporting Materials, Appendix A and Table S1 for descriptions
of the monitoring networks and duration of the monitoring periods
at each site). These devices facilitated the recovery of high quality
samples using a peristaltic pump with in-line flow-through cell.
Wastewater samples were obtained from dedicated sampling tubes
installed near the outlets of the septic tanks. All samples, excluding
those for total phosphorus (TP), were filtered (0.45 μm) in-line,
prior to atmospheric exposure. Samples for NH4

+ and soluble reactive
phosphorus (SRP) analyses were acidified to pH b 2 immediately
after collection, whereas samples for Cl−, NO3

− and other parameters
such as artificial sweeteners were left untreated. Samples were
transported to the laboratory where they were stored either refriger-
ated at ~ 4° C, or frozen until analysis. Plume pH values were mea-
sured in the field using the flow-through cell with portable meter
and probe, calibrated against buffers of pH 4 and 7.

2.2. Laboratory analyses

Analytical procedures generally followed standard methods and
have been described previously. Many samples were analyzed at the
Environmental Geochemistry Laboratory (EGL), Department of Earth
and Environmental Sciences, University of Waterloo, ON, Cl− and
NO3

−, by ion chromatography and NH4
+ colorimetricly. Most soluble re-

active phosphorus (SRP) concentrations were analyzed colorimetrically
(molybdonate blue technique, APHA, 1998) either at the EGL or the Ag-
riculture and Food Laboratory, University of Guelph, ON. Total phospho-
rus (TP) was also analyzed colorimetrically, after acid digestion of
unfiltered samples, following standard procedures (APHA, 1998).
Most TP analyzes were focused on the septic tank effluent and did not
include the groundwater samples. This was because comparisons
showed that when groundwater samples were effectively purged
prior to collection, to eliminate all suspended sediment, plume TP and
SRP values were generally the same (Robertson and Harman, 1999).
The artificial sweeteners acesulfame (ACE) and sucralose (SUC), which
are useful as wastewater tracers (Buerge et al., 2009; Van Stempvoort
et al., 2011)were analyzed at Canada Centre For InlandWaters, Burling-
ton, ON by ion chromatography (Dionex 2500 system) coupled with
tandem mass spectrometry (AB Sciex QTRAP 5500 triple-quadrupole),
following the methods described by Van Stempvoort et al. (2011) and
Spoelstra et al. (2017). This technique provided a detection limit of
0.002 μg/L for ACE and from 0.02 to 5 μg/L for SUC.

Most analyses of sediment acid-extractable P, Ca, Fe and Al concen-
trations were completed at Activation Labs, Ancaster, ON, using an
aqua regia technique in which 0.5 g of sample was digested in concen-
trated HCl and HNO3 under heat, diluted to 250 mL and then analyzed
with a Varian Vista 735, ICP-OES. This method liberates elements asso-
ciated with carbonate, hydroxide and sulfide minerals, but not silicate
minerals. Sediment readily desorbable (plant available) P was deter-
mined at the Agriculture and Food Laboratory, by leaching with 0.5 M
NaHCO3 solution (McBride, 1994).

Morphology and composition of sand grains from the drainfield sed-
imentswere determined using a scanning electronmicroscopewith en-
ergy dispersive X-ray (EDX) elemental analysis. These analyses were
conducted using a Leo 440 scanning electron microscope with Quartz
XOne EDX system (Carl Zeiss Microscopy) at Surface Science Western,
London, ON.

Parameter statistics (mean, median, range of values and standard
deviations) and correlations between parameters (linear best fits as de-
termined by r2 values) were calculated using Graphpad Prism 5™
software.

3. Results and discussion

3.1. Groundwater velocity estimates

At eight sites, groundwater velocities were measured directly from
either bromide tracer experiments (CA, LA, LP sites, Robertson et al.,
1991, Harman et al., 1996; Robertson, 2008) or by monitoring break-
through of elevated electrical conductivity associated with arrival of
the wastewater plumes (MU, JL, LP, LJ, CR, SM sites, Robertson et al.,
1991; Robertson and Blowes, 1995; Robertson, 2008; Garda, 2018). At
five sites, the Darcy equation was used to estimate groundwater veloc-
ities, with hydraulic conductivities estimated from grain size data using
the Hazen equation (Freeze and Cherry, 1979) and hydraulic gradients
determined from piezometer water levels measured using an electric
tape (HA, HH, PP, MB2, TD sites, Wood, 1993; Robertson, 1994;
Ptacek, 1998; Robertson, 2012; Gruber, 2018). Groundwater velocities
were not specifically estimated at nine of the sites on low permeability
clayey sediments where imported sand was used to construct the
drainfields, but velocities in the range of 10–100 m/y (within the
drainfield sands) are considered reasonable for those sites (MA, MB,
MC, SN, DY, KP, KN, KR, OA sites, Table 1).

Groundwater velocities at the 10 sites located on permeable sand
aquifers were mostly in the range of 10–100 m/y (Table 1), although
one site at a shoreline location with a steep hydraulic gradient had a
higher velocity of 400m/y (HA site) andone site had a seasonally higher
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velocity (up to 1000 m/y) when steep hydraulic gradients developed
during spring snow melt (TD site). One site located on silty fine sand
had a velocity estimated at 9 m/y (MB2 site) and two sites located on
less permeable silt and clayey sediments had lower velocities of
1–3 m/y (JL, PL2 sites, Table 1).
Fig. 2. Location of 28 septic systems in Ontario where groundwater studies were undertaken
overburden sediments.
3.2. Effluent and plume characteristics

Fig. 2 presents cumulative frequency plots for Cl−, NH4
+-N, SRP, ACE

and SUC, considering all of the septic tank effluent samples from the 21
sites where samples are available. The median values for Cl−, NH4

+-N
during 1988–2018. Bedrock geology reflects the potential for the presence of calcareous



Table 2
Characteristics of the septic tank effluent, considering all samples from 23 sites.

Parameter Number
of
samples

Mean ± sd
(mg/L)

Range
(mg/L)

Median
(mg/L)

Cl− 106 140 ± 267 15–1938 64
NH4

+-N 111 72 ± 37 7–165 68
TIN 112 73 ± 37 7–165 69
SRP 123 8.2 ± 4.9 0.1–25 7.4
ACE 56 0.044 ±

0.032
0.006–0.163 0.037

SUC 56 0.040 ±
0.034

0.005–0.126 0.033
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and SRP were 68 mg/L, 67 mg/L and 7.4 mg/L respectively (Table 2). In
an previous literature review that assessed septic tank effluent compo-
sition reported in 22 studies, McCray et al. (2005) reported similar me-
dian values for both NH4

+-N (58 mg/L, n = 37) and SRP (9.0 mg/L, n =
35), indicating that effluent composition at our sites was consistent
Table 3
Mean values of selected constituents in the proximal plume zones and mean concentrations o
below the drainfields and in the proximal plumes, within 10 m of the drainfields. Note; ground

Site pH NO3
—N (mg/L) NH4

+-N mg/L Fe mg/L Solu
(mg

Eff

Non calcareous sites (Ca b 2 wt%)
1) HA Cottage 5.9 3.1 0.1 0.11 7.7
2) MU House 4.6 39 0.5 0.03 13
3) SN Campground 5.9 0.3 1.8 4.9 5.0
4) DL Cottage 6.8
5) RS House 11
6) DY Cottage 7.0 21 0.1 0.03 10.0
7) LJ Resort 5.9 22 0.1 0.03 4.6
8) NO Motel 3.5 76 0.2
9) TD House 6.0 24 0.1 0.2 7.4
10) KR Campground 5.9 4.3 4.1 5.0
11) KP Campground 5.5 17 8.5 1 5.1
12) KN Campground 5.1 39 0.7 5.0c

13) OA. Campground 4.9 40 11 6.6
14) JL Cottage 5.3 0.1 15 18 10.6
15) SM Campground 7.0 0.2 29 10 5.4
Mean
Non calcareous

8.9

Site pH NO3-N mg/L NH4-N mg/L Fe mg/L SR

Eff

Calcareous sites (Ca N 2 wt%)
16) HH (reduc) Resort 6.7 4.4 1.6 0.03-10 1.8
17) MC Trailer Depot 7.5 57 228 15
18) MA Campground 7.7 40 0.2 b0.4
19) LP Campground 6.9 67 0.2 0.02 7.7
20) CR Campground 7.0 54 2.5 0.1 13
21) MB2 House 7.7 26 0.1 b0.1 3.9
22) MB Campground 7.6 51 0.5 b0.1
23) LA School 6.5 107 0.6 0.02 9.6
24) PP Campground 7.2 35 8 0.01–10 9.6
25) CA House 7.0 21 0.1 0.02 6.3
26) PL2 House 8.0 0.1 0.1 7.6
28) RD House 9.6
Mean
Calcareous sites

7.8

Mean
All sites

8.4

a Groundwater SRP values are corrected for dilution based on Cl concentrations, where avail
corrected SRP × (Effluentmean Cl / sample Cl). For Cl concentrations, uncorrected SRP values an
and S3 in the SupportingMaterials.Where only Total P (TP) data are available (some effluent sa

b Where plume SRP samples are not available, plume SRP removal is assumed to be the sam
c For KN site, effluent SRP value is from a different septic system (KR site) located in the sam
d Where effluent samples are unavailable, the all-site median effluent SRP value of 7.4 mg/L
e Plume length with P concentrations N 0.1 mg/L.
with other sites. All of the samples with Cl− values N200 mg/L were
from theMB2 site, which has a water softener. Chloridewas considered
the principle conservative wastewater tracer at most of these sites and
was used to apply a dilution correction for SRP concentrations. The cor-
rectionwas applied bymultiplying the uncorrected value by the ratio of
themean septic tank Cl− value to themean plume Cl− value.Mean sep-
tic tank and plume Cl− values are given in the Supporting Materials
(Table S2), as well as corrected and uncorrected SRP concentrations
(Table S3). Table 3 compares the mean values of SRP in the septic tank
effluent, the shallow groundwater below the drainfields (corrected for
dilution) and the proximal plume zones within 10 m of the drainfields,
at the 24 sites where groundwater samples are available. The table also
compares themean values of other plume parameters that could poten-
tially influence P behavior, including theNH4

+/NO3
− couple, as an indica-

tor of the degree of oxidation that the wastewater has undergone, Fe as
an indicator of the redox status of the plumes and pH as an indicator of
the buffering capacity of the sediments present at the sites. Nitrate is el-
evated over NH4

+ in 21 of the 24 plumes and represents N90% of inor-
ganic nitrogen in 15 of the plumes (Table 3), indicating that the
f soluble reactive phosphorus (SRP) in the septic tank effluent (Eff), shallow groundwater
water SRP values are corrected for dilution.

ble reactive phosphorusa

/L)
P removalb (%) P plume lengthe (m)

Drainfield Plume Drain field Plume

0.16 98 1
0.02 0.02 99 99 1
0.23 0.11 95 98 3

0.43 96 2
0.09 0.07 97 98 4
0.05 99d 1
6.6 0.72 11 90 1
0.13 0.09 97 99 1.5
0.51 0.06 90 99 2
0.50 0.05 93 99 1.5
0.12 98 2
0.09 0.30 99 97 1
0.09 99 2
0.67 0.23 90

n = 13
97b

n = 8

Pa (mg/L) P removalb (%) P plume length (m)

Drainfield Plume Drain field Plume

0.27 0.75 85 58 30+
1.4 81d 5
1.8 76d 1.5
6.4 4.6 17 40 16

.8 6.0 2.3 57 83 30
1.7 1.0 56 74 10
1.2 0.5 84d 93d 10
1.8 3.0 81 69 100

1.4 85 15
4.6 3.5 27 46 30
0.03 99 1

2.5 2.1 66
n = 10

69b

n = 8
1.5 1.2 80

n = 23
84b

n = 17

able (except Na used as the conservative tracer at CA and HH sites). Corrected SRP = un-
d parameter statistics for each site (standard deviations, number of samples), see Tables S2
mples), TP is converted to SRP using the relationship SRP=0.85× TP (McCray et al., 2005).
e as the drainfield SRP removal.
e campground.
(Table 2) is used to calculate P removal.
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Fig. 3. Cumulative frequency of selected septic tank effluent constituents at 23 sites in Ontario: a) Cl− and NH4
+-N, b) SRP and c) artificial sweeteners, acesulfame (ACE) and sucralose

(SUC). Note; eight Cl values, one SRP and three ACE values are out of range.

646 W.D. Robertson et al. / Science of the Total Environment 692 (2019) 640–652
wastewater is generally well oxidized at most of these sites. All of the
nitrate-dominant sites have low Fe concentrations (b1mg/L) indicating
that oxidizing conditions prevail at these sites. At six sites, distinctly
higher Fe concentrations are present (1–18 mg/L), indicating that re-
ducing conditions are present in some portions of these plumes (KP,
JL, SM, HH, MC, PP sites, Table 3). All of the Fe-rich plumes also have
higher NH4

+ concentrations, indicating that the wastewater has been
lesswell oxidized at these sites, rather than encountering reducing con-
ditions in the groundwater zone after complete oxidation in the
drainfield. The plumes exhibit highly variable pH conditions, ranging
from 3.5 to 8.0 (Table 3), with all of the sites with pH ≤ 6 (11 sites) oc-
curring in non-calcareous terrain.

Themean values of the artificial sweeteners, ACE and SUC in the sep-
tic tank effluents and in proximal plume zones, are also provided in the
Supporting Materials (Table S4). Although ACE and SUC were not used
as plume tracers in the current study, they were used previously at sev-
eral of these sites, where they successfully identified the septic system
plumes at more distal locations where other Cl− sources were con-
founding (Robertson et al., 2013; Baer et al., 2019).
Fig. 4. Example of a septic system with a large-scale phosphorus plume; site 23 (LA, school)
operation (1992–1995). Plume is migrating in a permeable sand aquifer (calcareous) with gro
Adapted from Harman et al. (1996).
3.3. P mobility trends

Highly variable conditions of Pmobility and persistence in the septic
system plumes occur among the 24 sites, consistent with the earlier 10
site review (Robertson et al., 1998). At 17 sites, mean SRP concentra-
tions in the proximal plume zones were b 1 mg/L (corrected for dilu-
tion), including 13 sites where they were b 0.5 mg/L, whereas only
four sites had mean plume values N2 mg/L (LP, CA, LA, CR sites
Table 3, Fig. 3). Large scale P plumes, between 10 and 100 m in length,
were present at seven sites (LA site, Fig. 4, HH, LP, CR, MB2, PP, CA
sites, Table 4), all of which occur in sand aquifers. Considering the
ages of these seven systems (11–N45 years, Table 4), P migration rates
of 0.2–2.7 m/yr are indicated. Groundwater velocities range from 9 to
100 m/y at these sites, thus P migration rates are retarded compared
to groundwater velocities, by factors ranging from 11 to 67 (Table 4).
Assuming that P retardation is the result of surface layer sorption pro-
cesses, the observed retardation factors imply P mass distribution coef-
ficients (Kd, Pmass adsorbed/Pmass in solution) ranging from 1.3 to 8.9
(Table 4), with a median Kd value of 3.9 L/kg (n = 9, considering two
showing SRP concentrations along the plume centreline during years 44–47 of system
undwater velocity of 100 m/y.



Table 4
Summary of site characteristics at seven sites where larger scale P plumes, ≥10 m in length, are present (values included from Tables 1 and 3).

Site Sed. type Sed. Ca (wt%) Age (yrs) G.W. vel. (m/yr) pH SRP (mg/L) P Plume length (m) P Vel. (m/yr) Ra Kd
b (L/kg)

16) HH Resort Sand 4.1 11 70 6.7 0.75 30 2.7 26 3.3
19) LP Campground Sand 6.3 17 28 6.9 4.6 16 0.9 31 3.9
20) CR Campground Sand 6.6 16 50–100 7.0 2.3 30 1.9 26–53 3.3–6.8
21) MB2 House SiltySand 0.5–7.1 45 9 7.7 1.0 10 0.2 45 5.8
23) LA School Sand 1–10 44 100 6.5 3.0 100 2.3 43 5.5
24) PP Park Sand 10 16 10–60 7.2 1.4 15 0.9 11–67 1.3–8.9
25) CA House Sand 10.8 20 24 7.0 3.5 30 1.5 16 2.0

a SRP retardation factor relative to groundwater velocity.
b Kd = P mass distribution coefficient (mass adsorbed / mass in solution) calculated from retardation factor using relationship; R= 1+ (sediment bulk density / porosity) Kd (Freeze

and Cherry, 1979), assuming bulk density of 2.65 g/cc and porosity of 0.35.
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values each for sites where a range of Kd values are given). The median
Kd value is similar that reported by McCray et al. (2005) for sand
(6.2 L/kg, n = 9), based on a review of five studies that assessed P mo-
bility in both laboratory tests and groundwater plumes and considered
that sorption isotherms were linear. Longer term monitoring under-
taken at two of our sites (CA and LP sites, Robertson, 2003, 2008) re-
vealed continued expansion of the P plumes and systematic increases
in SRP concentrations at distal monitoring locations, providing further
evidence that advancing sorption fronts were controlling P migration
in the distal zones at these sites (Figs. 5 and 9).

In contrast, at 17 sites, P plume development was much more lim-
ited (Fig. 5), with only relatively lowP concentrations (b1mg/L) present
beyond the drainfields (Table 3). Longer termmonitoring carried out at
one of these sites (TD site, Robertson, 2012), revealed that SRP
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Fig. 6.Correlation of septic system agewith: a)mean proximal plume SRP concentrations, b) pro
calcareous sites are distinguished by open and closed symbols respectively.
concentrations, at a location only 5m from the drainfield, remained sta-
ble at a low value of ~0.7mg/L and did not increase over a 5-year period.
The absence of an increasing trend indicated, that in this case, a process
other than sorption,must have been responsible for the high degree of P
removal occurring in the proximal plume zone (90%, Table 3). Notably,
all of the siteswith larger scale P plumes present occur in calcareous ter-
rain (Sediment Ca N 2 wt%), with near-neutral pH conditions prevailing
(Table 4). However, not all sites in calcareous terrain had large scale P
plumes (e.g. MC site) and drainfield P removal was still substantial at
a number of the calcareous sites (e.g. HH, MC, CR, LA, MB2 sites,
Table 3). In a study of six septic systems in Ireland, Gill et al. (2009)
also observed substantial P removal in the drainfields, ranging from 77
to 95%, during their first two years of operation. Similarly, during mon-
itoring of three drainfield lysimeters in Florida over a 1-year period (7
pore volumes), Mechtensimer and Toor, (2016) observed N95% P reten-
tion in the drainfields, but speculated that eventual leaching of P to the
water table was possible because only 18% of the sorption capacity of
the sediment had been consumed at that point. In the current study,
similarly robust P removal is observed in drainfields that are much
older (8- N 45 years), pointing to a removal mechanism that is not
sorption-dominated and that appears to be sustainable over the long
term. Additionally, at the LP campground site (loading of 6 cm/day),
the monitoring network was in place prior to commissioning of the
drainfield in 1990. Here elevated SRP concentrations (~3mg/L) reached
the water table, at 2 m depth, after only two months of wastewater
loading, demonstrating that sorption capacity in the drainfield sedi-
ments was consumed relatively quickly compared to the long periods
of monitoring.

The drainfields at eight of the study sites are located within 30 m of
surface water bodies (HA, MU, RS, DY, TD, KP, JL and PL2 sites, Table 1).
However, field investigations did not generate direct evidence of sub-
stantial P loading (N0.1 mg/L) to the surface waters at any of these
sites, although it should be noted that seven of the sites were in non-
calcareous terrain where P retention was strongest.
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The discussion below assesses four septic system design factors that
could potentially influence the P variability observed at these sites;
1) system age, 2) water table depth, which could affect the degree of
wastewater oxidation and the redox status of the groundwater zone,
3) sediment carbonate mineral content, which influences plume pH
conditions and 4) wastewater loading rates.

3.4. Effect of septic system age

If P attenuation in these plumes is controlled by surface layer sorp-
tion processes, P removal near the drainfields should decrease with sys-
tem age as available sorption sites are progressively consumed.
However, this is not the case. Drainfield P removal remains similarly ro-
bust in both young and old systems (Fig. 6) and there is no correlation
between age and P removal (r2 = 0.001, Fig. 6). Furthermore, there is
little correlation between age and total P plume length (r2 = 0.12,
Fig. 6), although the longest P plume, (100 m, Fig. 4), occurs at one of
the oldest sites (LA school, 44 years old). The lack of correlation with
age indicates that sorption is not the dominant process causing P re-
moval at these sites.

3.5. Effect of water table depth

Water table depths range from 1 to 5 m at these sites (Table 1),
which could impact the degree of oxidation that the wastewater un-
dergoes and the redox status of the groundwater plume. At most, but
not all of the sites, inorganic nitrogen in the plumes is dominated by
NO3

− over NH4
+ (Table 3), indicating that these plumes are generally

well oxidized at both shallow and deep water table locations and with
season. Consequently, there is only weak correlation between the
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site located on low permeability, clayey sediments (PL2 site, 15 wt% Ca) is excluded from the r
proportion of plume TIN occurring as NO3
− and water table depth (r2

= 0.08, Fig. 7). Similarly, there is little correlation between water
table depths and plume SRP concentrations (r2 = 0.005) or P removal
(r2 = 0.005, Fig. 7). The lack of correlation is partly due to the fact
that several of the shallow water sites where wastewater oxidation is
incomplete, have high P removal (90–97%, KP, SM, MC sites, Table 3).
These sites also have elevated Fe concentrations (Table 3) which may
contribute to the observed P removal. Increases in Fe result from reduc-
tive dissolution of ferric oxyhydroxide minerals within reducing zones
in the plumes. This can affect P concentrations in two ways; first by
the precipitation of the ferrous-P mineral vivianite (Fe3 (PO4)2 ·
8H2O) and secondly, if these zones are subsequently oxidized, by the
precipitation of the ferric-P mineral strengite (FePO4 · 2H2O) (Ptacek,
1998; Zanini et al., 1998; Parkhurst et al., 2003).

3.6. Effect of carbonate mineral content

Carbonate minerals provide the strongest buffering capacity for the
acidity generated by wastewater oxidation reactions and consequently,
plume pH values correlate with the acid extractable Ca content of the
drainfield sediments (r2 = 0.49, Fig. 8). All but two of the non-
calcareous sites (Ca b 2wt%) have acidic plumeswith pH values ranging
from 3.5 to 6.0 (Fig. 8), whereas all of the plumes in calcareous sedi-
ments have circum neutral pH values (6.5–8.0). None of the 13 non cal-
careous sites have P plumes extending beyond 10 m from the
drainfields, whereas all of the more mobile P plumes, extending
N10 m or more from the drainfields (seven sites, Table 4), occur in cal-
careous terrain. Accordingly, mean SRP concentrations in the proximal
plume zones are correlated with sediment Ca content (r2 = 0.58,
Fig. 8) and SRP removal is inversely correlated with Ca content (r2 =
10 15
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0.51, Fig. 8). Overall, mean SRP concentrations in the proximal plume
zones averaged 0.23 mg/L at the non-calcareous sites, compared to
2.1 mg/L at the calcareous sites (Table 3) and P removal averaged 97%
at the non-calcareous sites vs 69% at the calcareous sites (Table 3). Pre-
vious publications have indicated that P is controlled to low values in
the acidic plumes by the precipitation of sparingly soluble P minerals
such as variscite (AlPO4 · 2H2O) and strengite (FePO4 · 2H2O)
(Robertson et al., 1998; Spiteri et al., 2007).

Although P removal at the calcareous sites was less complete, it was
still substantial atmany of these sites (69%). Of note, naturalweathering
processes can lead to the development of surficial carbonate leached
zones in calcareous terrain (Reardon et al., 1980) and acidic conditions
might persist within these zones. Carbonate leached zones were pres-
ent, to 1.5–2 m depth, at two of these (LA, MB2 sites, Table 1) and in
both cases, drainfield P accumulation coincided with the carbonate
leached zones (Zanini et al., 1998; Gruber, 2018).

3.7. Effect of sewage loading rate

Higher sewage application rates decrease hydraulic retention times
in the drainfield sediments and potentially diminishe the opportunity
for wastewater oxidation and P retention in the drainfields. Sewage
loading rates range from 0.3 to 6 cm/day, but at 23 of the sites, loading
is relatively low at b2 cm/day (Table 1). Mean SRP concentrations in the
proximal plume zones showed some degree of correlation with loading
(r2=0.43) as did P removal (r2=0.38, Fig. 9). Notably, the sitewith the
highest wastewater loading rate (LP campground, 6 cm/d, Table 1), also
had the highest plume SRP concentration (4.6 mg/L) and the lowest
amount of P retention in the drainfield (17%, Table 3). In a study of six
septic systems in Sweden, Eveborn et al. (2014) measured excess P
mass present in the drainfield sediments, to estimate the amount of P
retention. The site with the lowest wastewater loading rate
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(0.9 cm/day) had the highest P removal, approaching 100%, whereas
four sites with higher loading of 2.2–33 cm/day had much lower P re-
moval of only 4–26%. Likewise, Geary and Lucas (2019) observed very
little P removal in the drainfield sediments at a household septic system
wherewastewater loadingwashigh (6 cm/day). Thesefindings are con-
sistent with the tendency of lower drainfield P retention at higher load-
ing rates observed in this study and suggests that limiting wastewater
loading to a few centimeters per day or less could be an important factor
for allowing more complete retention of P within the drainfield
sediments.
3.8. Phosphorus accumulation in the drainfield sediments

Sediment desorbable phosphorus increases abruptly to as high as
50–100 mg/kg, just below the infiltration pipes at most sites (Fig. 10).
Samples with elevated P were not associated with biomat layers and
were generally visually indistinguishable from underlying samples
with lower P. All 23 drainfields that were profiled, showed some degree
of P enrichment compared to background samples, which normally had
minimal desorbable P present (b1mg/kg, Baer et al., 2019). Phosphorus
enrichment occurs consistently in the same depth zone, within 1–2 m
below the infilitration pipes, which is primarily within the unsaturated
zone. Many of the desorbable P values were close to the median value
reported by McCray et al. (2005), for maximum P sorption capacity of
sand (40 mg/kg, n = 12), based on a literature review that assessed
five studies. Acid extractable P is enriched to an even greater extent in
the P accumulation zone,where values of up to 1000–1500mg/kg in ex-
cess of background values occur (Fig. 10). Background values are typi-
cally in the range of 250–500 mg/kg, and reflect the presence of trace
amounts of primary apatite in the sands (Robertson, 2012, Table S5,
Supplementary materials). Comparison of desorbable and acid
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extractable P values (Fig. 10), indicates that only about 10% of the accu-
mulated phosphorus is readily desorbable.

Fig. 11 shows examples of scanning electron microscope images of
sand grains from the P rich zones at the SN and MC sites. The SN site
has an acidic plume (pH 5.9) in non-calcareous sediments and shown
is a prominent secondary coating on a quartz grain, with Al as the dom-
inant cation and containing 2wt% P. In contrast, the plume at the calcar-
eousMC site, has neutral pH and is lesswell oxidizedwith elevated Fe of
15 mg/L (Table 3). At this site a very prominent secondary coating is
present on a quartz grain,with Fe as the dominant cation and containing
15 wt% P. Electron images of similar secondary coatings containing P
have been presented previously for the HA, LA, CA, NO, TD and BD
sites (Zanini et al., 1998; Robertson, 2012; Baer et al., 2019). Secondary
mineral coatings containing P were readily observed in the drainfield
sediments at 23 of the 24 sites examined. These coatings typically
Fig. 11. Examples of secondary mineral coatings in the drainfield sediments; Scanning electron
Left Al\\P coating, SN site, core SN5–1.1 m depth (spot top left, P 2.0, Fe 6.6, Al 19.4, Ca 1.8 wt%
have varying amounts of P (1–15 wt%) and always have Fe, Al or Ca as
the dominant cations (Table S5, Supplementary materials). At 13 sites
Al was the dominant cation, at five sites Fe was dominant and at three
sites Ca (+ Fe) was dominant. It is uncertain if these cations are derived
from the wastewater or the sediments, however the sediments at all of
the sites have substantial amounts of acid leachable Fe and Al present
(0.4–8.6 wt%, Table 1), which potentially could sustain these reactions
over the long term.

The substantial thickness of the coatings (typically 10–30 μm,
Table S5) and the fact thatmost of the excess P is not readily desorbable,
leaves little doubt that mineral precipitation, not sorption, is the domi-
nant process causing P to accumulate in the drainfields. Phosphorus ac-
cumulation occurs immediately below the infiltration pipes, indicating
that these reactions occur within a few days to a fewweeks after the ef-
fluent enters the subsurface. Similar P accumulation below wastewater
images and X-ray elemental analyses of coatings on sand grains from the SN andMC sites;
); right, Fe\\P coating, MC site, core MC7–0.9 m depth (P 15, Fe 37, Al 1.0, Ca 3.3 wt%).
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infiltration beds has been observed at other sites (Walter et al. 1996;
Eveborn et al., 2014). Zanini et al. (1998) suggested that P mineral pre-
cipitation is promoted in this zone by the active geochemical evolution
of the wastewater, related to oxidation of NH4

+, ferrous Fe and organic
matter, with acidity generation and subsequent buffering through dis-
solution of carbonate and Fe and Al oxy-hydroxide minerals. The fact
that the accumulation zones occur at similar depths at all of these
sites, even though the drainfields vary widely in age (8–N45 yrs.,
Table 1), supports this hypothesis. Even where P plumes have migrated
tens of meters or more away from the drainfields (e.g. CA and LA sites),
zones of sediment P accumulation still remain strictly confined to
within about 1 m below the infiltration pipes (Zanini et al., 1998). At
one site where the sediments were sampled in more detail (TD site),
the total excess P mass present in the drainfield was estimated at
24 kg, which was roughly equivalent to the total lifetime P loading to
the system (22 kg over 20 years, Robertson, 2012).

The high degree of P retention observed in the drainfield sediments
at these sites and the almost ubiquitous presence of secondary mineral
coatings containing P, supports previous geochemicalmodelling studies
indicating that mineral precipitation reactions play a role in limiting P
concentrations present in these plumes. Most of the calcareous plumes
that were modelled previously, exhibited supersaturation with respect
to hydroxyapatite (Ca5 (PO4)3 OH) (PP, LP, LA, CA sites, Ptacek, 1998;
Zanini et al., 1998; Robertson et al., 1998), whereasmost of the non cal-
careous plumes, approached or exceeded saturation with respect to
variscite (AlPO4 · 2H2O) and/or strengite (FePO4 · 2H2O), (JL, HA, MU,
LJ, TD sites, Robertson et al., 1998; Robertson, 2003; Robertson, 2012).
Additionally, most of the reducing plumes that had elevated Fe, as
well as many of the effluent samples, approached or exceeded satura-
tion with respect to vivianite (Fe3 (PO4)2 · 8H2O) (PP, HH, JL, SM sites,
Ptacek, 1998; Robertson et al., 1998; Garda, 2018). It should be noted
however, that the compositions of the secondary mineral coatings
were often variable and were not necessarily consistent with the com-
position of the pure minerals noted above, that are included in the
data bases of chemical equilibrium models such as PHREEQC
(Parkhurst, 1995) and Visual MINTEQ (Gustafsson, 2006). For example,
at the BD site, a coating on a sand grain had P content that varied be-
tween 2 and 6 wt% (Baer et al., 2019), suggesting that these coatings
likely represent amorphous precursors rather than puremineral phases.
Nonetheless, geochemical models have been used with success in
predicting the general trends of P behavior these plumes and at other
sites (Ptacek, 1998; Parkhurst et al., 2003; Spiteri et al., 2007). Of note,
at only three of the 23 sites, was Ca a prominent constituent of the sec-
ondary coatings, (14–21 wt%, MC, BD and RD sites, Table S5). This hints
that hydroxyapatite and its related phases may be of secondary impor-
tance as mineralogical controls on P concentrations in septic system
plumes.

4. Conclusions and Implications

This reviewhighlights the largely unrecognized high degree of phos-
phorus removal that occurs in the drainfield sediments and associated
proximal groundwater zones at many properly functioning septic sys-
tem sites. Even at several sites where wastewater oxidationwas incom-
plete due to shallow water table conditions (e.g. SM and MC sites), P
retention was still robust because of increased Fe cycling at those
sites. The observation that P removal remains focused in the same
zone, immediately below the infiltration pipes, at all of these sites,
even though they vary widely in age, indicates that these are mineral
precipitation reactions that are at steady state and that appear to be sus-
tainable over the long term. To successfully predict septic systemP load-
ing at the watershed scale, models need to also include the important
effect of P retention in the drainfields and not just focus on sorption.

It is of interest to compare the degree of drainfield P retention ob-
served at these sites to that which might be expected during conven-
tional sewage treatment. In the province of Ontario, the regulated TP
concentration in sewage treatment plant effluent is normally 1 mg/L
(OMECC, 2018), although lower values may be mandated at sensitive
locations considered at risk from phosphorus loading. Treatment is usu-
ally achieved through mechanical aeration, combined with reagent ad-
ditions that cause flocculation of P, followed by settling or filtration. At
17 of the 24 sites, groundwater plume values were b1 mg/L P and at
13 sites plume values were b0.5 mg/L. These findings call into question
the necessity of avoiding septic system use when limiting phosphorus
loading to nearby water courses is a concern. Given the accumulation
of P within the drainage field under current steady conditions of septic
loading, decommissioning of the septic system could lead to mobiliza-
tion of sequestered P due to changing geochemical conditions including
redox status and pH, controlled by the current loading regime. Further,
excavation and replacement of drainage bed materials should be con-
ducted with caution especially close to sensitive surface water bodies.
These drainfield sediments are a “hotspot” of P accumulation and re-
distribution of these sediments on the nearby surface during mainte-
nance or replacement of tilebedmaterials should be prohibited. Correct
disposal of these high P sediments is required.

A number of the sites examined in this review, particularly those in
calcareous terrain, did have P plumes that extended beyond 15 m from
the drainfields, however. This is the regulated minimum setback dis-
tance for septic systems from surface water bodies in the province of
Ontario (OMAFRA, 2019). Thus, a cautious approach is warranted
when septic systems are located close to sensitive surface water bodies
in calcareous terrain. Additionally, all of the sites examined in this re-
view had plumes that were migrating in unconsolidated overburden
sediments. None of the sites had plumesmigrating in fractured bedrock,
where groundwater velocities within fractures could potentially be
much higher than the values reported herein. Also, little is known
about the capacity for P retention within fractured bedrock flow sys-
tems and further study is needed. Also of note, most of sites examined
in this review had relatively low wastewater loading rates
(b2 cm/day), which may have served to enhanced the opportunity for
P retention in thedrainfields. It remains unclear if the samedegree of re-
moval can be expected under higher loading rates and additional stud-
ies should be undertaken.

In our view, themain threat of phosphorus loading to surfacewaters
from septic systems is likely to be from failing systems, where surface
breakout of untreated wastewater is occurring from overloaded or sat-
urated drainfields, or through short circuiting via drainage ditches and
pipes. Sites on clay rich sediments with shallow water tables, may be
more vulnerable to such failures. However, source apportionment
models have indicated that P loading from septic systems is likely to
represent only a few percent of the total P loads in streams and rivers,
with the largest contributions coming from wastewater treatment
plants in urban areas and agricultural operations in rural areas (Gill
and Mockler, 2016; Mockler et al., 2017). The robust drainfield P reten-
tion observed in our review suggests that P loading from septic systems
is likely to be even less than that suggested in previous modelling
studies.

Of note, a number of the sites examined in this studywere located on
lowpermeability sediments, but did functionwell, with a high degree of
P removal (SN, OA, TD, KP, KR, SM sites), because sufficient imported
sand was used to construct the drainfields. Phosphorus retention was
particularly robust when non calcareous sand was used. Thus, selective
choice of sufficient importedmaterials offers the potential to provide ef-
fective on-site wastewater treatment, including effective P removal,
even under difficult site conditions.
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